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Preface 

Following earlier research projects on high-performance and ultra-high-performance 

concrete (i.e. Priority Programme SPP 1182), the need for broad-based coordinated 

research on the behaviour of such concretes under fatigue loading was identified and 

discussed in the early 2010s. Based on this, the initiators Ludger Lohaus (Leibniz 

University Hannover), Peter Wriggers (Leibniz University Hannover) and Steffen 

Anders (University of Wuppertal) applied for funding for a Priority Programme, 

which was finally granted in 2016 as SPP 2020 “Cyclic Deterioration of High-

Performance Concrete in an Experimental-Virtual-Lab” by the German Research 

Foundation (DFG). The SPP 2020 was coordinated at the Institute of Building 

Materials Science, Leibniz University Hannover. 

Twelve joint research projects with different scientific focuses and the Central 

Project were brought together in a joint research network involving 14 German 

universities and granted for a first funding period of three years in 2017. Nine 

research projects and the Central Project continued or, in one case, began their 

research work in the second funding period, which started in 2020. This second period 

extended unexpectedly till 2024 due to the hindered research possibilities during the 

corona pandemic. However, more than 90 researchers—doctoral and postdoctoral 

researchers and professors—worked enthusiastically together in those seven years. 

The overall scope of the SPP 2020 was to capture, understand, describe, model 

and predict the material degradation of high-performance concretes. The damage 

processes in microstructure occur on a very small scale and, thus, can hardly be 

observed directly in experiments. The desired results were, therefore, developed in 

a close cooperation between materials and modelling science which represents the 

interconnection of experiment and computation in the Experimental-Virtual-Lab. 

The detection, characterisation and model-based description of the damage and crack 

development in the heterogeneous concrete microstructure at different scales over 

up to some millions of load cycles were the specific research challenges within this 

DFG Priority Programme. 

This book contains the main results of the coordinated joint research projects 

in the SPP 2020 regarding the current state of knowledge on the subject of fatigue 

damage of high-performance concretes and its numerical modelling in a compact

vii



viii Preface

and, at the same time, in-depth form. All authors have put a huge amount of effort 

into writing the chapters of this book. 

The research work in this Priority Programme was characterised in an exceptional 

way by mutual trust, open scientific exchange and goal-oriented cooperation, also 

across project boundaries. In addition, networks for their future careers or even friend-

ships developed between the participants. In any case, bonds were forged between 

building materials and modelling scientists that will continue to exist beyond the SPP 

2020 and certainly lead to many new and exciting research results in the future. Many 

thanks to everyone involved for their valuable cooperation and great engagement. 

Furthermore, and on behalf of all scientists involved in the SPP 2020, we thank 

the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) for the 

financial support of this Priority Programme SPP 2020. 

Hannover, Germany 

July 2026 

Ludger Lohaus 

Coordinator of SPP 2020 

Nadja Oneschkow 

Manager of SPP 2020
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Introduction 

Nadja Oneschkow and Ludger Lohaus 

1 Scientific-Historical Background 

Concrete is one of the most widely used construction materials in the world, valued 
for its strength, durability, and versatility. Advances in concrete technology over the 
last 25 years have led to the development of increasingly efficient high-performance 
concretes. These high-performance concretes differ considerably from concretes 
used in traditional constructions in terms of their composition, properties and, of 
course, their spectrum of applications. Examples are self-compacting concretes 
with outstanding flow properties, high- and ultra-high-strength concretes with partly 
steel-similar properties or fibre- and textile-reinforced concretes with high-ductile 
load-bearing behaviour. 

The usage of these innovative high-performance concretes allows for ever lighter, 
more filigree and resource-saving structures which, however, are more susceptible to 
cyclic loading due to their reduced dead weight. Furthermore, structures and compo-
nents such as long-span bridges for high-speed trains, wind power plants or machine 
foundations are typically subjected to very large variable loads and high numbers of 
load cycles. Furthermore, fine-grained high- or ultra-high-strength concretes, partly 
with fibres or textile reinforcement, are increasingly used for the refurbishment and 
maintenance of infrastructure buildings utilising the high load-bearing capacity with 
only a little additional dead weight. 

These materials experience fatigue during the lifespan of those buildings—a 
gradual deterioration caused by repeated loading with limited maximum stresses 
significantly below the ultimate strength. The fatigue behaviour of those high-
performance concretes is, therefore, decisive for the design and realisation of such 
modern concrete structural applications. However, the backgrounds and mechanisms 
of the formation and propagation of fatigue damage have rarely been systematically

N. Oneschkow (B) · L. Lohaus 
Institute of Building Materials Science, Leibniz University Hannover, Hannover, Germany 
e-mail: n.oneschkow@baustoff.uni-hannover.de 
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2 N. Oneschkow and L. Lohaus

investigated and characterised for either normal strength or those innovative high-
performance concretes. Understanding the mechanisms behind concrete fatigue, its 
effects and ways to mitigate them is essential for engineers and researchers aiming 
to extend the lifespan of concrete structures and ensure their safety and reliability. 

Earlier research work in the 1970s–1990s concentrated mainly on determining 
the numbers of cycles to failure, also in order to describe the fatigue behaviour of 
concrete in guidelines using so-called S/N-curves (e.g. [1–4]). These curves represent 
the numbers of cycles to failure in relation to the stress levels applied, which represent 
the stresses in relation to the concrete strength. The first S/N-curves were included 
in Model Code 90 [5] and also, a short time later, in Eurocode 2 [6, 7]. However, 
the continuous measurement of the permanently changing specimen deformations 
during the experiments presented the researchers with major challenges at that time. 
In order to accomplish these measurements, the fatigue tests had to be stopped and 
the measuring gauges attached to the test specimens had to be read and noted by the 
laboratory staff. Later, digital recording made it possible to continuously record the 
fatigue behaviour and, thus, enabled further insights. 

The design rules considered at that time remained in place for decades: less 
research was ongoing because concrete fatigue had only rarely become relevant for 
design, i.e. for classical concrete construction with normal strength concrete. Much 
later, at the beginning of the new century, novel investigations, which were driven by 
the upcoming high- and ultra-high-strength concretes, showed that these design rules 
were very conservative, especially for concretes with higher strength [8]. It turned 
out that the use of innovative high-performance concretes in fatigue-loaded struc-
tures is uneconomical, severely restricted and sometimes even prevented in practice. 
However, more background knowledge was also required for the further development 
of standards and guidelines. Moreover, there was also a lack of numerical approaches 
and models to accurately predict the material degradation in concrete due to the lack 
of basic knowledge concerning fatigue damage development in concrete. In this 
respect, modelling the fatigue behaviour was scarcely possible, above all due to its 
very heterogeneous microstructure compared to metals, for example. The research 
idea for the DFG Priority Programme SPP 2020 arose against this overall background. 

2 Influences on the Fatigue Behaviour of Concrete 

It is known that the fatigue behaviour is influenced by many factors, which, in turn, 
influence each other. This fact makes it difficult to compare results from the literature, 
as the boundary conditions under which the results have been obtained almost always 
differ from one another. Various factors that significantly influence the numbers 
of cycles to failure and, thus, the fatigue resistance of concrete had already been 
identified in previous research projects before the start of the SPP 2020. 

The numbers of cycles to failure depend significantly on the type of loading: 
the highest numbers of cycles and, thus, the longest lifetimes are reached under 
pure compressive cyclic loading. Significantly lower numbers of cycles to failure are
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determined under tensile or compressive-tensile cyclic loading. In the case of high 
compressive stresses greater than about Smax ≈ 0.75, lower load frequencies lead 
to a lower fatigue resistance. By contrast, in the case of lower compressive stresses, 
lower load frequencies lead to a higher fatigue resistance. This effect might be related 
to the stress- and frequency-dependent increase of the concrete temperature due the 
cyclic mechanical loading. However, this effect is described in single papers but has 
not yet been understood. It is advisable to select test frequencies for experimental 
investigations so that the rise in temperature remains very limited. Furthermore, it was 
already known that a higher moisture content of concrete or water as a surrounding 
environment could lead to a significant reduction in the numbers of cycles to fa ilure. 

By contrast, other influences were less clear, and, in some cases, contradictory 
results were reported in the literature. Steel fibres as a type of evenly distributed, 
internal reinforcement have hardly any effect on the number of cycles to failure 
under pure high cycle compressive loading. However, positive effects are reported 
with respect to low compressive cyclic loading, for example, earthquake loading, and 
under bending tensile stresses. Contradictory results and statements can be found in 
the literature on a possible influence of the concrete strength on the fatigue resistance. 
However, the widespread opinion has been that concretes with higher strengths have 
an increased fatigue sensitivity and, thus, a poorer fatigue resistance has to be assumed 
compared to those concretes with lower strengths. 

The compilation above does not claim to represent the current state of research. 
This is available in the individual chapters of this book. However, it shows how 
diverse the issues in the research field of concrete fatigue are. Therefore, the idea 
was to address these issues in a coordinated research network with a large number 
of scientists. 

3 Damage Indicators 

Due to the previous focus on determining the numbers of cycles to failure, there 
has been hardly any generalisable knowledge, either in Germany or internationally, 
specifically on the material degradation of concrete due to fatigue loading. This means 
that although effects on the numbers of load cycles to failure have been identified, 
the causes have not been systematically investigated. Therefore, the fundamental 
processes and mechanisms of the development and progression of fatigue damage 
have not become known. The possibilities for the collection of extensive data during 
experimental investigations are much more advanced today than in the 1990s and 
before. More damage indicators, such as deformations, stiffnesses, natural frequen-
cies, temperature, acoustic emission or ultrasonic runtime, can be analysed. The 
advantage of these indicators is that they can be continuously recorded during the 
relatively long-lasting fatigue tests with limited effort. 

It was not clear in former investigations to what extent the indicators mentioned 
are also influenced by the influences already known on the numbers of cycles to 
failure. Concrete fatigue was more or less like a black box: fatigue test—fatigue
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failure. It could be shown in [9] that fatigue strains and the concrete stiffness are also 
influenced by the maximum stress level, test frequency and waveform. Furthermore, 
indications were found that fatigue damage starts to propagate on extreme small 
scales. However, the macroscopically measured damage indicators can only provide 
indirect information about the development of damage in the microstructure and how 
it is influenced. Therefore, microstructural investigations are additionally required to 
visualise and quantify fatigue damage and, thus, to obtain direct information about the 
degradation of the microstructure. Thus, the idea arose to acquire new fundamental 
knowledge concerning fatigue damage mechanisms based on a combined usage of 
damage indicators and damage visualisation techniques. 

4 Challenges in Experimental Concrete Fatigue Research 

Performing fatigue tests is very time-consuming, also due to the high number of 
repetition tests required compared to static tests in order to capture scattering effects. 
In addition, the high loading rates and long test durations place high demands on 
the acquisition of measurement data. Furthermore, the fatigue tests must be inter-
rupted at selected stages of the fatigue process and samples must be prepared for 
further microstructural investigations to visualise and quantify fatigue damage in the 
concrete’s microstructure. Here too, the scattering of results must be captured by 
using a sufficient number of samples. However, each microstructural damage visual-
isation or quantification only represents a time-discrete insight of the fatigue damage 
process. 

Light and raster electron microscopy, for example, enable high resolutions for the 
visualisation of damage. However, the higher the resolution is, the smaller the excerpt 
of the microstructure considered. Thus, numerous images have to be made, analysed 
in detail and damage development has to be quantified to enable reliable statements 
about the damage propagation. Methods such as micro- and nanoindentation, gas 
adsorption measurement, mercury pressure porosimetry or nuclear magnet resonance 
spectroscopy can be comparably applied to pristine specimens and specimens after 
fatigue loading in order to quantify the damage introduced by a selected fatigue 
loading under designated boundary conditions. However, it must always be critically 
considered to what extent the sample preparation could have influenced the results 
of the analyses. 

Another imaging method is computer tomography. Although the experiment still 
has to be interrupted, no samples have to be destructively prepared from the specimen 
for further investigations. The specimen could even be subjected to further fatigue 
loading. The application of computer tomography in concrete research was associated 
with great hopes fifteen years ago regarding the visualisation of cracks and structural 
damage in concrete. Essential components of high-performance concretes, such as 
aggregates and fibres, and also pores and cracks, can, in fact, be displayed and 
measured separately in two and three dimensions. However, research in the SPP 
2020 showed that commercially available computer tomographs can hardly achieve
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the resolution required to adequately analyse fatigue damage with the specimen 
diameter required, because the fatigue damage starts to develop on an extremely 
small scale. Hence, the determination of reliable and meaningful data in fatigue 
tests, on whatever scale, is, thus, very complex and expends great effort. 

5 Computational Modelling of Concrete Fatigue 

The modelling and simulation of fatigue processes in high-performance concrete is 
an additional challenging task. Experiments show that damage processes that take 
place on very fine scales may have a significant influence on the fatigue behaviour 
on coarser scales. The highly heterogeneous microstructure of high-performance 
concrete leads to inhomogeneous stress fields on these fine scales, necessitating 
multiscale techniques to resolve and understand these effects and consider them 
for the fatigue simulation of macroscopic concrete structures. Additionally, damage 
occurring under tensile stresses rapidly leads to localisation effects and discrete 
and oriented microcracks that may grow and form macroscopic fatigue cracks. By 
contrast, damage due to compression leads more to a distributed degradation field and 
a loosening of the material. Obviously, the generally anisotropic material behaviour 
of concrete is rather complex, especially under fatigue loading conditions. As a conse-
quence, sophisticated material models are required to capture the relevant effects and 
eventually provide predictive computational models. 

Fatigue models that have frequently been used previously, such as those based on 
linear damage accumulation, can only provide rough estimations for the fatigue 
behaviour. Their predictive capabilities are very limited and they are unable to 
robustly forecast the failure of concrete structures under fatigue loads with non-
constant load levels or changing loading directions. This is especially relevant consid-
ering the future necessity of resource-efficient buildings providing high structural 
stiffness and comparatively low inertial mass, leading to a significant increase of 
eigenfrequencies and a much larger number of load cycles the structures must endure. 

Modern fatigue material models considering the local, anisotropic and generally 
inelastic material history to capture the detailed state of fatigue damage are mandatory 
for the predictive character of a computational model usable until failure. The cali-
bration of such complex material models and their parameters requires an intensive 
collaboration of modelling experts and experimentalists in an experimental-virtual 
lab. Polymer, carbon or steel fibres can be employed in different concentrations 
and with different fibre shapes to obtain significantly higher quasi-ductile material 
behaviour. The modelling of the interaction between the concrete matrix and fibres 
poses further difficulties, especially if fatigue loadings are to be considered. Fibre 
rupture, fibre debonding, and partial or complete fibre pull-out needs to be modelled 
adequately, posing an additional challenge also for the computational strategy. 

Smart temporal discretisations are necessary for the efficient simulation of 
multiple thousands or even millions of load cycles. Time homogenisation and cycle 
jump techniques are classically used and perform quite well for constant fatigue load
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levels. However, the temporal discretisation constitutes additional challenges for the 
computational strategy if the load levels or loading directions change. 

6 Scientific Approach 

This book presents the results of the joint research in the DFG Priority Programme 
SPP 2020 “Cyclic Deterioration of High-Performance Concrete in an Experimental-
Virtual-Lab”, coordinated by Leibniz University Hannover. The fatigue damage 
mechanisms in high- and ultra-high-performance plain and fibre-reinforced concretes 
were investigated within this Priority Programme using the latest experimental and 
virtual numerical methods in tandem projects. The main research idea was to combine 
building material science with modelling science to meet the previously outlined chal-
lenges of concrete fatigue research and generate new fundamental knowledge. The 
scope of this programme was to capture, understand, describe, model, and predict 
the material degradation of high-performance concretes. 

As is usual in Priority Programmes, each research project had its own thematic 
focus and research question to be answered. Various concrete strength grades under 
different types of loading (compression, tension, bending) or loading scenarios, plain 
concretes or concretes with steel, carbon or polyvinyl alcohol fibres with different 
geometries, were investigated within respective projects. These diversities were also 
reflected in the spectrum of numerical investigation methods applied. However, two 
reference concretes, one high- and one ultra-high-strength concrete, were provided 
by the Central Project to achieve a certain degree of comparability between the 
projects. Furthermore, round robin tests concerning the influence of the specimens’ 
production and preparation, as well as the influence of the concrete strength on 
the fatigue behaviour were conducted with the participation of various laboratories 
guided by the Central Project of the SPP 2020. 

Furthermore, the bending behaviour of fibre-reinforced ultra-high-strength 
concrete was investigated using different modelling approaches within the framework 
of a cross-project benchmark. 

On the experimental side, modern measurement techniques, such as digital 
image correlation, acoustic emission analysis and microstructure analysis tech-
niques, including micro- and nanoindentation, were used, in addition to light and 
raster electron microscopic examinations in both scanning and transmission elec-
tron microscopy as well as micro computer tomography devices. Furthermore, 
different microstructural analyses techniques were applied and comparably evaluated 
regarding their meaningfulness concerning damage capture [10]. On the modelling 
side, modern numerical approaches, such as phase field methods, the extended 
finite element method or bonded particle models, were used and further developed 
specifically for their application in cementitious systems. 

The research results of the individual SPP 2020 projects are presented in the 
following chapters.



Introduction 7

References 

1. Aas-Jacobsen, K.: Fatigue of Concrete Beams and Columns. Bulletin No. 70-1, Institute for 
Betonkonstruksjoner, Trondheim, 148 (1970) 

2. Holmen, J.O.: Fatigue of Concrete by Constant and Variable Amplitude Loading. Norwegian 
Institute of Technology, University of Trondheim (1979) 

3. Petković, G., Rosseland, S., Stemland, H.: High Strength Concrete SP3—Fatigue. Report 3.2: 
Fatigue of High Strength Concrete. SINTEF Structural Engineering—FCB, Trondheim (1992) 

4. Klausen, D.: Festigkeit und Schädigung von Beton bei häufig wiederholter Beanspruchung. 
[Strength and damage of concrete subjected to often repeated loading] (in German). Doctoral 
Thesis. Technische Hochschule Darmstadt (1978) 

5. CEB—Comité Eurointernationale du Béton (ed.): CEBFIP Model Code 1990. Bulletin 
d’Information, No. 213/214, Thomas Telford Ltd., London (1993) 

6. CEN—European Committee for Standardization (ed.): Eurocode 2: EN 1992-1-1:2004, Design 
of Concrete Structures—Part 1-1: General Rules and Rules for Buildings (2024) 

7. CEN—European Committee for Standardization (ed.) Eurocode 2: EN 1992-2:2005, Design 
of Concrete Structures—Concrete Bridges—Design and Detailing Rules (2005) 

8. Oneschkow, N., Lohaus, L.: Zum Nachweis von druckschwellbeanspruchtem Beton, Teil 2: 
Sicherheitsüberlegungen und Potenzial für Weiterentwicklungen. [About the fatigue design 
concept of concrete subjected to pure compressive fatigue loading. Part 2: Safety considerations 
and potential for further developments] (in German). Beton- und Stahlbetonbau 112, 611–622 
(2017). https://doi.org/10.1002/best.201700026 

9. Oneschkow, N.: Analyse des Ermüdungsverhaltens von Beton anhand der Dehnungsentwick-
lung. [Analysis of the fatigue behaviour of concrete with respect to the development of strain] (in 
German). Doctoral Thesis, Reports of the Institute of Building Materials Science, 13, Leibniz 
Universität Hannover (2014). https://doi.org/10.15488/357 

10. Engelhardt, M., Kalytta-Mewes, A., Volkmer, D., Lohmann, J., Ritter, M., Schaan, G., Schmidt-
Döhl, F., Abubakar Ali, M., Basaldella, M., Haist, M., Kern, B., Lohaus, L., Oneschkow, N., 
Rozanski, C., Timmermann, T., Grosse, C.U., Birtel, V., Garrecht, H., Madadi, H., Markert, 
M., Steeb, H.: Micro- and nanostructural investigations of high and ultra-high performance 
concrete under fatigue. Int. J. Fatigue 199, 109038 (2025). https://doi.org/10.1016/j.ijfatigue. 
2025.109038 

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder.

https://doi.org/10.1002/best.201700026
https://doi.org/10.15488/357
https://doi.org/10.1016/j.ijfatigue.2025.109038
https://doi.org/10.1016/j.ijfatigue.2025.109038
http://creativecommons.org/licenses/by/4.0/


Material Properties and Fatigue 
Resistance of the Reference 
High-Strength and Ultra-High-Strength 
Concrete of SPP 2020 

Marco Basaldella, Bianca Kern, Ludger Lohaus, and Nadja Oneschkow 

Abstract The compressive fatigue resistance of concrete is influenced by many 
effects from the composition, storage conditions, to boundary conditions of tests. 
According to the influence of the compressive strength, contradictory results can 
be found in the literature. A comparison of fatigue test results from literature is 
generally difficult to obtain due to the differences in the test boundary conditions 
and uncertainties due to laboratory-specific influences. A high-strength and an ultra-
high-strength concrete were investigated comparatively within the central project 
of the Priority Programme SPP 2020 in cooperation with several laboratories. The 
objectives were to investigate the influences of concrete production and specimen 
preparation and the influence of the compressive strength on the fatigue resistance. It 
was found that the production technique has an influence on the compressive strength, 
especially in case of the high-strength concrete, but does not affect the mean number 
of cycles to failure in either case. Nevertheless, an accurate preparation of specimens 
is necessary as it has a positive effect on the scattering of results of monotonic and 
cyclic load tests. Furthermore, the results revealed that a concrete with a higher 
compressive strength can resist higher numbers of cycles to failure and shows an 
improved fatigue behaviour. 

Keywords High-strength concrete · Ultra-high-strength concrete · Cyclic 
loading · Specimen preparation · Stiffness development · Strain development 

1 Introduction 

Advancements in concrete technology have paved the way for the use of concrete 
mixtures with increasingly higher compressive strengths. This has allowed the 
construction of more filigree and slender structures that have not been feasible 
previously. However, these structures are more susceptible to fatigue-induced loads
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compared to bulkier structures, as their ratio of dead-weight to non-static load is 
lower. As a result, the fatigue resistance of concrete has become a critical factor 
in the design of such structures. Additionally, there has been a growing demand 
for structures in recent years that are subjected to fatigue-related stresses, such as 
wind turbines or slender bridges. Consequently, research efforts [1–4] have been 
increasingly focused on understanding the fatigue resistance and fatigue behaviour 
of concretes in order to meet the needs of modern construction practices. 

The results gained from fatigue tests generally show a significant scattering and, 
furthermore, a considerable variability between different investigations. This vari-
ability is attributed to various factors that impact the fatigue behaviour of concrete, 
including the estimation of the load level, the type of loading and the test conditions, 
such as load frequency, humidity and ambient conditions. 

The influence of the compressive strength on the fatigue resistance of concrete 
has been discussed in the literature with conflicting findings. Some studies, such as 
those presented in [5, 6], have shown that high-strength concretes exhibit relatively 
lower fatigue resistance compared to concrete compositions with lower compressive 
strengths. Conversely, other investigations have suggested that compressive strength 
has no significant influence on the fatigue resistance as, for example, documented in 
[1, 7, 8]. Interestingly, even higher numbers of cycles to failure were observed for 
higher strength concrete specimens compared to lower strength ones in [9]. However, 
it should be noted that there are only a few comparative investigations on the fatigue 
resistance that have explored concretes with different compressive strengths, and 
there is especially a lack of studies that consider the fatigue behaviour described by 
damage indicators, such as strain and stiffness development. 

The developments of strains at the maximum and minimum peak stresses in rela-
tion to the related number of cycles to failure N /N f exhibit distinct S-shaped curves 
which can be divided into three phases (see Fig. 1a). The first phase is characterised 
by a disproportionate increase of deformation that turns linear in the second phase. 
In the third phase, the deformations increase again disproportionally up to failure of 
the specimen. In the case of normal-strength concretes, the transitions from phase I 
to II and from II to III occur at approximately 5–20% and 80–95%, respectively, of 
the number of cycles to failure N f, as reported in previous studies [1, 3, 4, 10–14]. 
However, phase I and III for high-strength and ultra-high-strength concretes, tend to 
be significantly shorter in duration and less prominent compared to concretes with 
lower concrete strength [5, 8, 15, 16].

The stiffness of concrete during the fatigue process is typically characterised by 
the secant modulus, which is determined from the decreasing branch of the hysteresis 
loop [11, 14, 17, 18]. Similar to the strain developments, the development of stiff-
ness per load cycle also follows an S-shaped curve (see Fig. 1b). Existing literature 
suggests that the reduction in stiffness until fatigue failure is comparatively lower in 
concretes with higher compressive strengths [11, 19]. 

The gradients of stiffness in phase II in relation to the number of cycles to failure 
documented in the literature [15, 17, 20] were compared with own investigations on 
a high-strength concrete in [16]. Despite the partial determination of differences, the 
influence of concrete strength could not be clearly attributed, as potential influences of
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Fig. 1 Schematic diagram of S-shaped development of a strain at the maximum and minimum 
peak stresses and b stiffness due to fatigue loading

different testing laboratories could not be ruled out. A cautious approach is essential 
when conducting comparisons of test results obtained from different laboratories. It is 
important to consider not only the differences in the boundary conditions of the tests 
but also the potential impact of individual laboratory procedures on the scattering 
of results. The variability in laboratory-specific procedures can introduce additional 
sources of variability in the results obtained. It was observed in a previous study [21] 
that a significant scattering of results occurred due to the influence of factors related to 
the individual specimens used, such as the quality of load surfaces and centring in the 
test machine. In addition, the inhomogeneous nature of concrete itself, which can be 
partially influenced by production techniques [22], is also considered to contribute 
to the scattering of results. Although the scattering of empirical fatigue results is 
examined from a statistical point of view, there is no research in the literature that 
investigates the influence of concrete production and specimen preparation on the 
numbers of cycles to failure. 

The field of civil engineering still generally lacks a comprehensive understanding 
of the potential differences in fatigue resistance and fatigue behaviour between high-
strength and ultra-high-strength concrete. This knowledge gap gives rise to uncertain-
ties in their implementation within the fatigue design rules. Consequently, the current 
design rules for compressive fatigue loading in widely used standards and guidelines, 
such as Eurocode 2 [23] or Model Code 2020 [24], presume that concretes become 
more susceptible to fatigue loading with increasing compressive strength [25–27]. 
Consequently, a strength-dependent reduction factor is incorporated, resulting in a 
reduction of the fatigue resistance applicable. This leads to uneconomical utilisa-
tion of high-strength concrete structures and the realisation of innovative concrete 
structures is considerably hindered, sometimes even prevented [26, 27]. 

The framework of the Priority Programme SPP 2020, where a total of 21 projects 
from different research institutes were participating in addition to the central project, 
offered the possibility of analysing the influence of the quality of the specimen. Thus,
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the influence of the concrete production and specimen preparation techniques of the 
participating laboratories on the compressive strength and fatigue resistance of a 
high-strength and an ultra-high-strength concrete were studied in the central project. 
Furthermore, the fatigue behaviour of the two different concrete compositions were 
investigated comparatively with special regard to the influence of the compressive 
strength. The investigations were conducted on the two reference concretes in the 
SPP 2020. 

2 Materials and Methods 

2.1 Concrete Composition 

A high-strength and an ultra-high-strength concrete mixture were developed within 
the framework of the Priority Programme SPP 2020 and used as reference by the 
participating projects in order to link them together. The ultra-high-strength concrete 
(UHPC) named “RU1” was based on the M3Q mixture previously used in the 
SPP 1182 [28]. The high-strength concrete (HPC) called “RH1” was developed 
at the Institute of Materials Science, Leibniz University of Hannover (IfB). The 
compositions of both reference concretes are given in Table 1. 

Table 1 Compositions of concrete mixtures (from [29], licensed under CC-BY 4.0) 

Component Unit HPC (RH1) UHPC (RU1) 

CEM I 52.5 R-HS/NA (Holcim Sulfo, Lägerdorf, 
Germany) 

[kg/m3] 500 795 

Silica fume (Sika® Silicoll P) [kg/m3] – 169 

Quartz powder (Quarzwerke MILLSIL® W12, Frechen, 
Germany) 

[kg/m3] – 198 

Quartz sand (0/0.5 mm) (Quarzwerke H33, Haltern, 
Germany) 

[kg/m3] 75 971 

Sand (0/2 mm) (Tuendern, Germany) [kg/m3] 850 – 

Basalt (2/5 mm) (Oelberg, Germany) [kg/m3] 350 – 

Basalt (5/8 mm) (Oelberg, Germany) [kg/m3] 570 – 

Superplasticiser (BASF MasterGlenium® ACE 460, 
Germany) 

[kg/m3] 5 – 

Superplasticiser (BASF MasterGlenium® ACE 394, 
Germany) 

[kg/m3] – 24 

Stabiliser (BASF MasterMatrix® SDC 100, Germany) [kg/m3] 2.85 – 

Water [kg/m3] 176 188 

w/c ratio; w/ceq ratio [–] 0.35 0.19
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The physical properties and the grain size distribution of the cement and quartz 
powder are shown in Table 2. The properties of the silica fume could not be deter-
mined due to the lack of adequate measuring equipment. The chemical properties 
of the cement are given in Table 3. Both superplasticisers used are based on a 
polycarboxylate-based admixture, while the stabiliser used to modify the viscosity 
is based on a synthetic copolymer. 

The grain size distributions of the quartz sand, the sand and the basalt aggregates 
are shown in Fig. 2. 

Seven participating laboratories have tested the standard 28-day cubic compres-
sive strength of each concrete batch produced since the start of the SPP 2020 in 2017. 
The tests were performed according to DIN EN 12390-3:2019-10 [30], and the results 
were collected in a central database to perform a statistical analysis. The storage 
conditions after demoulding were either “under water until testing”, according to

Table 2 Physical properties and grain size distribution of cement and fine aggregates (from [29], 
licensed under CC-BY 4.0) 

Materials Density Fineness d10 d50 d90 

[kg/dm3] [cm2/g] [µm] [µm] [µm] 

CEM I 52.5 R-HS/NA 3.18 3969 1.60 11.25 33.18 

Quartz powder 2.66 – 2.09 12.71 37.18 

Table 3 Chemical properties of cement CEM I 52.5 R-HS/NA (from [29], licensed under CC-BY 
4.0) 

Materials Chemical composition [%] 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 

CEM I 52.5 R-HS/NA 21.41 3.97 4.79 65.41 0.85 2.98 

Fig. 2 Grain size distributions of quartz sand, sand and basalt aggregates 
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Table 4 Classification of concretes based on tests of seven SPP 2020 laboratories (from [29], 
licensed under CC-BY 4.0) 

Concrete Qty f cm σx f ck Classification 

[–] [MPa] [MPa] [MPa] 

HPC (RH1) 75 111.8 7.7 99.2 C80/95a 

UHPC (RU1) 72 154.8 8.1 141.5 C130/145b 

a According to DIN EN 206:2021-06 [35]; b According to the draft DAfStb [36] 

DIN EN 12390-2:2009-08 [31], or “in standard climate conditions” (20 °C/65% 
R.H.), due to the adaption of the last update of DIN EN 12390-2:2019-10 [32]. The 
edge length of the cubic specimens was either 100 or 150 mm, therefore, a conversion 
of compressive strength according to DIN 1045-2:2008-08 [33] was possible in prin-
ciple. In view of the fact that a general applicability of the conversion factors given 
in standards is questionable and, furthermore, they are not necessarily applicable 
for UHPC, it was decided to consider the compressive strengths without conversion 
[29]. 

The characteristic concrete compressive strength f ck was calculated (Eq. 1)  as  a  
5%-fractile from the mean compressive strength f cm, in accordance with DIN EN 
1990:2021-10 [34]. 

fck = fcm − kn · σx ≈ fcm − 1.64 · σx (1) 

where kn is the 5%-fractile factor and σx is the standard deviation. The characteristic 
compressive strengths calculated and the classifications are shown in Table 4 for both 
concrete types. 

2.2 Experimental Programme 

The experimental programme of the central project at IfB was divided into two work 
packages which were conducted in cooperation with the laboratories of the partici-
pating projects. In the first work package, the influences of the concrete production 
and specimen preparation on the compressive strength and fatigue resistance were 
investigated for both reference concretes RH1 and RU1. In the second work package, 
the influence of the compressive strength on the fatigue resistance of concrete was 
investigated in general. 

Cylindrical specimens were tested with nominal dimensions of d/h = 60/180 mm 
for both work packages. The compressive strengths were tested force-controlled with 
a constant speed of 0.5 MPa/s directly before the respective fatigue tests were carried 
out. The mean compressive strengths were additionally used as reference strengths 
for the cyclic tests. The tests for the determination of the compressive strengths
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and the fatigue tests with sinusoidal cyclic loading were carried out using servo-
hydraulic testing machines with 1 MN actuators, exemplarily shown in Fig. 3a. 
The axial deformations were measured continuously in all tests using three laser 
distance sensors positioned on the circumference of the specimen at 0°, 120° and 240° 
(Fig. 3b). The axial force and the displacement of the actuator were also recorded. 
In addition, the temperature on the specimen’s surface and the ambient temperature 
were measured by means of thermocouples. 

Work Package 1 A total of seven laboratories were involved in the investigation of 
the influence of the concrete production and specimen preparation on the compres-
sive strength and the fatigue resistance: Laboratories numbered 1–4 produced HPC 
specimens (RH1), while those numbered 5–7 produced UHPC specimens (RU1) 
[37]. The raw materials and the moulds (PVC) were supplied from a single produc-
tion batch. The specimens were stored under standard climate conditions (20 °C/ 
65% R.H.) after concreting and demoulding, until testing. 

In order to investigate the effects of the specimen preparation separated from those 
of the concrete production, half of the test specimens produced at each laboratory 
was prepared for testing by the laboratories themselves with their own technique 
and equipment. These specimens are denoted with the letter “O” for “own prepa-
ration technique”. The other half of the specimens was each prepared for testing in 
the central project laboratory at IfB always using the same preparation technique 
and equipment. These specimen sets are denoted by the letter “R” for “reference 
preparation technique”. In this way, the effects of the preparation technique used 
in each laboratory could be compared with the effects of one reference technique. 
The own preparation techniques of the laboratories generally included sawing a few

Fig. 3 Test set-up at the IfB: a 1 MN servo-hydraulic testing machine, b measurement set-up (from 
[29], licensed under CC-BY 4.0) 
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centimetres off the upper and lower ends of the specimens to remove areas that could 
have been disturbed by the production process. The test surfaces of the cylindrical 
specimens were then parallel ground and in case of Lab 2 additionally polished. The 
reference preparation included precise sawing and polishing to ensure parallel end 
surfaces using consistent equipment and setup. 

The effects of the different techniques used in the laboratories for the concrete 
production were analysed by comparing only the results obtained from the specimens 
prepared with the reference preparation technique (“R”). The techniques for the 
concrete production differed in e.g. the mixing technique or compacting technique. 
The equipment and techniques used by the different laboratories for the production 
and preparation methods are documented in [37]. 

All experimental investigations were conducted on the two sets of specimens 
(“R” and “O”) at IfB. They consisted of (a) tests with monotonically increasing 
loading to determinate the compressive strength and (b) cyclic compressive tests 
to determine the fatigue resistance. Six specimens from each laboratory and spec-
imens’ set were investigated per test type. All compressive cyclic tests were 
performed with a load frequency of f t = 1 Hz and a compressive stress level of 
Smax = 0.75 and Smin = 0.05.

In order to analyse the effects of the preparation techniques on the specimens, 
selected geometrical parameters were measured before testing: the cylindrical spec-
imen’s height and diameter, the perpendicularity of the cylinder’s lateral surface to the 
test surface, the straightness of the lateral surface and the surface flatness according to 
DIN EN 12390-1:2012-12 [38]. The latter two were verified by measuring the devi-
ation from a straight edge using steel feeler gauges (min. thickness of 0.5 mm). The 
surface roughness of the test surface defined according to DIN EN ISO 25178:2016-
12 [39] was measured using the three-dimensional laser scanning confocal micro-
scope “VR-5000” from KEYENCE. In order to quantify possible edge breakages 
of the specimens, the effective surface area without missing portions of each spec-
imen was measured. It should be mentioned here that the effective surface area was 
not used to recalculate the stresses applied in the cyclic tests. The density of the 
microstructure was additionally characterised by means of the sound velocity (pulse 
velocity) using the Impact Resonance Method [37]. According to this method, the 
specimens were each mechanically stimulated with the impulse of a small metal 
ball at one end of the specimen while a microphone at the other end of the spec-
imen perceived the vibrations so that the sound velocity could be determined. The 
measurement was performed by using the non-destructive testing equipment “RA 
100 Concrete” by Lang Sensorik (ASTM C215-19 [40], BS 1881-209:1990-04-30 
[41]). A mean value out of three measurements was used. A detailed description of 
these complementary investigations can be found in [37]. 

Work Package 2 In the second work package, both reference concretes were inves-
tigated comparatively regarding the influence of the concrete strength on the fatigue 
resistance, and to generally characterise their fatigue behaviour [29]. The HPC spec-
imens were produced and prepared at the IfB Hannover and the UHPC specimens at
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the Institute of Concrete Structures, TUD Dresden University of Technology, respec-
tively. Two batches were produced for each concrete (HPC-a and -b and UHPC-a 
and -b, respectively). After concreting and demoulding, the specimens were stored 
in standard climate conditions (20 °C/65% R.H.) until testing. The specimens were 
prepared by sawing a few centimetres off the top and bottom surfaces to a length of 
180 mm. The surfaces were then ground parallel and afterwards polished. 

The fatigue tests were performed at two maximum stress levels for both concretes. 
The specimens of batches HPC-b and UHPC-b were tested at the stress levels 
Smax = 0.85, Smin = 0.05 and Smax = 0.75, Smin = 0.05 at the Materials Testing 
Institute, University Stuttgart (MPA). Specimens of concrete batches HPC-a and 
UHPC-a were additionally investigated at the IfB in Hannover at Smax = 0.75, Smin 

= 0.05. In this way, the influence of the stress level was investigated for HPC-b 
and UHPC-b without laboratory influence. Furthermore, the influence of the labo-
ratory was included by testing at the lower stress level in both laboratories. The 
load frequency applied was f t = 1 Hz. The number of tests at each stress level is
summarised in Table 5. 

The number of cycles to failure per specimen identifies its respective fatigue 
resistance. These numbers were statistical analysed regarding the influence of the 
batches of each concrete and the compressive strength of the two concrete mixtures. 
Additionally, the developments of the strains at maximum and minimum peak stress 
of the sinusoidal load cycles were analysed as damage indicators. This included the 
total growth of maximum and minimum strains up to failure and the strain gradients 
in phase II of the classical S-shaped strain development as parameters. Accordingly, 
phase II was considered between the fixed values of N /N f = 0.20 and 0.80. Further-
more, the concrete stiffness, calculated as the secant modulus of the descending 
branch of the hysteresis loop of each load cycle, was analysed. Here, the gradient 
in phase II and the percentile reduction of stiffness up to failure were considered as 
parameters [29].

Table 5 Number of fatigue tests in work package 2 

Concrete HPC-a HPC-b UHPC-a UHPC-b 

Smax/Smin IfB MPA IfB MPA 

0.75/0.05 7 3 7 4 

0.85/0.05 – 6 – 6 
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3 Results and Discussion 

3.1 Influence of the Concrete Production and Specimen 

Preparation 

The influences of the concrete production and specimen preparation on the compres-
sive strength and the fatigue resistance of the HPC and UHPC were investigated by 
testing a total of 48, respectively, 53 HPC specimens and a total of 37, respectively, 
38 UHPC specimens (work package 1). 

The influence of the concrete production process on the concrete microstruc-
ture was analysed using the sound velocity as a parameter describing the density 
of the concrete. The sound velocity is generally influenced by factors, such as the 
aggregate size, grading, type, content, concrete moisture and curing condition, and 
internal discontinuities, such as cracks and voids [42]. The specimens in this inves-
tigation were produced at the different participating laboratories following the given 
compositions of the concrete mixtures using raw materials from the same production 
batches and uniform curing conditions (cf. Sect. 2.2). Thus, the concrete microstruc-
ture density and heterogeneity could only be influenced by the different production 
techniques, which would result in differences in the sound velocity and concrete 
compressive strength. The correlation between the compressive strength and the 
sound velocity as a parameter is shown in Fig. 4 for both concrete types and specimen 
sets “R”. 

It is visible in Fig. 4 that a linear correlation between the sound velocity and 
the compressive strength can be identified for the HPC. Three groups, i.e. Lab 1, 
Lab. 2 with Lab. 4 and Lab. 3, can be distinguished, thus, identifying three different 
concrete microstructure density ranges. Based on the production protocols from

Fig. 4 Microstructure characterisation of HPC (Labs 1–4) and UHPC (Labs 5–7) (based on [37], 
licensed under CC-BY 4.0) 
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the laboratories, it is assumed that the main influence on the sound velocity and, 
thus, on the density of the microstructure and the compressive strength was due to 
the different compacting techniques (e.g. vibration frequency, vibration duration) 
used [37]. Figure 4 shows a weak correlation between the sound velocity and the 
compressive strength for the UHPC. The results of the specimens from Lab. 5 and 
7 are not clearly distinguishable enough to be assigned to different groups, whereas 
they are barely distinguishable from those of Lab. 6. Thus, the influence of the 
concrete production on the compressive strength for the UHPC was not as marked 
as for the HPC. 

Concerning the analysis of the geometrical properties of the specimens, no 
evidence of significant deviations was found concerning the height, diameter, surface 
flatness and straightness of the lateral surface. The analysis of the perpendicularity 
showed that Labs 2–7 achieved deviations comparable to those by using the refer-
ence preparation technique with a maximum mean deviation of less than 0.8 mm, 
while Lab. 1 only achieved an average deviation of about 1.2 mm. Furthermore, the 
polishing method of the reference technique provided the lowest surface roughness 
values. The usage of grinding by Labs 1, 3, 4, 6 and 7 led to a significantly higher 
roughness value. Although Lab. 5 indicated the usage of grinding, the roughness 
obtained was similar to that obtained by the polishing method of the reference tech-
nique. The analysis of the effective area showed that the specimen’s edges after using 
the reference technique were not damaged or less damaged. Labs 3, 4, 5 and 7 caused 
slight breakages that reduced the contact surface by an average of about 1%, respec-
tively, 2% for the specimens prepared by Lab. 2 and 6. The average reduction of the 
specimen’s contact surface from Lab. 1 was about 8% and, thus, much higher than 
for all the other laboratories. 

Overall, the analysis of the geometrical properties of the specimens showed that 
accurate sawing and polishing using techniques comparable to the reference tech-
nique “R” allowed for specimens with reduced irregularities and higher geometrical 
accuracy [37]. These irregularities of the specimens are implicitly included in the 
results analysed in the following. 

Figure 5 shows the influence of the production and preparation techniques on 
the (reference) compressive strength and the numbers of cycles to failure of the 
HPC (Labs 1–4): The red and blue dots represent the mean values obtained from 
the specimen sets “O” and “R”, respectively, while the whiskers indicate the stan-
dard deviations. The standard deviation is represented on the secondary coordinate 
system on the right vertical. Considering all the tested specimens, the overall mean 
compressive strength was f cm,ref = 98.7 MPa with a standard deviation of 11.0 MPa.

In a first step, the results obtained from specimens prepared with the refer-
ence technique “R” are compared focussing the influence of the concrete 
production. Laboratories 2 and 4 produced specimens with (reference) compres-
sive strengths very close to the overall mean value, while Labs 1 and 3 
produced specimen sets with the lowest and highest compressive strengths, 
f cm,ref = 89.5 MPa and f cm,ref = 116.2 MPa, respectively. The differences in compres-
sive strength were found to be statistically significant using ANOVA (Analysis of 
Variance) (p-value 0.05). The comparison between the specimen sets “R” and “O”
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Fig. 5 HPC (RH1): a compressive strength, b number of cycles to failure (based on [37], licensed 
under CC-BY 4.0)

of each laboratory regarding the preparation technique shows that the mean compres-
sive strengths from sets “R” were higher than those from the corresponding specimen 
sets “O”. These differences were found using the classical t-test to be statistically 
significant (p-value 0.05). 

Regarding the fatigue tests, an overall mean log. number of cycles to failure of 
log N f = 3.713 with a standard deviation of 0.28 was determined (Fig. 5b). Further-
more, the mean values of each specimen set “O” and “R” do not deviate significantly 
from the overall mean. This points out that the clear influence of concrete production 
on the compressive strength (Fig. 5a) did not exist with respect to the numbers of 
cycles to failure. Furthermore, the preparation of the specimens did not significantly 
affect the mean value of the fatigue resistance. These findings match the explanation 
mentioned in [43]: The maximum and minimum stresses applied in the compressive 
fatigue tests were obtained using the mean compressive strength from specimens 
tested with the same characteristics as those specimens tested under fatigue loading. 
Therefore, the mean value of the numbers of cycles to failure obtained was nearly 
independent of the concrete production and specimen preparation technique used. 
Considering the standard deviation of each set in Fig. 5b, it appears that the reference 
preparation technique had a positive effect on the scattering of the results by reducing 
it in view of a higher geometrical uniformity and accuracy of the “R” specimens. 

The results of the investigations on the UHPC specimens are shown in Fig. 6 
using the same graphical presentation as for the HPC in Fig. 5. The overall mean 
(reference) compressive strength was f cm,ref = 170.1 MPa with a standard deviation 
of 6.6 MPa. The mean values of the compressive strength of each set were close 
to the overall mean. The differences in the compressive strength were found to
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Fig. 6 UHPC (RU1): a compressive strength, b number of cycles to failure (based on [37], licensed 
under CC-BY 4.0) 

be statistically not significant using ANOVA (p-value 0.05). This indicates that 
the production techniques used by Labs 5–7 led to very similar concrete batches. 
Furthermore, no statistically significant influence (p-value 0.05) of the specimen 
preparation techniques on the mean value of the compressive strength could be found 
by comparing the results from the couples of sets “O” and “R” of each laboratory 
and applying the statistical t-test. It can be seen from Fig. 6a that a slight reduction of 
scattering due to the reference technique “R” may have been present for specimens 
set of Labs 6 and 7. 

The compressive fatigue tests gave an overall mean log. number of cycles to 
failure of log N f = 3.960 with an overall standard deviation of 0.40. Figure 6b  shows  
that the mean values of the fatigue resistance of each specimen set were close to 
the global mean value. Thus, the concrete production techniques used by the three 
laboratories had no influence on the numbers of cycles to failure for the UHPC. This 
was confirmed by the statistical t-test where no statistical significance was f ound.

However, Fig. 6b shows that the mean values of the specimen sets prepared using 
the reference technique “R” are slightly higher than those obtained from the specimen 
sets “O” prepared by the different laboratories. This can be interpreted as a slight 
positive influence of the preparation technique “R” by careful sawing and polishing 
of the UHPC specimens. The analysis of the geometrical characteristics of the speci-
mens of sets “O” showed that Labs 5 and 7 prepared accurate specimens, while Lab. 
6 introduced small inaccuracies [37]. Those inaccuracies may have been the cause 
of the greater scattering of the results obtained for the specimens of set 6-O.
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Overall, the comparison of the results of both concretes shows that the influence 
of the concrete production and specimen preparation techniques on the compres-
sive strength was higher for the HPC compared to the UHPC. This could have 
been attributed to the higher uniformity of specimen production techniques among 
the laboratories which produced the UHPC specimens. Furthermore, rare influence 
existed on the numbers of cycles to failure due to the usage of the compressive strength 
as a reference for the determination of the stresses applied. However, careful sawing 
and polishing of UHPC specimens led to slightly higher numbers of cycles to failure. 
An additional observation was that the numbers of cycles to failure obtained for the 
UHPC were higher on average than those obtained for the HPC. 

3.2 Influence of the Compressive Strength on the Fatigue 

Behaviour 

The reference HPC and UHPC were investigated comparatively in order to generally 
characterise both concretes and, furthermore, examine the influence of the concrete 
strength on the fatigue resistance (work package 2). The reference compressive 
strengths were determined directly before the fatigue tests were carried out. The 
results are given in Table 6, where f cm,ref is the mean reference compressive strength, 
σx is the respective standard deviation of f cm,ref, εcm is the mean strain at maximum 
stress, and E0.15–0.80 is the mean stiffness determined as the secant modulus of 
elasticity between 15 and 80% of the maximum stress. 

The difference in the compressive strength between the two HPC batches (HPC-a: 
f cm,ref = 116.2 MPa and HPC-b: f cm,ref = 89.8 MPa) was due to a batch influence 
despite the fact that they were produced in the same laboratory. The reason for the 
difference between the two UHPC batches (UHPC-a: f cm,ref = 174 MPa and UHPC-
b: f cm,ref = 200.6 MPa) was not clear: batch influence and/or influence of the concrete
age [29]. 

The numbers of cycles to failure of the specimens tested are presented in Fig. 7 as 
single and mean values. At the lower maximum stress level Smax = 0.75, specimens 
of both batches were tested for each concrete mixture. Therefore, the logarithmic 
numbers of cycles to failure were statistically analysed to investigate a possible batch

Table 6 Mean values of the fatigue reference compressive strength, ultimate strain, and secant 
modulus of elasticity (from [29], licensed under CC-BY 4.0) 

Concrete Qty Age f cm,ref σx εcm E0.15–0.80 

[–] [d] [MPa] [MPa] [‰] [MPa] 

HPC-a 6 79 116.2 2.2 − 3.67 36,700 

HPC-b 4 213 89.8 3.0 − 3.31 33,200 

UHPC-a 6 97 174.0 5.6 − 4.57 41,200 

UHPC-b 5 249 200.6 1.9 − 5.24 41,700 
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Fig. 7 Numbers of cycles to failure for the HPC and UHPC specimens (from [29], licensed under 
CC-BY 4.0) 

influence on the fatigue resistance. No significant difference between the batches was 
identified by ANOVA (p-value 0.05) for either couple of batches (HPC-a, HPC-b 
respectively UHPC-a, UHPC-b). Therefore, the mean number of cycles to failure of 
each concrete was calculated taking into account the single values of both batches at 
this stress level. 

Figure 7 shows that the UHPC specimens reached higher mean numbers of cycles 
to failure compared to the HPC specimens at both stress levels tested. This differ-
ence of the mean values was again analysed by means of ANOVA. The difference 
was found to be statistically significant (p-value 0.05) at the lower stress level 
Smax = 0.75. This means that the better fatigue resistance of the UHPC is significant 
and, therefore, confirmed. High scattering of the results is visible at the higher stress 
level Smax = 0.85 in Fig. 7. Therefore, it is not surprising that the difference of the 
mean values was found to be not statistically significant (p-value 0.05) at this 
stress level. 

In addition to the numbers of cycles to failure, the damage indicators strain and 
stiffness were investigated comparatively for both HPC and UHPC. The mean values 
of the total strain growth at maximum and minimum stress ( 0.0−1.0 

max , 0.0−1.0 
min )  as  

well as the gradients of the strain development in phase II (gradε0.2−0.8 
max , gradε0.2−0.8 

min ) 
are displayed together with the gradient of the stiffness development in phase II 
(gradE0.2−0.8 

s ) and the percentile reduction of stiffness within the complete fatigue 
process ( E0.0−1.0 

s ) in Table 7 as mean values. Hereby, the gradients were determined 
from a linear regression analysis [29].

It can be seen from Table 7 that the HPC specimens exhibited a higher total 
growth of the maximum and minimum strain than the UHPC specimens at both stress 
levels, although the HPC specimens reached lower numbers of cycles to failure. This 
correlates with the steeper gradients of strain of the HPC in phase II. 

The single values of the gradients of the maximum strain development in phase 
II with respect to the numbers of cycles to failure are additionally shown in Fig. 8a.
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Table 7 Mean values of parameters of fatigue damage indicators investigated (from [29], licensed 
under CC-BY 4.0) 

Concrete HPC-a HPC-b UHPC-a UHPC-b 

0.85/0.05 0.0−1.0 
max [‰] – 0.87 – 0.52 
0.0−1.0 
min [‰] – 0.50 – 0.22 

gradε0.2−0.8 
max [–] – 2.57 × 10−3 – 4.67 × 10− 5

gradε0.2−0.8 
min [–] – 1.59 × 10−3 – 2.38 × 10− 5

E0.0−1.0 
s [%] – 15.97 – 7.36 

gradE0.2−0.8 
s [MPa] – − 16.38 – − 2.61 

0.75/0.05 0.0−1.0 
max [‰] 1.21 1.17 0.99 0.78 
0.0−1.0 
min [‰] 0.81 0.71 0.41 0.44 

gradε0.2−0.8 
max [–] 1.25 × 10−4 1.16 × 10−4 4.10 × 10−5 2.92 × 10− 5

gradε0.2−0.8 
min [–] 1.63 × 10−4 7.66 × 10−5 2.31 × 10−5 1.82 × 10− 5

E0.0−1.0 
s [%] 16.62 21.80 16.08 9.52 

gradE0.2−0.8 
s [MPa] − 0.78 − 0.75 − 0.30 − 0.14

The gradients of strain decreased with decreasing stress levels, which was expected. 
Furthermore, the regression line of the UHPC specimens is located below the regres-
sion line of the HPC specimens, which corresponds to the findings in [15, 17, 19]. 
This means that smaller gradients of strain or, rather, smaller increases in strain per 
load cycle occurred for the UHPC compared to the HPC specimens for the same 
number of cycles to failure.

The mean gradients of stiffness in phase II were steeper for the HPC specimens 
than for UHPC specimens (cf. Table 7). The gradients of stiffness also decreased 
with the decreasing stress level as shown in Fig. 8b. The regression line of the UHPC 
is located below that of the HPC in the range of log N f < 4. Thus, a lower stiffness 
reduction per load cycle was found for the UHPC specimens compared to the HPC 
ones for the same number of cycles to failure, which correlates to the findings in [19]. 
Without the high scattering of batch UHPC-a, this statement might have also been 
drawn for log N f > 4. In addition, Table 7 shows that the HPC specimens exhibited 
a higher percentile reduction of stiffness compared to the UHPC ones, although the 
HPC reached a smaller mean number of cycles to failure. 

Overall, the damage indicators revealed a deviating fatigue behaviour of the 
two concrete types investigated. The UHPC specimens with their higher compres-
sive strengths showed a better fatigue resistance than the HPC ones. This was a 
surprising result because the approaches of the current standards and guidelines 
for fatigue design expects a lower fatigue resistance with increasing compressive 
strength. Further details of the analysis can be found in [29].
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Fig. 8 HPC, UHPC: a log. gradients of maximum strain in phase II related to log. numbers of 
cycles to failure, b log. gradients of stiffness in phase II related to log. numbers of cycles to failure 
(based on [29], licensed under CC-BY 4.0)

4 Conclusions 

The fatigue resistance of concrete is influenced by numerous factors, as shown 
in the literature. Within the central project of the Priority Programme SPP 2020, 
the influence of concrete production and specimen preparation on the compressive 
strength and fatigue resistance (work package 1) and the influence of the concrete 
strength on the fatigue resistance (work package 2) were thoroughly investigated 
involving the cooperation with several participating laboratories. The two reference 
concrete mixtures within the SPP 2020—one high-strength concrete (“RH1”) and 
one ultra-high-strength concrete (“RU1”)—were examined. 

Regarding the investigation of the influence of the concrete production and spec-
imen preparation, the laboratories produced and prepared specimens which were 
tested in the central laboratory in Hannover. The results of the tests under mono-
tonically increasing load and compressive fatigue load at Smax = 0.75, Smin = 0.05 
and f t = 1.0 Hz and, additionally, the microstructural and geometrical characteristics 
of the concrete specimens were analysed. The main findings can be summarised a s
follows:

1. The concrete/specimen production techniques used to produce the HPC speci-
mens had a significant influence on their compressive strength. A proper concrete 
production—indication for a positive influence of high compaction was found as
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influence of the technique used—and specimen preparation can lead to a higher 
concrete strength. By contrast, the production techniques used to produce the 
UHPC specimens only rarely affected their compressive strengths. This could 
have been attributed to the higher uniformity of the specimen production tech-
niques among the laboratories which produced the UHPC specimens. In the 
case of compressive fatigue loading, the production techniques did not signifi-
cantly affect the mean numbers of cycles to failure reached for either concrete. 
This result can be traced back to the fact that the stress levels applied in the 
fatigue tests are generally determined using the reference compressive strength 
from specimens of the same batch. Thus, the effects of production are implicitly 
considered in the fatigue loading applied. 

2. Inaccurate specimen preparation techniques can negatively influence the 
compressive strength and its scatter due to geometric deviations of the specimens. 
In particular, edge breakages caused by poor sawing and improper grinding/ 
polishing had a significant negative influence on the mean value of the compres-
sive strength of the specimens. However, an inaccurate preparation of the HPC 
specimens did not significantly affect the mean number of cycles to failure. By 
contrast, there might be a slight influence of the sawing and polishing technique 
on the mean number of cycles to failure of the UHPC specimens. 

In addition, the influence of the compressive strength on the fatigue resistance 
was investigated comparatively considering the numbers of cycles to failure and the 
damage indicators strain and stiffness. Fatigue tests were performed for this purpose 
at two maximum stress levels of Smax = 0.75 and 0.85 with the same minimum stress 
level of Smin = 0.05 and a load frequency of f t = 1.0 Hz.

3. The UHPC specimens reached higher mean numbers of cycles to failure in the 
comparative investigation than the HPC specimens at both stress levels tested. A 
negative influence of the higher compressive strength on the fatigue resistance, 
as assumed in current design rules, was not observed. This corresponds to results 
obtained in [9, 44]. 

4. The damage indicators revealed a different material-dependent fatigue behaviour 
in the comparison of the two reference concrete mixtures. The strain and stiffness 
indicators of the UHPC specimens showed a less pronounced damage evolution 
compared to the HPC. 

5. A batch influence on the compressive strength was identified, especially for 
the UHPC. However, this influence was not present in the numbers of cycles 
to failure. The batch influence was equalised through the determination of the 
fatigue stress levels by means of the reference compressive strength. 

In conclusion, the present study underlines the importance of an accurate determi-
nation of the reference compressive strength for the definition of the fatigue stresses 
based on the stress levels selected, which can equalise possible batch influences due 
to differences in the concrete production processes. In order to benefit from these 
positive effects, the reference compressive strength must be determined immediately 
prior to the start of fatigue testing. Furthermore, accurate prepared specimens allow



Material Properties and Fatigue Resistance of the Reference … 27

the collection of results with a lower scattering. Finally, the higher fatigue sensitivity 
for higher strength concretes, i.e. the negative influence of the compressive strength 
on the fatigue resistance assumed and implemented in the actual design standards 
and guidelines, could not be confirmed. Further investigations of the influence of the 
compressive strength on the fatigue resistance of concrete, taking into account the 
comprehensive data available in the literature, confirm this result [45]. Based on this 
data, a basic concept for the fatigue design is presented. 

Furthermore, results of a SPP 2020 round robin test with the objective to evaluate 
the significance of different microstructural analyses techniques with regard to fatigue 
damage on different scales were recently published in [46]. 

Associated data is published via the link: https://doi.org/10.25835/l9n63a7u. 
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Composition Influenced Damage 
Development in High-Strength Concrete 
Due to Cyclic Loading 

Tim Timmermann, Stefan Löhnert, and Nadja Oneschkow 

Abstract In this chapter, results concerning the influence of the concrete composi-

tion on the compressive fatigue behaviour are presented and a mesoscopic modelling 

approach for fatigue damage is developed to capture these influences within numer-

ical simulations. The influences of coarse aggregates generally, the substitution of 

basalt by granite coarse aggregate, the addition of silica fume and the variation of the 

water to cement (w/c) ratio were investigated systematically. The results show that 

the presence of coarse aggregates can influence the fatigue behaviour of concretes 

in a negative way at higher stress levels and in a positive way at lower stress levels 

compared to mortars. Silica fume improves the fatigue behaviour of concrete and 

mortar strongly. An increase of the w/c ratio and, thus, an increase in the porosity 

reduces the fatigue resistance of concrete and mortar significantly. The acoustic emis-

sion technique used additionally gives further valuable strain-independent informa-

tion about the damage processes occurring on different scales. A modelling approach 

and simulations of compressive fatigue damage are additionally presented. They are 

based on a gradient-enhanced damage formulation with a reduction of the material 

strength dependent on the strain history. 

Keywords Compressive fatigue behaviour · Damage process · Acoustic 
emission · Gradient-enhanced damage · Effective material behaviour 

1 Introduction 

High-strength concrete has a denser binder matrix, an increased compressive strength 

and improved interfacial transition zones compared to normal-strength concrete. 

However, contradictory findings are documented in the literature concerning the
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influence of the concrete strength on the compressive fatigue resistance [1–4]. 

Nevertheless, only a few investigations have focused on the influence of the 

concrete composition or, rather, concrete microstructure on the fatigue resistance 

and, furthermore, the damage processes in the microstructure. 

Mehmel and Kern [5] and Shah and Chandra [6] found that the interaction between 

the aggregates and the cement matrix is essential for the fatigue behaviour of normal-

strength concrete. Breitenbücher et al. [7] observed for normal-strength concrete that 

increased differences between the modulus of elasticity of the coarse aggregate and 

the hardened cement paste lead to lower compressive fatigue resistance. Furthermore, 

the size and volume of the coarse aggregates influences the magnitude of peak stresses 

in the microstructure [5]. Mehmel and Kern assumed that these peak stress areas 

lead to damage and deterioration in the cement matrix [5]. A highly inhomogeneous 

three-dimensional stress distribution is also confirmed by results in [8]. To the best of 

author’s knowledge, no results are documented concerning the influence of the water 

to cement (w/c) ratio and silica fume on the concrete compressive fatigue behaviour. 

Concerning the fatigue damage process, indications were found for a diffuse, 

spread compressive damaging effect in the cement matrix and a localised, vertically 

orientated tensile damage [8]. It was previously hypothesised in [9] that damage 

also occurs on extremely small scales as precursors of damage on larger scales. 

Rybczynski et al. (see Sect. 3.3 “Characterization of Microstructural Changes Caused 

by Fatigue Damage” in the chapter by S. Rybczynski et al., this volume) found needle-

shaped regions of lower density in the binder matrix of ultra-high-strength concrete 

using transmission electron microscopy and, thus, seem to confirm the findings and 

hypothesis of [8, 9]. The observation of the damage development on such small 

scales is generally challenging, especially due to fatigue loading, because fatigue 

experiments have to be stopped at a defined stage of damage, and samples prepared 

and analysed at great expense in order to get time-discrete insights. However, a 

promising continuously measurable and strain-independent damage indicator is the 

acoustic emission (AE). The analysis of AE hits has so far been applied to statically 

loaded reinforced concrete components (e.g. [10]), whereby, the cracks were often 

visible to the naked eye in these cases. Its applicability for the analyses of the damage 

development on a much smaller scale in the plain concrete microstructure due to 

fatigue loading has not yet been examined. 

The modelling and simulation of the fatigue processes within the concrete struc-

ture on a mesoscale is a challenging task. Many models exist that are applicable 

only to certain cases, for example only a few load cycles or only loads with invari-

able directions. The goal, however, must be to develop a predictive model that is 

capable of reflecting all important observable effects, such as the influence of the 

change of the loading direction or sequence effects. A promising starting point is a 

microplane approach [11], which can capture the anisotropy due to damage within the 

concrete structure on a mesoscale. The combination with Drucker-Prager-Cap plas-

ticity [12, 13] leads to a model which is able to predict the behaviour of concrete under 

monotonic loading or a few load cycles quite well. However, these models are not 

sufficient for the prediction of fatigue processes in concrete on a mesoscale because 

they do not contain material behaviour explicitly dependent on the strain history.

https://doi.org/10.1007/978-3-032-19394-0_11
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A microplane model has recently been proposed that captures the microscale and 

mesoscale behaviour of concrete effectively for the analysis of the fatigue behaviour 

of concrete structures on the macroscale [14]. Such models are difficult to calibrate 

and validate for arbitrary fatigue loads including multiple load levels and changes 

of the loading direction. Additionally, they do not contribute to the understanding of 

the mesostructural behaviour of concrete under fatigue loads. 

In the following, results of conjoint research are presented. Systematically defined 

concrete compositions and their corresponding mortars were investigated regarding 

their fatigue behaviour and the damage development in the microstructure. Accord-

ingly, continuously measurable strain-dependent damage indicators and the AEs, 

were analysed together with time discrete visualisations of damage in the microstruc-

ture to gain new knowledge about the damage development due to compressive 

fatigue loading and its influenceability. Furthermore, detailed analyses of the char-

acteristics of AE hits were applied to concrete fatigue damage for the first time 

[15]. A model based on gradient-enhanced damage combined with a strain history-

dependent reduction of the material strength is developed for the simulation of the 

fatigue damage development in concrete. This model serves as a starting point for 

the prediction of fatigue processes in concrete. 

2 Investigation Programme 

The high-strength reference concrete RH1 of the SPP 2020 (see Sect. 2.1 “Concrete 

Composition” in the chapter by M. Basaldella et al., this volume), here named RH1-

B, and three additional high-strength concretes, whose compositions were based on 

the RH1-B but were systematically adjusted, were investigated. Concrete RH1-B-Si 

had the same composition as RH1-B but the cement was partially replaced by silica 

fume, following the approach of the same paste film thickness [16, Chapter by G. 

Basutkar et al., this volume]. In addition, a high-strength concrete RH1-B-w with an 

increased w/c ratio of 0.5 and, thus, a higher porosity as well as a lower compres-

sive strength was considered. Regarding concrete RH1-G, the basalt aggregate was 

substituted by granite to gain different mechanical properties of the coarse aggregate. 

The compositions of the four high-strength concretes investigated are comparatively 

presented in Table 1.

Furthermore, corresponding mortars, which were produced by sieving off the 

concrete components with grain sizes ≥ 2 mm, were investigated. Additional infor-

mation, also concerning the properties of the coarse aggregates used, can be found in 

[17]. Table 2 shows the mean values of the 28-day compressive strength f cm,cube deter-

mined according to DIN EN 12390-3 [18] and the modulus of elasticity Ecm according 

to DIN EN 12390-13 [19] of the four concretes and three corresponding mortars 

investigated. The mean reference compressive strengths f cm,ref of the concretes and 

mortars were determined force-controlled with a test velocity of 0.5 MPa/s imme-

diately before conducting the fatigue tests on cylinders of h/d = 180/60 mm. The 

values of f cm,ref are additionally presented in Table 2.
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Table 1 Concrete composition (from [17], licensed under CC-BY 4.0) 

Component RH1-B RH1-B-Si RH1-B-w RH1-G 

Portland Cement 

(CEM I 52.5 R HS/NA) [kg/m3] 

500 447 461 500 

Microsilica [kg/m3] / 45 / / 

Quartz sand (0/0.5 mm) [kg/m3] 75 75 69 75 

Sand (0/2 mm) (Tuendern) [kg/m3] 850 850 783 850 

Basalt 2/5 mm (Oelberg) [kg/m3] 350 350 322 / 

Basalt 5/8 mm (Oelberg) [kg/m3] 570 570 525 / 

Granite 2/5 mm (Glensanda) [kg/m3] / / / 350 

Granite 5/8 mm (Glensanda) [kg/m3] / / / 570 

Superplasticiser [kg/m3] 5.00 4.90 0.49 5.00 

Stabiliser [kg/m3] 2.85 2.80 / 2.85 

w/c ratio; w/ceq ratio [–] 0.35 0.35 0.50 0.35

Table 2 28-day compressive strength, modulus of elasticity and reference compressive strength 

(mean values) 

Concrete RH1-B RH1-B-Si RH1-B-w RH1-G 

B1 B1 B2 B1 B1 

f cm,cube [MPa] 113 133 129 71 109 

f cm,ref [MPa] 96 123 120 58 110 

Ecm [MPa] 40,000 44,400 –a 33,700 35,600 

Mortar M-B M-B-Si M-B-w 

B1 B1 B1 

f cm,cube [MPa] 108 114 78 

f cm,ref [MPa] 97 116 75 

Ecm [MPa] 34,900 38,200 23,000 

a Not determined 

The modulus of elasticity decreases due to the granite aggregate. The silica fume 

increases the modulus of elasticity and the compressive strength, whereby the effect 

on the compressive strength is more pronounced for the concrete compared to the 

mortar, revealing its positive effect on the interfacial transition zone. The higher 

w/c ratio leads to a decreased compressive strength and modulus of elasticity. 

The fatigue investigations were conducted on cylindrical specimens with h/d = 

180/60 mm [17]. The formworks of the concrete specimens were removed 7 days 

after concreting and the specimens were stored in standard climate (20 °C/65% R.H.) 

until testing. The mortar specimens were stored for 14 days in standard climate 

before the formworks were removed in order to avoid increased microcracking due 

to shrinkage. Afterwards, they were stored wrapped in plastic foil for a further 14 days
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and then for at least another 28 days without the plastic foil in standard climate (gentle 

drying) until testing. The test surfaces of all specimens were plane-parallel ground 

and polished to achieve a uniform stress distribution. 

Two maximum stress levels of either Smax = σmax/f cm,ref = 0.85 or Smax = 0.70 

with the same minimum stress level of Smin = σmin/f cm,ref = 0.05 were used in the 

compressive fatigue tests. The test frequency was f t = 1.0 Hz in all tests. Two types 

of tests were conducted: full tests, where the specimens were fatigue loaded until 

failure, and partial tests where the fatigue loading was stopped in the middle of phase 

I or II or, instead, shortly before fatigue failure in phase III in order to prepare thin 

sections for subsequent microscopic analyses of damage [20]. The axial deforma-

tions were measured continuously using three laser distance sensors positioned on 

the circumference of the specimen at angles of 0°, 120° and 240°. In addition, the 

axial force, the axial displacement of the actuator and the temperature of the spec-

imen’s surface at mid-height were measured. Six acoustic sensors with a wide-band 

frequency response within the range of 250–1600 kHz were positioned at 60° from 

one another, alternating in the upper and lower third of the specimen. 

The damage indicators maximum and minimum strain, stiffness, dissipated energy 

and AE hits were analysed. The stiffness was determined based on the secant modulus 

in the decreasing branch of the hysteresis loops. The dissipated energy describes the 

viscoelastic material behaviour within the fatigue process and, thus, the deformation 

capability of the material. Different parameters of each damage indicator such as the 

gradients of strain, stiffness and dissipated energy in phase II, the percentile reduction 

of stiffness or the average dissipated energy per load cycle in phase II, were analysed 

comparatively. More information concerning the analyses can be found in [17]. 

In addition, the AE hits were analysed in detail using parameter- and signal-based 

analyses. Here, the focus was on the development of the cumulated AE hits and the 

characteristics of the AE hits. Consequently, a clustering method using the Gaussian 

mixture modelling was successfully used based on the distribution of AE hits in the 

RA/AF space (RA = rise time/peak amplitude; AF = counts/duration), as shown in 

Fig. 1, to achieve a physically based classification of the damage mechanisms [20]. 

The AE hits in cluster I are characterised by low AE energy, and can be physically 

traced back to a tensile-like damage, whereas the AE hits in cluster II have a much 

higher AE energy, and result from a shear/friction-like damage [15, 21].

Furthermore, digitally transmitted light microscopy was applied to thin sections. 

Hence, the letter were prepared from unloaded specimens (reference) and specimens 

that had been previously subjected to compressive fatigue loading (partial tests). The 

thin sections were impregnated using blue epoxy resin for a better visualisation of 

the damage in the microstructure. Instead of microcracks expected, bluish impreg-

nated areas were found, which represent regions with a higher porosity or more 

microdefects. These bluish areas change in quantity, size and area as a result of the 

compressive fatigue loading. Selected regions within these bluish areas were further 

evaluated using scanning electron microscopy [20].
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Fig. 1 a Acoustic emission (AE) signal parameters following [10]  (from  [20], licensed under 

CC-BY 4.0) and b AE hits in the RA/AF space and assignment to clusters (exemplarily)

3 Experimental Results 

The mean values of the numbers of cycles to failure are shown in Fig. 2. The concrete 

with silica fume RH1-B-Si reached the highest mean numbers of cycles to failure, 

followed by the reference concrete RH1-B and the concrete with the higherw/c ratio, 

RH1-B-w. The same order of numbers of cycles to failure was found for the mortars. 

The concretes reached lower numbers of cycles to failure at Smax = 0.85 compared to 

their corresponding mortars, except for RH1-B, respectively M-B, where the mean 

N f was equal. By contrast, all concretes reached higher numbers of cycles to failure at 

Smax = 0.70 compared to the respective mortar. Furthermore, the increase in mean N f 

due to the decreased stress level is higher for the concretes, thus, a more pronounced 

stress level dependency exists. The substitution of basalt aggregate by granite led to a 

higher mean N f at Smax = 0.85 but a lower value at Smax = 0.70. The increased number 

of cycles to failure for the concrete and mortar with silica fume was accompanied 

by an increase in the scatter of results.

Figure 3a shows the averaged developments of stiffness and Fig. 3b, the devel-

opments of cumulated AE hits of the concretes exemplarily for Smax = 0.70. The 

averaged developments are only used for the purpose of graphical representation, 

knowing that the gradients of the curves are distorted in those graphs due to the 

averaging process (for further information, see [17]).

With respect to the developments of the damage indicators, the well-known rela-

tion of steeper gradients of strain, stiffness and dissipated energy in phase II for 

concrete or mortar that reached lower numbers of cycles to failure was found in 

these investigations. Furthermore, the analyses of the developments of strain, stiff-

ness and dissipated energy clearly showed that the increase of w/c ratio degrades
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Fig. 2 Mean numbers of cycles to failure for the concretes and mortars (from [17], licensed under 

CC-BY 4.0)

Fig. 3 a Averaged developments of stiffness and b developments of cumulated AE hits of the 

concretes investigated at Smax = 0.70 (based on [17], licensed under CC-BY 4.0)

the fatigue resistance of both mortar and concrete, while the addition of silica fume 

strengthens in both cases, leading to an improved fatigue resistance [17]. 

The gradients of strain and stiffness at Smax = 0.85 were higher for the concretes 

compared to their mortars, which is reversed at Smax = 0.70, revealing that the pres-

ence of basalt coarse aggregate impairs the fatigue behaviour at higher stress levels 

and improves it at lower stress levels. In comparison to the granite aggregate with 

its lower modulus of elasticity, the basalt aggregate led to steeper gradients of strain, 

stiffness and dissipated energy at the higher stress level, whereby the gradients were 

flatter at the lower stress level. Thus, the (comparatively stiffer) basalt coarse aggre-

gate impairs the fatigue resistance at high stress levels due to the comparatively 

increased inhomogeneous stress distribution and improves it at low stress levels due 

to its fatigue resistance. Overall, the results indicate that the inhomogeneous stress 

distribution due to stiff coarse aggregates predominates the fatigue behaviour of 

concrete at high stress levels, whereby the attraction of stresses by a fatigue-resistant
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coarse aggregate predominates at low stress levels. All mortars showed higher magni-

tudes of strains at maximum peak stress compared to their corresponding concretes, 

which is also associated with the higher volume of mortar matrix in the respective 

specimen. 

The averaged dissipated energy in phase II of the mortars was always higher 

compared to their corresponding concretes at both stress levels, thus, a higher defor-

mation capability exists. The developments of cumulated AE hits often showed a 

three-phase development, whereby phase III started at lower numbers of cycles 

compared to phase III of the strain developments. Surprisingly, several develop-

ments of cumulated AE hits showed vertical courses, in which a huge number of 

AE hits arose, especially for the concrete with silica fume and at the lower stress 

level (cf. Figure 3b). Such vertical courses were not detectable in the developments 

of strain and stiffness [17]. The earlier onset of phase III and the vertical courses 

of AE hits are strong indications of damage occurring on extremely small scales as 

precursors of damage on larger scales. Furthermore, extremely high numbers of AE 

hits were detected for the concrete with granite coarse aggregate at the lower stress 

level, which can be attributed to a kind of “crackling” [22]. 

Overall, the number of AE hits arising due to fatigue loading is material- and stress 

level-dependent and, thus, the characteristics of the AE signals have to be additionally 

considered in order to describe the kind or quality of damage. Therefore, the AE 

hits were clustered based on the parameters RA and AF and subsequently analysed 

regarding their appearance in the fatigue process. Further information can be found 

in [20]. The AE hits in cluster I are generally characterised by much lower AE energy 

compared to the AE hits of cluster II. This indicates that hits in cluster I occur due 

to damage on a smaller scale compared to those in cluster II. The mixed cluster 

contains AE hits that cannot be clearly assigned to cluster I or II. Figure 4 shows the 

clustered numbers of AE hits for phases I–III exemplarily for the reference concrete 

RH1-B and both stress levels [20]. As the absolute number of AE hits depends on the 

numbers of load cycles and, thus, on the stress level, the corresponding percentages 

of AE hits per phase are added in parentheses.

At both stress levels, the numbers of AE hits in cluster I (absolute and percentage) 

are much higher (dominating) than those in cluster II and increase from phase to 

phase. The AE hits in cluster II mainly occur in phase I and especially in phase III. 

Furthermore, more hits in cluster II arise in phase I and II for the fatigue loading 

at the higher maximum stress level Smax = 0.85 compared to Smax = 0.75 (absolute 

and percentage). In phase III, a slightly higher percentage of AE hits in cluster II 

is observable at Smax = 0.75 compared to Smax = 0.85, which indicates a “simpler” 

propagation of cluster-II-damage. Similar correlations were found for all concretes 

and mortars analysed, whereby the number of AE hits in the respective cluster and 

the ratio between the two clusters is different [15]. Comparing the concretes with 

their corresponding mortars, it was found that the percentages of AE hits in cluster 

II is less for the mortars in all phases of the fatigue process, which must be related 

to the lack of coarse aggregate [15]. 

Further analyses of the characteristics of the AE signals showed that the AE hits of 

the vertical courses of their developments at the lower stress level (cf. Figure 3b) can
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Fig. 4 Cluster of AE hits within phases I–III at a Smax = 0.85 and b Smax = 0.70

be assigned to the dominating cluster I, which includes AE hits with low AE energy. 

Since these vertical courses cannot be seen in the strain and stiffness developments, 

this is an additional strong indication that the associated damage of hits in cluster I 

occurs on an extremely small scale. 

However, the cumulated AE energy up to the transition from phase II to III is 

characteristic of concretes or mortars of a special composition and, thus, independent 

of the maximum stress level [15]. The transition from phase II to III, therefore, marks 

a state of damage in which the material is so severely damaged that larger-scale 

damage follows to a greater degree than before, resulting in the global failure after 

only a very few additional load cycles. 

The microscopic analyses of unloaded specimens (reference) and preloaded/ 

damaged specimens showed bluish impregnated areas (areas with increased 

porosity), which change in quantity, size and area instead of the microcracks expected 

[20]. Bluish areas already exist in the unloaded specimens. Due to the compressive 

fatigue loading, the number and size of those areas decrease up to phase I at Smax 

= 0.85 or, rather, phase II at Smax = 0.70, and then start to reincrease up to phase 

III. Using scanning electron microscopy for analysis on smaller scales, alterations 

of the microstructure in the form of the increase of voids in the mortar matrix within 

the fatigue process were found not only inside the bluish areas but also outside 

these areas with less concentration. This indicates that the mortar matrix suffers 

widespread degradation in general, with accumulation in highly stressed areas due 

to the heterogeneity of the microstructure [20]. 

Overall, the AE hits in the two clusters can be interpretated as belonging to 

different damage mechanisms which occur depending on the stress level and mate-

rial due to compressive fatigue loading. Taking considerations and results from the 

literature additionally into account [5, 6, 8, 9], it is strongly assumed that AE hits
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in cluster I are due to diffusely distributed damage that begins to develop on a very 

small scale (sub-microscale). By contrast, AE hits in cluster II are associated with 

the development of more localised damage on the micro- to mesoscale, in the form 

of larger-scale damage or cracks, in the diffusely small-scale pre-damaged matrix. 

4 Mechanical Model and Simulation 

The goal of the mechanical model is to be able to simulate fatigue processes under 

compressive loads and various loading scenarios in order to eventually allow for 

simulative lifetime predictions of engineering parts made of concrete using finite 

elements. The starting point is the balance of momentum in its weak form and for 

quasistatic loadings 

σ : δεd − t · δud = 0 (1) 

where is the domain of the body, is its boundary, σ is the stress tensor, t is 

the traction vector acting on the outer boundaries and δε and δu are the variations of 

the strain and the displacement. Regarding the mesostructural components, firstly, a 

linear elastic material model including gradient-enhanced fatigue damage is chosen. 

The stresses for the gradient-enhanced fatigue damage model can be computed by 

σ = (1 − d )(2µε + tr(ε)1) (2) 

where µ and are the Lamé constants, ε is the strain tensor and d is the scalar-valued 

damage variable, which is obtained from the classical damage model by Mazars and 

Pijaudier-Cabot [23] 

d (κ) = 1 − 
κ0 

κ 
(1 − α) − αe−β(κ−κ0) (3) 

which is frequently used for concrete. The parameters α and β are purely phenomeno-

logical parameters adjusted according to experimental observations. The gradient-

enhanced equivalent strain dependent history variable κ has the initial value κ0. Once 

it exceeds this value, damage initialises and grows. To avoid mesh dependence, the 

history variable and, thus, also the amount of damage is a monotonic function of 

the gradient-enhanced equivalent strain quantity ε, which is the solution of the weak 

form of the inhomogeneous Helmholtz equation 

(ε − ε̃(ε)) · ηd + c grad (ε) · grad (η)d = 0 (4)
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See [24] for its derivation. Here, c is the characteristic length, responsible for the 

width of a damage band that might form due to localisation. From the numerical 

point of view, it is important that the size of the finite elements is significantly 

smaller than c to achieve convergence. The function ε̃ is a scalar-valued function of 

the strain tensor ε. It is a local equivalent strain measure to consider different damage 

characteristics, such as different damage behaviour under compression and tension 

or under purely volumetric deformations. The most widely used equivalent strain 

function for concrete is the so-called modified von Mises criterion [25]. 

ε̃(ε) = 
(k − 1)I1 

2k(1 − 2ν) 
+

(k − 1)I1 

2k(1 − 2ν) 

2 

+
3J2 

k(1 + ν) 2
(5) 

Here, ν is Poisson’s ratio, I1 = tr(ε ) is the first invariant of the strain tensor 

and J2 = 
1 
2 
ε : ε − 

1 
6 
(tr(ε))2 is the second invariant of the strain deviator. The 

dimensionless parameter k is used to emphasise the volumetric or the isochoric part 

of the deformation. Regarding concrete, choosing k = 10 leads to reasonable results. 

The actual damage criterion can be written as an inequality 

f (ε, κ, γ ) = ε − φ(γ )κ ≤ 0 (6) 

that needs to be fulfilled pointwise and is used to calculate the updated history 

variable κ in case the inequality is violated. The function φ(γ ) can be regarded as a 

deformation history-dependent reduction factor for the strength of the material which 

allows for the simulation of fatigue processes. There are many options for the choice 

of φ(γ ). According to [26]  it  is  s  et:  

φ(γ ) = 



 

 

1 : γ  <  γt 

(1 − a log(γ  /γt))
2 

: γt ≤ γ ≤ 101/aγt 

0 : γ  >  10 1/aγt

(7) 

The parameters a and γt are responsible for the strain history-dependent rate of 

the reduction of the strength and for the threshold for γ beyond which a reduction of 

the material strength occurs. The monotonically growing scalar quantity γ describes 

the accumulated gradient-enhanced strain history and is here defined as 

γ (ε) = 

t 

0 

H ε ε̇ ε̇ dτ (8) 

Here, H is the Heaviside step function and ε̇ is the rate of the gradient-enhanced 

equivalent strain. This model is capable of simulating all three phases of fatigue 

damage growth, as will be demonstrated in the following section.
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5 Numerical Results 

In this section, two computational problems are investigated. Firstly, a comparison of 

the computational and experimental results is performed for the reference concrete 

RH1-B. Here, the macroscopic strain developments at the maximum stress level of 

Smax = 0.85 are compared. The minimum stress level is set to Smin = 0.05 for both 

the experiments and the simulation. Since this is a low cycle fatigue problem, and 

the number of cycles to failure is still rather small, it is not necessary to employ 

special temporal discretisation, such as cycle jump techniques. A cube-shaped mate-

rial sample with an edge length of 23 mm was modelled for the simulation of the 

concrete. The mesostructure of the material sample was generated artificially. The 

mesostructural model generally follows the experimental approach of the coarse 

aggregate and surrounding mortar. On this scale, the mortar is assumed to be homo-

geneous. Basalt grains with a diameter d ≥ 2 mm were modelled explicitly as 

spherical inclusions. The volume fraction and diameter of the inclusions follows 

the experimentally determined grain size distribution curve shown in Table 3. 

The discretised mesostructural model is depicted in Fig. 5a. Standard Lagrangian 

tetrahedral finite elements with quadratic shape functions are used to discretise the 

mesostructure. Symmetry boundary conditions are applied in all directions, and a 

force-controlled external load is applied to a rigid diaphragm on the top surface. The 

basalt aggregate inclusions are assumed to behave isotropically and linear elastically 

without exhibiting damage. This assumption agrees with our own fatigue tests with 

comparable loads performed on the basalt stone, where no indications of occurring 

damage were found.

The Lamé constants for basalt and for mortar were obtained from macroscopic 

experiments performed on basalt and on mortar only, respectively. The damage and 

fatigue parameters for mortar were obtained by a fitting procedure for the concrete 

mesostructure to match the results obtained experimentally. Since a conventional 

least squares fitting procedure led to severe convergence problems, the parameters 

were found by a series of simulations with varying numbers for each parameter. 

The set of parameters eventually used for the simulations for both the basalt and the 

mortar, is provided in Table 4. The damage distribution after 306 load cycles which 

corresponds to N /N f = 0.99, is shown in Fig. 5b.

The fatigue damage accumulates according to the size of the basalt grains and 

their distance to each other and, of course, also according to the loading direction.

Table 3 Grain size distribution for the concrete 

Diameter of basalt grains (mm) Number of basalt grains in specimen 

2 165 

4 16 

5 29 

8 2 
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Fig. 5 a Mesostructure of the concrete sample (from [27], licensed under CC-BY 4.0) and b damage 

after 306 load cycles

Table 4 Material parameters 

for the basalt and the mortar
Material parameter Basalt Mortar 

Shear modulus µ [MPa] 38,682 14,536 

Lamé constant [MPa] 53,418 9691 

Length scale parameter c [mm2] 0.3 

Damage parameter κ0 [–] 0.000155 

Damage parameter α [–] 0.7 

Damage parameter β [–] 2300 

Fatigue parameter a [–] 0.022 

Fatigue parameter γt [–] 0.00015

The gradient-enhanced fatigue damage model leads to a smeared damage distribu-

tion between the coarse aggregates, which was also observable in the experimental 

investigations [20]. Localisation bands develop in a 45° angle to the loading direction 

applied. Figure 6a depicts the experimentally and computationally determined devel-

opment of the maximum strain in the loading direction, depending on the number 

of load cycles. The strain developments obtained experimentally are depicted for 

single tests performed (blue curves). Of course, the slope of the strain curves and 

the number of cycles to failure reached vary due to the “natural” scatter of fatigue 

tests. However, it can be seen that the computational results (red curve) are in good 

agreement with the experiments in the sense of mean results.

Especially the slope of the maximum strain development as a function of load 

cycles during phase II of the fatigue process but also the rapid initial damage devel-

opment during phase I as well as the strains during phase III can be captured nicely. 

The number of cycles to failure calculated also shows good agreement with the 

experimental results in terms of a mean value.
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Fig. 6 a Experimentally and computationally determined maximum strain developments of the 

concrete due to constant fatigue loading (from [27], licensed under CC-BY 4.0) b Computationally 

determined maximum strain developments for sequences “high–low” and “low–high” as well as 

for constant maximum stress levels Smax = 0.85 and Smax = 0.70 for comparison

The second example demonstrates the ability of the model to capture sequence 

effects if load cycles of different amplitudes are applied. For this simulation, the 

same mesostructure and discretisation as those shown in Fig. 5 a  as  well  as  the  

same material parameters as those given in Table 4 were used. Four different simu-

lations were performed, whereby the minimum stress level was kept constant with 

Smin = 0.05. Firstly, 170 load cycles with Smax = 0.85 are applied and, after that, the 

maximum stress level is decreased to Smax = 0.70 (“high–low”) for the remaining 

load cycles until failure. For the second simulation, the first 170 load cycles with 

Smax = 0.70 are applied and, subsequently, the maximum stress level is increased to 

Smax = 0.85 (“low–high”) until failure. These two simulations are complemented 

with the simulations with Smax = 0.85 and Smax = 0.70 until failure. The corre-

sponding maximum strain developments up to failure are depicted in Fig. 6b. Failure 

occurs after 721 cycles for the “high–low” simulation. The material sample fails 

after 544 cycles for the “low–high” simulation. The reduction of numbers of cycles 

calculated for sequences “low–high” compared to “low” as well as the increase of 

numbers of cycles to failure for sequence “high–low” compared to “high” corre-

sponds qualitatively to the experimental results and results from the literature. If the 

different sequence of applying the two different amplitudes had no effect, the state 

of damage should be the same after 340 cycles. This is clearly not the case, as can 

be seen in Fig. 7, where the damage state is depicted for both sequences and after 

340 cycles. Thus, it can be concluded that the method is generally able to reflect the 

sequence effect that exists for the compressive fatigue behaviour of concrete.
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Fig. 7 a Damage distribution within the mesostructure after 340 load cycles for the “high–low” 

sequence and b the “low–high” sequence 

6 Conclusions 

Comparative compressive fatigue investigations were conducted on systematically 

adjusted concrete (compositions) and their corresponding mortars. The objective 

was to investigate the influence of the concrete microstructure on the fatigue resis-

tance and, furthermore, to gain basic knowledge about the damage mechanism due 

to compressive fatigue loading. The influence of coarse aggregates generally, the 

substitution of basalt by granite coarse aggregate, the addition of silica fume and 

the variation of the w/c ratio were considered. It was clearly shown that the fatigue 

resistance of concrete and mortar can be influenced by their composition. A mortar 

matrix that is as undisturbed as possible, a very good bond to the aggregates and 

a fatigue-resistant aggregate is essential for the fatigue resistance of concrete. The 

addition or, rather, part substitution of cement by silica fume improves the fatigue 

resistance of concretes and mortars. By contrast, the increase of the w/c ratio impairs 

the fatigue resistance in both cases. 

A stiff and high-strength coarse aggregate generally leads to a more inhomoge-

neous stress distribution, on the one hand, but to an attraction of stresses and, thus, 

a relief of stresses in the mortar matrix, on the other hand. The results indicate that 

the first effect predominates the fatigue behaviour of concrete at high stress levels 

and the second effect at low stress levels. Thus, the fatigue-resistant coarse aggregate 

basalt improves the fatigue resistance at lower stress levels and impairs it at higher 

stress levels compared to granite aggregate. Regarding mortars, the positive influ-

ence of the coarse aggregate at a lower stress level outweighs the negative influence 

of the more inhomogeneous stress distribution created by it. Therefore, the lower 

fatigue resistance of the mortars at the lower stress level must be traced back to the 

missing basalt coarse aggregate. The extent of the influence of the coarse aggregate
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additionally depends on the properties of the mortar matrix, meaning a higher effect 

for a weaker mortar matrix and a lower effect for a stronger mortar matrix. 

Detailed analyses of AE signals led to the differentiation of the AE hits into two 

clusters, whereby the AE hits of cluster I are characterised by low AE energies, while 

the AE hits in cluster II have higher AE energies. This indicates that hits in cluster I 

occur due to damage on a smaller scale compared to those in cluster II. Furthermore, 

the number of hits in cluster I is much higher than those in cluster II, and increases 

within the fatigue damage process. By contrast, the number of AE hits in cluster II 

is much smaller and these hits occur mainly in phase I and, especially, in phase III. 

The sum of the AE energy emitted up to the transition of phase II to phase III is 

characteristic of concretes and mortars of a special composition and independent of 

the maximum stress level [15]. 

Altogether, taking into account the developments of the macroscopic damage 

indicators, the detailed analyses of the AE hits and the results of the microscopic 

analyses, strong indications were found that two damage mechanisms in concrete 

with regular moisture content exist due to compressive fatigue loading: (1) diffusely 

distributed damage in the mortar matrix that begins to develop on an extremely small 

scale (sub-microscale) and accumulates in areas of stress concentration. (2) Within 

this pre-damaged matrix, more localised damage, in the form of cracks or larger areas 

of linked localised damage, develops on a micro- to mesoscale, especially in phase 

III of the fatigue damage process. The diffusely distributed, small-scale damage (1) 

predominates in the damage process due to compressive fatigue loading. However, 

the higher the maximum stress level or the greater the inhomogeneity of the stress 

distribution, the more localised, large-scale damage (2) occurs already in phase II. 

It is remarkable that the combined analyses of macroscopic damage indicators, 

AE hits development and microscopic analyses enabled these new insights into 

the damage processes due to compressive fatigue loading. However, these damage 

processes can be influenced by the concrete or, rather, mortar composition. 

According to the experimental investigations and findings, a computational model 

for the simulation of the fatigue behaviour of concrete at mesoscale was set up. 

On that scale, basalt grains larger than 2 mm in diameter were explicitly modelled 

as isotropic linear elastic spherical inclusions not exhibiting damage. The mortar 

including basalt grains smaller than 2 mm in diameter was modelled as an isotropic 

linear elastic material including a gradient-enhanced fatigue damage model. Unfor-

tunately, this model is not (yet) able to capture any remaining (viscoplastic) deforma-

tions that can be observed experimentally. As it is known from other investigations 

[28], fatigue damage is detectable in the decrease of the elastic modulus, which is 

called “loosening of microstructure”, and in the development of the remaining “plas-

tic” deformation. However, the primary fatigue damage model employed here for the 

concrete can generally capture the portion of damage associated with the decrease of 

stiffness, which, indeed, will also be affected by remaining deformations. Further-

more, the three phases of fatigue and the sequence effects are quite well described. In 

the future, it is planned to extend this gradient-enhanced fatigue damage model with 

a Drucker-Prager-Cap microplane model [12, 13] to capture the remaining deforma-

tions after unloading as well as anisotropic damage. It is expected that this enhanced



Composition Influenced Damage Development in High-Strength … 47

material model will be able to quantitatively reflect the sequence effects observable 

experimentally and that it will allow for predictive fatigue simulations for different 

concrete compositions. 

Associated data is published via the link: https://doi.org/10.25835/r7l2jp9p. 
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Multiscale Investigation of Fatigue Crack 
Growth in High-Performance Concrete 
Based on Computer Tomography 
and Phase-Field Fracture Modelling 
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Abstract High-performance concrete (HPC) is increasingly adopted in the 
construction of concrete structures for bridges, towers, offshore rigs, high-rise build-
ings and wind turbines. HPC enables slender cross-sections, lighter structural compo-
nents and longer spans for structures. However, due to their inherently reduced self-
weight, these structures are often subjected to cyclic loads throughout their lifetime. 
Despite being an advanced material, the potential of using HPC under fatigue loading 
cannot be fully exploited due to conservative design standards. The fracture mechan-
ical behaviour of HPC, containing basalt aggregate (AG) and coarse mortar (CM), 
was investigated under static and cyclic tensile loading. The matrix material CM 
was developed as a concrete equivalent mortar using the excess paste theory. The 
test results show clear differences between the HPC and its components, basalt AG 
and CM, in terms of mechanical properties and fracture mechanical behaviour under 
static and cyclic loading. A novel and efficient hybrid formulation for phase-field 
modelling in brittle fracture is introduced. Both helping to understand the influence 
of the internal mesostructure on the fracture mechanical properties of the HPC on 
the macroscale. 
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1 Objectives and Methods 

The objective of the study was to experimentally analyse the fatigue crack growth 
in HPC with a focus on the mesoscale. The mesoscale was defined as the scale at 
which the concrete consists of aggregates (AG) above a size threshold of 2 mm, pores 
(air voids) above the same size threshold, cement mortar (CM) and the interfacial 
transition zone (ITZ) i.e., the area of the material at the interface between aggregates 
and cement mortar. The scope of the study included a detailed experimental descrip-
tion of the phenomena of fatigue crack initiation and propagation. The schematic 
representation of the mesostructural composition of HPC is illustrated in Fig. 1. 

The research comprised a structured methodology for achieving the research 
objectives. The initial phase focused on the selection of materials and the optimisation 
of contrasts between the two main components cement mortar and aggregates. To 
understand the interaction of aggregates and cement mortar in high-performance 
concrete, the material properties of the main components CM and AG and the 
properties of the high-performance concrete (HPC) were analysed. Further, frac-
ture mechanical tests were performed under static and cyclic loading conditions, 
thus yielding insights into the mechanical properties, fracture patterns, and response 
of HPC under varying loading scenarios. 

A novel framework to model fatigue in brittle materials based on the variational 
phase-field approach to fracture was also proposed. The new approach allows the 
simulation of crack nucleation and propagation under cyclic loading, while the 
monotonic case is included as a special case. The proposed approach can repro-
duce the main feature of the fatigue failure as obtained by classical theories while 
retaining the flexibility of the finite element method. Therefore, it can be used to study 
complex loading or geometric conditions and/or to optimize the design of structural 
components or of the concrete mixture.

Fig. 1 Schematic representation of the idealised mesostructure of HPC (from [1], licensed under 
CC-BY 4.0) 
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2 Characterization of Materials 

For the study, the reference HPC of the Priority Programme 2020 was used, see 
Table 1 in Sect. 2.1 “Concrete Composition” in the chapter by M. Basaldella et al., 
this volume and [2]. This consisted of basalt aggregate (AG) and a high-strength 
mortar (CM) at the meso level. The composition of the high-strength coarse mortar 
(CM) was not trivial and was carried out according to the excess paste theory, which 
was used to produce a concrete-equivalent mortar with the same excess paste layer 
thickness as the HPC. Subsequently, the mechanical properties of AG, CM and HPC 
were determined. The reference mix for HPC was based on the composition of the 
Priority Programme 2020. It was produced from the following constituents: crushed 
basalt aggregates from 2 to 8 mm; sand from 0 to 2 mm, quartz sand from 0 to 0.5 mm, 
Portland cement CEM I 52.5 R with a content of 500 kg/m3. A water-cement ratio 
of 0.35 was used and no additives such as silica fume, fly ash or ground granulated 
blast furnace slag were included, see Table 1 in Sect. 2.1 “Concrete Composition” 
in the chapter by M. Basaldella et al., this volume and [2]. 

While conventional aggregates such as basalt are commonly employed in high-
performance concrete production, the strength of the coarse aggregates themselves 
can be decisive for concretes with very high strength. Consequently, the strength of 
the aggregate is important, but the bond strength of the aggregate particles can also 
be a limiting factor. The mineralogical properties of the coarse aggregate have been 
found to influence the strength of the resulting concrete, but there is no simple recipe 
for aggregate selection. The requirement for aggregate strength applies when a high 
long-term strength of the concrete is required. 

2.1 Composition of Concrete Equivalent Coarse Mortar (CM) 

In order to determine the mechanical parameters of bulk material, a concrete equiva-
lent mortar representative for the bulk material was developed with the same excess 
paste thickness as the reference concrete following the procedure described in [3–6]. 
The procedure comprised in substituting the coarse aggregate fraction by an amount 
of sand having an equivalent surface area. As a result, the total aggregate surface 
area to be coated with paste was the same for the mortar as for the coarse aggregates. 

For the development of CM, concrete and mortar were regarded as a two-phase 
structure, in which the aggregates were distinguished as solid phase and the paste as 
fluid phase. The workability of concrete and mortar was determined by the excess 
paste thickness tPaste,ex, which is equal to half the distance between two adjacent

Table 1 Packing density of 
aggregate for HPC and CM

Aggregate composition HPC CM 

Maximum packing density, φmax [–] 0.755 0.685 
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aggregates. This distance is independent of the aggregate size. The excess paste 
thickness tPaste,ex was determined by enclosing the surface area of the aggregates AA 

with the excess paste volume VPaste,ex, which remains after filling the voids between 
the aggregates V void with paste. The surface area AA was calculated with Eq. 3. 

tPaste,ex = 
VPaste,ex 

AA 

= 
VPaste − VVoid 

AA

(1) 

The volume VVoid was calculated from the packing density φmax, determined with 
the compaction test by De Larrard [7], and the surface area of the aggregates AA was 
determined with the help of CT-Scans. 

A concrete mixture has been considered as a dry packing of aggregate parti-
cles, filled up with cement paste and its performance is significantly affected by 
the type and degree of packing of its constituents. In the current study, De Larrard’s 
compaction packing model has been incorporated [7]. The maximum packing density 
is the maximum density attainable of a specified aggregate mixture under maximum 
compaction. During the De Larrard test, the maximum packing density has been 
achieved at the highest compaction level, by applying external energy such as vibra-
tion and top-weight. The maximum packing density φmax was calculated as the ratio 
of the aggregate particle volume VA to the volume of aggregates including voids in 
compacted state VC. The maximum packing density of the CM and HPC aggregates 
was therefore evaluated and the results are summarised in Table 1. 

The surface of the aggregate fractions was measured and evaluated three-
dimensionally with computed tomography. For this purpose, the aggregate of the 
fractions basalt 5/8, basalt 2/5, sand 0/2 and quartz sand 0/0.5 was mixed with a low-
density material to keep the aggregate particles at a distance and placed in a specimen 
container. For each fraction, four specimens were produced. For the reconstruction, 
1000 X-ray images with a resolution of 1000×1000 pixels were generated. The 
reconstruction software reproduced the volume as an image stack with a voxel edge 
length between 10 and 40 µm using automatic scan optimization for correction of 
drift effects and beam hardening correction. 

The greyscale difference between aggregate particles and the surrounding mate-
rial was sufficient enough to identify the particles with the threshold value method. 
The CT image stack was segmented with a grayscale threshold. Voxels with a 
grey level above this threshold were assigned a value of 1 and the background 
material was assigned a value of 0. The watershed algorithm divided connected 
particles in the binarized image and the regions were subsequently analysed with 
the MATLAB function “regionprops3” to calculate the surface and the volume of 
individual particles.
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The concrete equivalent mortar CM was developed from the HPC listed in Table 3. 
The water/cement ratio w/c is 0.35 for the HPC and the mortar CM [3]. The excess 
paste thickness tpaste,ex of the reference HPC was calculated to 22 µm using Eqs. 1 
and 2: 

VPaste = 
mc 

ρc 

+ 
w 

c 
· mc + 

0.01 · mc 

ρsp 

+ 
0.0057 · mc

ρst

(2) 

Therefore, the air void volume VAV of 5 dm3/m3 was considered and the packing 
density φmax from Table 1 was used. The superplasticizer and the stabilizer depended 
on the cement mass. A proportion of 1% of the cement mass was used for the 
superplasticizer and 0.57% for the stabilizer. The densities ρi can be found in Table 3. 
The aggregate surface area AA was calculated from the ratio Ri listed in Table 2 and 
the aggregate fraction volume V i for the HPC with Eq. 3: 

AA = 

i 

Ri · Vi = 

i 

Ri · 
m i

ρi

(3) 

The parameters necessary to solve Eq. 3 are listed in Table 3, which illustrates 
the mass of the fractions mi and the corresponding particle density ρi. The cement 
content mc was calculated conversely using equation and. It was varied until the paste 
thickness of 22 µm is attained.

Table 2 Ratio R = AA/VA of 
the analysed aggregate
fractions

Basalt 5/8 R = 1.30 mm− 1

Basalt 2/5 R = 2.43 mm− 1

Sand 0/2 R = 14.7 mm− 1

Quartz 0/0.5 R = 28.7 mm− 1

Table 3 Concrete composition of HPC and corresponding equivalent CM 

Material Density ρ (kg/dm3) HPC (kg/m3) CM (kg/m3) 

Cement c 3.09 500 646 

Water w 1.0 176 227 

Superplasticizer sp 1.05 5.00 6.46 

Stabilizer st 1.1 2.85 3.68 

Quartz sand 0–0.5 2.7 75 118 

Sand 0–2 mm 2.64 850 1336 

Basalt 2–5 mm 3.06 350 – 

Basalt 5–8 mm 3.06 570 – 
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Table 4 Mechanical properties and standard deviation of HPC, CM and basalt 

Material HPC CM Basalt 

Density [kg/dm3] 2.52 2.26 3.06 

Compressive strength [N/mm2] 116.8 ± 3.2 95.2 ± 1.1 312.8 ± 4.4 

Tensile strength [N/mm2] 5.7 ± 0.8 4.97 ± 0.7 19.20a ± 3.7 

Young’s modulus [kN/mm2] 50.3 ± 1.8 39.5 ± 0.9 92.7 ± 7.6 

a Split tensile strength according to EN 12390-6 [10] 

2.2 Material Properties 

The compressive strength was determined in accordance with EN 12390-3 [8] and 
the modulus of elasticity in accordance with EN 12390-13 [9] for cylinders with a 
diameter of 150 mm and a height of 300 mm. The tensile strength was determined 
in a direct tensile test on plain cylinders with a diameter of 80 mm and a height of 
240 mm. Furthermore, indirect split tensile tests according to EN 12390-6 [10]  were  
carried out to determine the tensile strength of basalt boulder. Table 4 summarizes 
the test results. 

Table 4 shows that HPC reached a 16% higher compressive strength compared 
to CM. Moreover, HPC exhibits a modulus of elasticity and tensile strength that 
were approximately 15% and 12% higher than those for CM, respectively. Despite 
maintaining a consistent water-cement ratio of 0.35 across all concrete compositions, 
the enhanced mechanical properties of HPC were attributed to the presence of crushed 
basalt aggregates and an improved interfacial transition zone (ITZ). Conversely, in 
the context of the excess paste theory, the substitution of coarse aggregate (ranging 
from 2 to 8 mm) with an equivalent surface amount of sand in CM contributed to 
the observed strength decrease, primarily owing to the finer and naturally rounded 
sand particles. Additionally, the reduced strength of CM underscored the pivotal 
role of aggregate nature and morphology in dictating the mechanical performance 
of high-performance concrete compositions. 

3 Fracture Mechanical Tests 

The study followed an experimental approach, beginning with the setup and culmi-
nating in results and discussions. The experimental setup included the assembly 
of modified disk-shaped compact tension (MDCT) specimens and the implementa-
tion of appropriate testing protocols. The specimens were subjected to controlled 
loading conditions in order to assess their mechanical responses, fracture and fatigue 
behaviour. The obtained results were analysed and interpreted in the context of the 
research objectives. These findings were then discussed in detail, considering their 
implications, significance, and potential insights they offer.



Multiscale Investigation of Fatigue Crack Growth in High-Performance … 57

3.1 Experimental Setup 

The specifications and dimensions of the newly proposed MDCT specimen were 
based on ASTM standards [11], and their details were summarized in Fig. 2 and 
Table 5 correspondingly. For the analysis of crack opening displacements (COD) and 
deformations during both static and cyclic tensile tests under external loads, the digital 
image correlation (DIC) tool ARAMIS from GOM was employed. The measure-
ment of crack opening displacement was performed across a 20 mm length along 
the loading axis formed by the GFRP threaded rods. Before conducting ARAMIS 
measurements, the specimen’s surface was coated white and partly covered with 
a random black spray pattern, crucial for the system’s detection of “facets.” This 
approach enabled the system to identify and track facets based on distinct grey value 
levels, thereby facilitating analytical evaluation of the intricate behaviour of the test 
specimens. The free ends of the GFRP threaded rods were securely clamped into the 
electromechanical testing machine, approximately 80 mm away from the initial notch 
axis. The testing setup employed two 2448×2050-pixel cameras, directly linked with 
the ARAMIS software, to record displacements and strains. This was executed at a 
working distance of 320 mm during successive loading stages. The configuration of 
the test setup was depicted in Fig. 2 and Table 5 for static and cyclic tests, respectively. 

Fig. 2 Geometrical 
specifications of specimen 
(from [1], licensed under 
CC-BY 4.0) 

Table 5 Characteristic 
dimensions of specimen

Specification Dimensions (mm) 

Øs 100 

Øb 8 

W 74 

B 37 

a 22 

e 2
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3.2 Fracture Mechanical Tests Under Static Loading 

The static compact tensile tests were carried out under displacement control in an 
electro-mechanical testing machine at a rate of 0.01 mm/min. These static tests 
were performed on specimens with different material compositions such as HPC, 
CM and basalt. The digital image correlation (DIC) tool ARAMIS from GOM was 
implemented as discussed in Sect. 2.1 to analyse the crack opening displacements 
(COD) and deformations of the specimens under the external load of the static tensile 
tests. To evaluate the fracture characteristics of MDCT specimens, the initial step 
involves determining the relative notch length ratio α based on geometric parameters 
such as the initial notch length a and width W of the specimen. This ratio α was 
calculated using Eq. 4 [12]. 

Subsequently, the fracture toughness KQ was calculated using Eq. 5 [12], where, 
PQ represents the peak load, B is the thickness, and the geometric correction factor 
f (a/W ) is defined in Eq. 6 [12]. The calculation of f (a/W ) accounts for the relative 
notch length ratio and is a crucial component of the fracture toughness determination. 

α = 
a 

w
(4) 

KQ =
PQ 

B
√
W 

.f 
a 

W 
(5) 

f 
a 

W 
= 

2 + 
a 
W

0.76 + 4.8 a 
W 

− 11.58 a 
W 

2 + 11.43 a 
W 

3 − 4.08 a 
W 

4 

1 − 
a 
W

3/2
(6) 

The adoption of nonlinear elastic fracture mechanics (NLFM) instead of linear 
elastic fracture mechanics (LEFM) is necessary for most concrete specimens, 
including MDCT geometry, as LEFM doesn’t yield size-independent fracture prop-
erties [13, 14]. The total energy consumed to produce a unit area of fracture surface 
during the fracture process is defined as work of fracture W f [15] and can be obtained 
from the area under the load-COD curve as shown in Fig. 3. Accordingly, the total 
fracture energy Gf was determined based on the area under the load-COD curve 
normalised to the uncracked ligament area Alig and was expressed in Eq. 7. Fracture 
parameters were determined following the ASTM guidelines [11]. Table 6 summa-
rizes the calculated fracture properties of concrete according to the work-of-fracture 
method applied to MDCT specimens.

In static tensile tests, performed under displacement control in an electromechan-
ical testing machine at a rate of 0.01 mm/min, the specimens were subjected to tensile 
loading to failure. Fracture mechanical parameters were examined for each specimen. 
Notably, while HPC exhibited some degree of notch sensitivity, CM exhibited the 
most pronounced notch sensitivity, suggesting that cracks propagating through CM 
were less hindered due to the absence of larger aggregates. An increase in the size 
of the largest aggregate particles diminished this notch sensitivity [16], as supported
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Fig. 3 P-COD curve for 
MDCT test illustrating the 
measured work-of-fracture 
W f 

Table 6 Experimental results of various material composition from MDCT tests 

Material 
composition 

Ultimate load PQ 

(N) 
Work of fracture 
W f (N-mm) 

Fracture 
toughness KQ 

(MPa-m1/2) 

Fracture energy 
Gf (N/m) 

HPC 1470 ± 223 319 ± 33 1.00 ± 0.17 165 ± 17 

CM 1230 ± 170 248 ± 17 0.68 ± 0.11 141 ± 17 

Basalt 2540 ± 131 819 ± 225 1.40 ± 0.07 425 ± 117

by the fracture toughness KQ presented in Table 6. 

Gf = 
Wf 

A lig
(7) 

The experimental results of various material compositions from MDCT tests, 
including ultimate load PQ, work of fracture W f, fracture toughness KQ, and fracture 
energy Gf, are listed in Table 6. 

The static tensile tests on various material compositions revealed that basalt speci-
mens have the highest average ultimate load of approximately 2540 N, while HPC and 
CM demonstrated average ultimate loads of about 1470 N and 1230 N, respectively. 
MDCT tests further emphasized the significant influence of material composition on 
fracture properties, with HPC exhibiting the highest fracture toughness KQ value of 
around 1.00 MPa

√
m, indicating superior resistance to crack propagation, while CM 

displayed a lower KQ value of about 0.68 MPa
√
m, signifying reduced crack resis-

tance compared to HPC. Basalt boulder exhibited remarkable crack resistance with 
the highest KQ value of approximately 1.40 MPa

√
m. Additionally, HPC demon-

strated a fracture energy Gf of approximately 165 N/m, while CM exhibited lower 
Gf values of around 141 N/m. Notch sensitivity is found to be most pronounced in 
CM, implying less impeded crack propagation. This notch sensitivity was evident 
from the significant reduction in fracture toughness when notches were introduced, 
leading to easier crack initiation and propagation compared to unnotched specimens. 
In contrast, HPC and basalt specimens exhibited higher fracture toughness and resis-
tance to crack propagation due to their improved aggregate interlock and stronger
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interfacial transition zone (ITZ). These findings underscore the importance of aggre-
gate type and composition in governing the mechanical behaviours of concrete mate-
rials, with HPC superior properties attributed to basalt aggregates and an improved 
ITZ. Conversely, CM’s reduced strength linked to the finer and naturally rounded 
aggregates, and Basalt boulder’s exceptional properties stemming from its distinct 
aggregate nature and morphology. 

3.3 Fracture Mechanical Testing Under Cyclic Loading 

In high cycle fatigue testing, MDCT specimens were subjected to sinusoidal 
loading using a servo-hydraulic testing machine within predetermined minimum 
and maximum load levels. The fatigue testing process included a study of speci-
mens composed of HPC and CM. Prior to conducting the fatigue tests, the ultimate 
tensile load of MDCT specimens was determined. At the onset of the test, the axial 
force was gradually increased in a continuous and consistent manner until it reached 
the mean load level after a duration of 80 s. The maximum load Pmax applied was 
subject to variation, ranging from 50 to 90% of the mean ultimate load PQ, as deter-
mined by the static tests previously elaborated. Furthermore, a minimum load level 
denoted as Pmin = 0.05 was upheld to ensure consistency and reliability. The testing 
process commenced with an initial set of four specimens subjected to cyclic loading, 
encompassing up to 100 cycles. A further set of four samples were then tested at a 
higher load cycle rate of up to 10,000 cycles. After that, a third set of four samples 
was examined, involving a broader range of load cycles varying from 1,000,000 to 
2,000,000 cycles. Each individual sample within the testing process was subjected to 
cyclic loading at a constant frequency of 4 Hz. This frequency ensured uniformity and 
repeatability. Figure 4 provides a visual representation of different test cases in terms 
of the number of load cycles and the corresponding maximum load ratios displayed 
within the Pmax/PQ-N curves, which is comparable to the S–N curve/Wöhler curve. 
The determination of these maximum loads was guided by the average ultimate load 
values PQ obtained from the static tests conducted on the respective MDCT samples, 
as outlined in Table 6.

4 Phase Field Modelling of Fatigue Fracture 

The development of computational approaches able to predict the fatigue crack prop-
agation is a hot topic in civil and mechanical engineering because it allows to reduce 
the costs related to extensive testing campaigns. In the following, the phase-field 
approach is extended to fracture so as to allow reproducing the major fatigue charac-
teristics of brittle materials including, e.g., the Wöhler curve [17] and the Paris law 
[18].
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Fig. 4 Comparison of single experimental results with fib Model Code 2020 [16], considering the 
number of load cycles and the maximum load ratio

4.1 Formulation and Governing Equations 

The starting point to develop the framework was the phase-field model for rate-
independent brittle fracture under monotonic loading conditions, which describes 
the crack with a steep but smooth transition from intact to fully cracked material 
states through a phase-field variable d [19]. The free energy density of a linear 
elastic body Ω susceptible of brittle fracture can thus be written as [19] 

E (u, d) = ψel(ε(u), d )dx + 
Gc 

4cw 

w(d ) 
+ |∇d |2dx (8) 

where x is the spatial coordinate, ε(u) is the strain tensor related to the displacement 
field u by ε = ∇s(u), where ∇s (·) is the symmetric gradient of (·). The phase-field 
parameter d ranges between 0 (sound material) and 1 (broken material). Also, the 
strain energy density ψel(ε, d ) = ψ+ 

el (ε, d ) + ψ−
el (ε) decomposes into an active part 

ψ+ 

el (ε, d ) contributing to the crack evolution and an inactive part ψ
− 

el (ε ) linked to 
energy density stored upon crack closure and not participating to the evolution of d. 
Also, the monotonically decreasing degradation function g(d) governs the transition 
of the material behaviour from the sound to the cracked state, while the last term 
in Eq. 8 is the dissipated energy density due to fracture, featuring the regularization 
length , the fracture energy Gc and the monotonically increasing dissipation function 
w(d). 

Minimizing the energy in Eq. 8 under the irreversibility constraint ḋ ≥ 0, leads to 
the governing equations of the problem in terms of momentum balance and phase-
field evolution along with the respective boundary conditions. The energy in Eq. 8
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allows the crack to evolve only under monotonic loading conditions, making its 
application unfeasible in case of fatigue loadings [20]. 

To address this limitation, the total energy density is modified as follows [20] 

E (ε, d | ̄α) = ψel(ε, d )dx + 

t 

0 

f ( ̄α(τ )) 
Gc 

4cw 

w(d ) 
+ 2 ∇d · ∇ḋ dτdx

(9) 

where t is the pseudo-time, ᾱ(t) is an accumulated fatigue history variable, while 
f ( ̄α(t)) is a monotonically decreasing fatigue degradation function which forces the 
fracture toughness to decrease as ᾱ(t) increases. The symbol | in Eq. 9 is used to 
highlight that the cumulated history variable acts as a parameter. Here, the history 
variable and the fatigue degradation function are assumed respectively as [20] 

ᾱ(x, t) = 

t 

0 

H (α ̇α)| ̇α|d τ with α = ψ+
el (ε, d) (10) 

f ( ̄α(τ )) = 

1 if  ᾱ(t) <  αT 

2αT 

ᾱ(t)+αT 

2 
if ¯ α(t) ≥ αT

(11) 

where H(·) is the Heaviside function, defined ad H(·) = 1  i  f (·) ≥ 0 and vanishing 
otherwise, while αT is a threshold controlling when the fatigue effect is triggered. 
Also, the condition α ̇α ≥ 0 indicate the loading condition, while α ̇α  < 0 stands for 
an unloading branch. 

The introduction of a time integral in Eq. 9 makes the energy time dependent. 
Therefore, the rate of free energy is minimised while considering ᾱ(t) as a parameter. 
In fact, its value is frozen within a given time step. Note that, although this approach 
is able to qualitatively reproduce the main fatigue-related phenomena, this choice 
violates the variational nature of the approach. 

The governing equations in terms of mechanical equilibrium result thus 

 

 

 

div(σ ) = 0 in 
u = ū on D 

σ · n = tn on N

(12) 

where σ = ∂ψel(ε, d)\∂ε is the Cauchy stress, = D ∪ N , D ∩ N = ∅
is the boundary of including a Dirichlet D and a Neumann part N, n is the 
associated unit outward normal, tn are the applied external forces and ū are the 
applied displacements. Also, the equations governing the evolution of the phase-field 
variable are
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 









 









 

ḋ ≥ 0 in  
∂ψel 

∂d 
− 

Gc 

2cw 
f ( ̄α) d − 

w (d) 

2 2 +  ∇f (α) ·  ∇d ≥ 0 in  

∂ψel 

∂d 
− 

Gc 

2cw 
f ( ̄α) d − 

w (d) 

2 2 +  ∇f (α) · ∇d ḋ = 0 in

∇d · n = 0 on N

(13) 

Unlike the phase-field model in Eq. 8, the model described by Eqs. 12–13 is able 
to account for fatigue effects through the history variable ᾱ, which becomes thus an 
indicator of the fatigue “mileage” of the material. 

4.2 Main Results 

The capabilities of the proposed model were tested by predicting the behaviour of 
both three-point-bending (TPB) and compact tension (CT) specimens made of a 
material with Young’s modulus E = 6 GPa, Poisson’s ratio ν = 0.22, critical fracture 
energyGc = 2.28 N/mm, fracture toughnessKIc = 3.69 MPa m0.5, threshold v ariable
αT = 9.5 × 10–1 N/mm2 and regularization length = 0.2 mm. Also, plane stress 
conditions were assumed while a force-controlled cyclic tensile load characterized 
by a vanishing minimum value Pmin = 0 and a range P was applied. The tests were 
performed following the guidelines ASTM E 647 [21] for the CT specimens and 
ASTM E 1820 [22] for the TPB specimens. The crack growth rate curve relating 
the rate of crack advancement da/dN with the range of stress intensity factor range 
applied to the crack tip K was obtained numerically, approximating the crack 
growth rate for sufficiently small crack length increment a as da/dN ≈ a N 

where a constant value of a 0.25 mm was adopted as suggested in [21, 22]. The 
stress intensity factor range K was obtained using the general expressions given 
in [21, 22]. The geometries and boundary conditions of the CT and TPB tests are 
illustrated in Fig. 5. 

Fig. 5 Geometry and boundary conditions for a CT and b TPB specimens
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According to [18], there is a regime, the so-called Paris regime, in which fatigue 
effects dominate and the crack grows stably following the so-called Paris law, which 
reads 

da 

dN 
= C Km (14) 

where C and m are meant to be material parameters. In the customary double loga-
rithmic plot of the crack growth rate curve, Eq. 14 leads to a linear trend depending 
only on the range of stress intensity factor applied at the crack tip during a load cycle 
K, while it results independent on both load range P and geometry, including the 

initial notch length a0. 
Figure 6 presents the results of different simulations of a cyclic test on the CT 

specimen varying either P or a0/W while keeping the other parameters fixed. Here it 
can be observed that the proposed framework is able to recover all the three branches 
of the experimental crack growth rate curve, namely an initial non-linear nucleation 
phase and the Paris regime followed by an unstable crack propagation (Fig. 6). Also, 
most of the linear Paris branches of the curves cluster together (curves marked with 
in Fig. 6) as predicted by the Paris theory. In the few cases where the maximum 

load applied Pmax = ΔP is high and close to the monotonic peak load PQ; this does 
not happen (curves marked with in Fig. 6). For these tests the fatigue life Nu was 
limited (i.e., Nu < 500 cycles), leading to a failure mechanism where the damage 
process dominates over the fatigue effects and the nucleation and unstable crack 
propagation phases were so close to interfere with each other making thus the Paris 
branch vanishing.

The crack growth rate curves for the TPB are presented and compared to those 
obtained for the CT in Fig. 7. The results are similar both within the TPB series and 
between the latter and the CT ones. In particular, the Paris branches cluster together 
demonstrating that the proposed model agrees well with the prediction of the Paris 
law [18].

Next, the modified Wöhler or S–N curve [17] is analysed relating the ratio Pmax/ 

PQ to Nu in Fig. 8. For both CT and TPB a transition from a non-linear damage-
dominated trend to a linear fatigue-dominated one in correspondence with the switch 
from curves having a Paris regime to those lacking it (Figs. 6 and 7) can be observed. 
This change happens close to a ratio ΔP/PQ 40% independently of the adopted 
geometry, and is typical of the fatigue behaviour of different materials [17], further 
confirming the ability of the proposed model to reproduce the main characteristics 
of the fatigue crack propagation.

Consequently, Fig. 8 presents the crack growth rate curves for the TPB specimen 
and compares them with the CT results. The curves are close to each other, indicating 
that the crack growth behaviour is similar across different specimen geometries 
(CT-a/W = 0.22 and TPB a/W = 0.45) despite the different notch dimensions. 
This demonstrates the robustness of the proposed model in predicting fatigue crack 
growth. The Paris branches cluster together, showing that the model agrees well 
with the prediction of the Paris law. This consistency confirms the ability of the
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Fig. 6 Calculated crack growth rate curves for the CT specimen ( curves with a fully developed 
Paris regime; curves lacking a Paris regime)

Fig. 7 Crack growth rate curves for the TPB specimen and comparison with the CT results ( 
curves with a fully developed Paris regime; curves lacking a Paris regime)
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Fig. 8 Modified Wöhler or S–N curve for the CT and TPB specimens

model to reproduce the main characteristics of fatigue crack propagation in various 
configurations. 

5 Summary and Conclusions 

The experimental investigation aimed to comprehensively analyse the fracture and 
fatigue behaviour of high-performance Concrete (HPC) specimens subjected to 
various loading conditions. The study focused on two distinct material compo-
sitions: HPC with basalt aggregates (HPC) and Coarse Mortar (CM). Through a 
series of static, low-cycle fatigue, and high-cycle fatigue tests, valuable insights into 
the mechanical responses of these materials were obtained. The key conclusions 
drawn from the collected data, experimental results and numerical simulations are 
as follows: 

• HPC showed 16% higher compressive strength, approximately 15% higher 
modulus of elasticity, and around 12% higher tensile strength than the corre-
sponding values for CM. This proved that the basalt grain has a reinforcing effect 
on the matrix material CM. 

• HPC showed a 47% higher fracture toughness compared to CM. This indicates a 
higher notch sensitivity of CM. 

• High-cycle fatigue tests subjected specimens to sinusoidal tensile loading patterns. 
HPC achieved higher numbers of cycles than CM, as can be seen from the S–N 
curves. This was also evident for sinusoidal compressive loading, particularly at 
a stress level of Smin = 0.70, see Sect. 3 “Experimental Results” in the chapter 
by T. Timmermann et al., this volume. Thus, the reinforcing effect of the basalt
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grains also has a positive effect on the fatigue resistance of the high-performance 
concrete. 

• In addition to the experimental results, a novel framework to model fatigue in 
brittle materials based on the variational phase-field approach to brittle fracture 
is proposed. This framework allows for crack propagation and nucleation under 
cyclic loading and is demonstrated to reproduce the major features of fatigue 
failure, including both the Wöhler curve and the Paris law. 
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Abstract The investigation presented in this chapter aim to contribute to the under-

standing of the fatigue phenomenology of a material zone under well-defined combi-

nation of compression and shear loading, a configuration with significant prac-

tical relevance. A comprehensive numerical-experimental analysis using the punch-

through shear test (PTST) is presented, for prescribed levels of shear and compression 

in a tested ligament. The microplane model MS1 accurately simulates the degradation 

process in this multi-axial setup, capturing the dissipative behaviour under subcrit-

ical loading at the inter-aggregate level and the fatigue-induced triaxial stress redis-

tribution. The combined numerical-experimental studies cover the PTST response 

for monotonic, stepwise increasing, and fatigue loading with constant and variable 

amplitude. In addition, the model provides an energetic interpretation of the effect of 

fatigue loading sequence which is made possible due to its thermodynamic formula-

tion. The quantified energy dissipation attributed to the individual dissipative mecha-

nisms over the fatigue lifetime shows an almost constant damage-induced dissipation 

across different loading histories. 
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1 Introduction 

Accurate assessment of concrete fatigue life represents a critical challenge for 

meeting sustainability goals in the decades ahead. Minimizing material consumption 

while extending structural service life has become an urgent priority. However, our 

current knowledge regarding the fatigue response of concrete under multi-axial stress 

states remains incomplete, necessitating more targeted experimental and numer-

ical investigations that would allow for an objective characterization of the fatigue 

behaviour in a material volume under well-defined stress conditions. 

Recognizing the urgency for a deeper understanding of the fatigue behaviour 

of concrete, significant progress has been made in understanding concrete fatigue 

behaviour, with research focusing on factors such as loading frequency and temper-

ature [1–3], moisture content [4–6], type of loading [7–9], and loading sequence and 

variable amplitude [10–13]. Recent developments in computational fatigue analysis 

have addressed the simulation of crack growth mechanisms in concrete under tensile 

and mixed-mode cyclic loading using cohesive interface formulations [14–16]. While 

these techniques perform well for Mode I dominant fracture, capturing fatigue 

behavior under multiaxial stress loading requires directionally-resolved constitu-

tive frameworks such as the microplane approach [17]. For compression-dominated 

fatigue scenarios, researchers have employed continuum damage-plasticity formu-

lations [18, 19]. These models offer computational advantages and can successfully 

replicate key experimental observations, including S–N relationships and fatigue-

creep curves [20]. However, they are unable to reproduce local stress redistribution 

and anisotropic damage evolution under general triaxial stress states [17, 21]. 

The primary hypothesis of the authors regarding the modelling of fatigue in 

concrete and its introduction within the microplane framework are presented. This 

is followed by a presentation of the PTST setup, experimental investigations, and 

numerical modelling results. The presented simulations align well with the experi-

mental data and provide an energetically based model interpretation of the loading 

sequence effect. 

2 Cumulative Slip Hypothesis for Concrete Fatigue 

Modelling 

The author’s main hypothesis states that the fatigue damage evolution at subcritical 

load levels is governed by a cumulative measure of local strain, as originally postu-

lated by Kirane and Bažant [17] and further refined by the authors [21–23]. This 

proposition finds support in the experimental results reported in [24] which docu-

mented that initiation and propagation of cracks during compressive fatigue loading 

occurred mainly along the interfaces between the aggregates and the cement paste.
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This hypothesis was selected as the fundamental theoretical basis to be further devel-

oped and validated for high-strength concrete. The microplane framework has been 

chosen for formulating the constitutive model for fatigue in concrete. 

It may be regarded as a semi-multiscale representation of the material behaviour. 

Indeed, it introduces an additional level of state representation compared to tensorial 

models. It can describe the directional evolution of damage occurring along weak 

interfaces within a heterogeneous material structure consisting of the cement paste 

and aggregates. While this additional level of resolution is not intended to explicitly 

model the skeleton of the material mesostructure, it can represent the evolution 

of smeared patterns of oriented damage distributed within the material structure. 

The authors introduced the hypothesis attributing concrete fatigue primarily to the 

cumulative effect of interaggregate sliding in the microplane framework, developing 

the microplane material model MS1 [21]. 

2.1 Microplane Fatigue Model MS1 

The microplane fatigue model MS1 aims to capture the basic inelastic mechanisms 

that govern the fatigue behaviour of concrete and lead to triaxial stress redistribution 

and anisotropic damage evolution. The model is developed within the microplane 

framework, employing the kinematic projection to map the macroscopic strain onto 

directionally oriented microplanes. Stresses, damage variables, and plastic strains at 

the microplane level are integrated back to the macroscopic scale through the virtual 

work principle and energy equivalence. The detailed formulation of the model, which 

includes the relevant threshold functions and evolution laws, is available in [21]. 

In this publication, a systematic calibration and validation procedure of the model 

can be found, based on a test campaign with cylinders of different strength grades 

subjected to compressive fatigue loading, as summarized in Fig. 1. The numerical and 

experimental characterization of concrete fatigue included in the paper and performed 

by most of the researchers is done with cylinders and cubes. However, it is important 

to note, that on the one hand, these tests do not introduce a uniform macroscopic 

stress state within the specimen but induce the development of confined concrete 

cones at both ends of the specimen due to the contact with rigid loading plates. On 

the other hand, load configurations occurring in highly prestressed concrete structures 

include multiaxial stress configurations that can exhibit significant deviations from 

the fatigue life determined in the cylinder tests.

In fact, even in cylinder specimens a nonuniform stress profile and, thus, multi-

axial stress state can occur at the later stages of fatigue loading. The global failure of 

the cylinder specimens is induced through the formation of inclined sliding planes 

along the boundary surfaces of confined and unconfined concrete regions. There-

fore, the fatigue damage development in concrete cylinders and cubes is primarily 

driven by the shear sliding along the surface of the confined cones near the load 

introduction plates. Therefore, idealization of this test setup using a uniaxial stress 

state cannot deliver a fully objective description of the fatigue behaviour as it does
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Fig. 1 Summary of the microplane fatigue MS1 model: a overview of the working principle of 

microplane model MS1, b dissipative mechanisms included in the microplane fatigue model MS1 

and illustration of the microstructure containing a system of dissipative microplanes that are inte-

grated within a 3D idealization [21, 25], c material model calibration and validation for monotonic, 

cyclic and fatigue behaviour (from [26], licensed under CC-BY 4.0)

not capture the key mechanism of the fatigue damage development. Although it is 

possible to reproduce the measured fatigue development of the entire specimen in 

terms of an anisotropic inelastic material model with distinguished volumetric and 

deviatoric strain components, it is impossible to successfully predict the response 

of a specimen with different sizes and slenderness values. This deficit clearly indi-

cates that these methods are not able to deliver an objective characterization of the 

fatigue behaviour of a representative zone of material. The assumption that the fatigue 

damage development in cylindrical compressive specimens is driven by oscillating 

shear strain along the sliding planes, naturally leads to the idea to introduce shear 

and compressive loading in a controllable and uniform way. 

3 Development of a Refined Test Setup 

For a comprehensive experimental characterization of high-strength concrete under 

monotonic, cyclic, and fatigue shear loading, it is essential to recognize that shear 

(mode II) fracture can be classified into two distinct categories: pure mode II fracture 

under pure shear loading and compressive shear fracture under compressive shear 

loading [27, 28]. The main challenge in all experiments is to avoid mode I fracture and
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Fig. 2 Specimen geometry and test setup of both PTST types: shear loading with a passive (partly 

from [36], licensed under CC-BY 4.0), b active lateral compressive loading (partly from [39], 

licensed under CC-BY 4.0) 

provoke macroscopic cracking along a distinguished material zone. According to Lin 

et al. [27], the punch-through shear test (PTST) is particularly effective in inducing 

compressive shear fracture and the cylindrical version of this test, as developed 

originally by Luong [29, 30] has been demonstrated in several studies to be well-

suited for an in-depth investigation of shear behaviour [27, 31–35]. Consequently, 

the cylindrical PTST was adopted as the primary test setup in the current research. 

When a body is subjected to shear, the volume increases, a phenomenon known 

as dilation. To prevent mode I failure during this process, it is necessary to suppress 

the tensile stresses developing within the specimen. Two distinct approaches were 

pursued for this purpose: firstly, concrete was cast within a steel ring to confine the 

dilation and subject the specimen to passive lateral compressive loading, measured 

using strain gauges (Fig. 2a) [36, 37]. Given that lateral compressive loading exerts 

a significant influence on material behaviour under shear loading, a novel test setup 

was subsequently developed that applies controlled lateral compressive loading to 

the specimen using four steel jaws (Fig. 2b) [38–40]. The latter was also used to 

study mortar and 3D-printed concrete. 

4 Experimental Campaign 

Within the scope of the presented research, multiple experimental campaigns were 

conducted. Due to space constraints, the following section focuses on presenting the 

main investigation campaign for characterizing material behaviour under monotonic
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and fatigue shear loading. Detailed results of these experiments and all accompanying 

evaluations are extensively documented in [39] and [40]. 

The tests were conducted using the SPP 2020 high-strength concrete mixture 

with a maximum grain size of 8 mm, see Sect. 2.1 “Concrete Composition” in the 

chapter by M. Basaldella et al., this volume. To evaluate the material properties, 

various specimens (material samples) were prepared and tested after 28 days. The 

compressive strength was tested on cube specimens (a = 150 mm) as 96 MPa, while 

the modulus of elasticity and splitting tensile strength were determined on cylinders 

(h/d = 300 mm/150 mm) as 39,226 MPa and 4.3 MPa, respectiv ely.

The specimens were cast in steel molds, cured together with the material samples 

for one day, and subsequently stored until further preparation. Approximately a 

week before testing, the top surface of each specimen was ground to be parallel 

with the bottom surface. Subsequently, radial notches were cut into the specimens 

using a masonry saw and circular notches were created using a core drill. The entire 

preparation process is depicted in [40]. 

To obtain accurate information on fracture behaviour, damage evolution, and 

nonlinear shear-compression interaction, various loading scenarios were adopted. 

In the following, displacement-controlled monotonic tests, single stage fatigue tests 

with constant amplitude, and multistage fatigue tests with varying load increments 

will be presented. At the onset of each test, the specimen was first subjected to 

the respective lateral compressive loading, followed by the application of the shear 

loading. The loading rate was controlled by the displacement of the main hydraulic 

cylinder and stopped after reaching 6 mm. 

5 Experimental Results and Discussion 

The precise application of the lateral compressive loading σc was crucial for the 

systematic execution of the experiments. To maintain a consistent σc load level, the 

hydraulic cylinders were programmed to continuously readjust the applied force. 

This proactive measure prevents any increase in σc that would otherwise occur due 

to concrete dilatation [36]. To assess the accuracy and temporal variation of σc, 

the force exerted by the hydraulic cylinders was determined using two load cells 

(Fig. 2b). Further details on calculating σc (simplistically assumed to be uniformly 

distributed) can be found in [39, 40]. 

In all the following diagrams, the measured testing machine force F is depicted 

in kN—without postprocessing. Minor variations in the height of the shear surface 

(due to drilling inaccuracies), as well as the gradual reduction of the shear surface 

(due to the continuously increasing displacement), were not taken into account. An 

evaluation of the approximated shear stress τ—where both these influences were 

considered—can be found in publications [39] and [40].
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Fig. 3 Monotonic shear tests with various levels of lateral compressive loading: a force versus 

displacement and b influence of lateral compressive stress on maximum shear stress (adapted from 

[39], licensed under CC-BY 4.0) 

5.1 Monotonic Behaviour 

Monotonic shear failure is characterized by fracture occurring between the inte-

rior of the upper circular notch and the exterior of the lower notch, leading to the 

formation of an almost straight shear surface. Both shear strength and post-peak 

strength—largely influenced by friction between the inner concrete core and outer 

concrete ring—increase with higher lateral compressive stress (Fig. 3a). While the 

pre-peak loading behaviour appears unaffected by lateral compressive stress, there 

are distinct differences in post-peak behaviour. Higher levels of lateral compressive 

stress lead to a uniform decrease in load after reaching maximum shear strength, 

whereas specimens subjected to lower lateral compressive stress typically exhibit a 

brief post-peak slippage of the inner PTST core (a phenomenon already documented 

in [36] which does not affect the shape of the stress-displacement curve). Speci-

mens without lateral compressive loading fail immediately after reaching maximum 

shear capacity, showing no post-peak behaviour. As shown in Fig. 3b, the shear 

strength increases sub-proportionally with increasing lateral compressive stress, with 

no further increase in shear strength beyond 45 MPa. The low scatter of individual 

results suggests effective homogenization of loading, absence of side effects, and 

activation of the entire shear surface. 

5.2 Fatigue Behaviour Under Constant Amplitude Loading 

To quantify the influence of a lateral compressive loading on the fatigue shear 

behaviour, multiple tests were conducted with varied levels of σc. The compres-

sive loading was kept constant throughout the entire test, while the shear loading 

oscillated sinusoidally around a mean load (Smin = 0.05 and Smax = 0.85). It should 

be noted that both Smax and Smin always refer to the maximum shear stress under the
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respective lateral compressive loading i.e., the increase in shear strength due to σc 
(cf. Figure 3) is taken into account. 

The force–displacement curve depicted in Fig. 4a illustrates a uniform and contin-

uous loading and unloading behaviour. The displacement at shear fatigue failure 

approximately corresponds to the displacement observed in the softening branch 

of the reference test at an equivalent load level. Notably, the loading stiffness in all 

fatigue tests exceeds that of the monotonic reference tests, primarily due to the signif-

icantly higher loading rate. The displacement progression throughout the fatigue 

life exhibits the characteristic three-phased S-curve, with an almost linear increase 

during the second phase (Fig. 4b), while the reduction in reloading stiffness—calcu-

lated as described in [39]—is relatively moderate and reflects the phase-dependent 

behaviour (Fig. 4c). Over the entire fatigue life, there is a decrease of about 30% 

across all studied lateral compressive load levels, which correlates well with other 

investigations [36]. 

Figure 4d depicts the experimentally determined number of cycles with respect 

to the lateral compressive load level. Evidently, lateral compressive stress does not 

affect the fatigue life, indicating that fatigue life scales proportionally with monotonic 

shear strength. However, whether this behaviour applies to any Smax and Smin level— 

and not just to the tested combination of Smax = 0.85 and Smin = 0.05—remains to be 

verified. Additionally, it appears that the scatter of results diminishes with increasing 

level lateral compressive loading. This reduction in scatter could be attributed to the 

increasing homogenization of stresses along the shear surface with higher lateral 

compressive loading. A comprehensive overview of applied loads, achieved fatigue 

lives, and fracture behaviour can be found in [39].

Fig. 4 a Force–displacement curve of a shear fatigue test with σc = 45 MPa and b fatigue life with 

respect to the lateral compressive loading
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5.3 Fatigue Behaviour Under Variable Amplitude Loading 

To quantify the influence of a varying load amplitude on the fatigue life of concrete 

and capture precise insights into the accompanying fracture behaviour and damage 

progression, more than 30 multistage fatigue tests were conducted in the scope of an 

extensive experimental campaign [40]. As previous tests have shown that the scatter 

of results decreases with increasing lateral compressive loading (Fig. 4a), σc was 

set to 60 MPa for all multistage fatigue experiments. Eight different load sequences 

with four distinct transition points (jump from one upper load level to another) were 

investigated. An exemplary case is depicted in Fig. 5a, showing a stress-displacement 

curve of a test with an L-H (low to high) transition at 52%. Further tests examined 

three distinct load sequences, with a maximum of 3 and 19 load jumps, respectively. 

Figure 5c illustrates a representative experiment with three load jumps. Each jump 

occurred after 22% of the reference lifespan, starting at the low upper load level (L). 

The individual load jumps are clearly visible, and the behaviour resembles that under 

constant amplitude loading.

Corresponding to the tests depicted in Fig. 5a, c, the results of all three repetitions 

of the respective load sequences are plotted as fatigue-displacement curves in Fig. 5b, 

d. The lifetime depicted on the horizontal axis of these fatigue-displacement curves 

is normalized relative to the predicted lifespan estimated by the P-M rule [41, 42]. 

The curves indicate that the existing scatter—though exceptionally low—can be 

explained by the varying displacement levels. While a high displacement level leads 

to accelerated failure, a low displacement level extends fatigue life. The difference 

in displacement level can be attributed to natural material scattering as well as notch 

accuracy. 

According to the P-M rule, each PTST is expected to fail once it reaches η = 1. 

Therefore, in Fig. 5e, f, the fatigue life of each specimen is depicted using ηH and ηL 
(the number of cycles at the respective high/low load level relative to the reference 

fatigue life) and is compared with the P-M rule. The results exhibit notable deviations 

from the dashed line. Hence, in alignment with findings from other researchers, it 

appears that the P-M rule is not applicable to concrete subjected to variable amplitude 

loading. Specifically focusing on η≈ 0.5 (Fig. 5e), they seem to validate existing liter-

ature, suggesting a sequence effect, i.e., an L-H loading sequence prolongs lifespan, 

whereas an H-L loading sequence reduces it. This trend persists for H-L loading 

sequences even with η < 0.5, but it’s reversed for L-H loading sequences, leading to 

progressively shorter lifespans with earlier load jumps (Fig. 5e). 

Looking at Fig. 5e, f, it’s evident that the majority of experiments are overestimated 

by the P-M rule. Additionally, Fig. 5f indicates that a significant increase in the 

number of load jumps (L-H mult. 22% = up to 3 jumps, L-H mult. 4% = up to 19 

jumps) does not result in a noteworthy reduction of fatigue life.
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Fig. 5 Variable amplitude fatigue tests: a,c stress–displacement curves; b, d fatigue-displacement 

curves, and e, f fatigue life versus P-M rule

6 Numerical Modelling of Multiaxial Fatigue 

The computational analysis employed the microplane constitutive model MS1, which 

integrates a thermodynamically-based fatigue model of cementitious interfaces [22, 

23]. This model framework is formulated at the mesoscale level and has demonstrated 

robust predictive capabilities across diverse loading scenarios including uniaxial 

and multiaxial configurations, encompassing both monotonic and subcritical cyclic 

loading conditions [21, 26, 43–46]. The results presented in this section represent a 

condensed summary of the comprehensive numerical investigations detailed in [26], 

where in-depth analysis and interpretation can be found. 

In order to achieve an efficient cycle-by-cycle simulation of the fatigue behavior 

of the PTST, a reduced-complexity model was created that exploits the symmetries 

of the specimen [43], as seen in Fig. 6a. Using boundary conditions that allow for an 

isolation of the significant effects, the finite element model includes one-eighth of 

the specimen. Specifically, on the side of the radial notch, corresponding to surfaces
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Fig. 6 Idealization of the PTST: a planes of symmetry, b surfaces in which the displacements 

perpendicular to them are constrained, c schematic representation of the loading and support 

1 and 2 of Fig. 6b, the deformations perpendicular to the notch were constrained in 

the region corresponding to the inner cylinder and the ligament. On the opposite side, 

corresponding to surfaces 3–5 of Fig. 6b, all deformations perpendicular to the plane 

were constrained. In the outer regions, where the material exhibits elastic behavior, 

the mesh size was left coarse, while in the ligament it was refined. A total of 1732 

nodes were used as linear tetrahedral elements. The loading applied in the model was 

performed analogously to the experiment, as schematically depicted in Fig. 6c. In 

the first step, the confinement pressure was applied to the outer area of the specimen, 

and in the second step, the shear loading was applied to the top of the inner cylinder, 

while keeping the confinement level constant. The computing time required for the 

simulation of 411 cycles was around 44 h on a computer with 8 cores and 16 GB of 

memory. 

Hysteretic Behaviour and Fatigue Life. The presented computational anal-

yses examined PTST specimens under radial confinements of 15 and 30 MPa with 

maximum load levels Smax of 0.95 and 0.90, comparing numerical calibration against 

experimental measurements [39]. Figure 7 presents the comparative numerical-

experimental results. Force–displacement curves for 15 MPa confinement at Smax 

equal to 0.9 are shown in Fig. 7a. The corresponding creep-fatigue curves are shown 

in Fig. 7b. Figure 7c compares predicted and measured fatigue lives for both confine-

ment levels (15 and 30 MPa) for various shear loading amplitudes. Extended results 

and detailed analysis can be found in [26]. 

Fig. 7 Numerical-experimental characterization of PTST subjected to constant loading ampli-

tude: a corresponds to the simulated and experimental force–displacement curves for Smax = 0.90, 

b presents the corresponding creep fatigue curve, c presents the experimental and simulated fatigue 

life for different amplitudes and confinement levels (partly adapted from [26], licensed under CC-BY 

4.0)
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Fig. 8 Numerically obtained shear stress profiles in PTST specimens subjected to different constant 

loading amplitudes. a Correspond to the creep fatigue curve for loading scenarios with Smax equal 

to 0.95 and 0.90, while Smin is held constant at 0.05 for the specified confinement level, b shows 

the evaluated shear stress profile along the ligament of the specimen at the three specified cycles, 

c shows the evolution of εI during the fatigue life of the specimen (adapted from [26], licensed 

under CC-BY 4.0) 

Stress Redistribution and Damage Localization. Figure 8b shows stable shear 

stress profiles throughout fatigue life for 30 MPa confinement at Smax equal to 0.9, 

indicating uniform damage evolution within the ligament. Strain contours (Fig. 8c) 

reveal strain concentrations in the lower ligament region from early cycles (cycle 

72). Extended results and detailed analysis can be found in [26]. 

Effect of Fatigue Loading Sequence and Analysis of Energy Dissipation. 

Structures experience variable-amplitude fatigue loading during service. In order 

to account for this, the Fib Model Code [47] prescribes the Palmgren-Miner (P-M) 

rule, which assumes linear damage accumulation to estimate fatigue life, regardless 

of the sequence in which different amplitudes are applied. However, experimental 

data show that the P-M rule can provide unconservative predictions [10, 12, 40], 

requiring further investigation of variable amplitude effects. 

The effect of loading sequence was investigated by studying two load levels: high 

(H, Smax = 0.95) and low (L, Smax = 0.90) with Smin = 0.05. The P-M rule predicts 

that after consuming 50% of H life (0.50 N f H), the remaining capacity equals 50% 

of L life (0.50 N f L). Both H-L and L-H sequences were simulated using FE models 

with MS1 (Fig. 9). Figure 9 compares the H-L (left) and L-H (right) sequences. 

Figure 9a, b present creep-fatigue curves for sequence loading (solid line) versus 

constant amplitude loading (dashed line, Smax = 0.95/0.90), showing transitions at 

50% fatigue life.

Simulations reveal that H-L sequences fail earlier than P-M predictions (reduced 

life shown in red), while L-H sequences extend life beyond P-M estimates (shown 

in green). The sequence effect can be explained through cumulative energy damage 

dissipation analysis shown in Fig. 9c, d. For H-L loading, when the material reaches 

50% of H cycles, over 50% damage dissipation occurs, causing premature failure 

when switching to L loading. By comparing energy states between sequence and 

constant amplitude loading—by shifting the transition point (point 1) to the constant-

L energy curve (point 2), it becomes clear that over 50% of damage has occurred, 

leading to premature failure. Conversely, for L-H loading, at 50% of L cycles only 

35% of the total damage dissipation occured. When switching to H loading, more 

capacity remains than P-M predicts, extending the fatigue life. Energy contour
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Fig. 9 Numerical prediction of a PTST subjected to a varying amplitude fatigue loading and energy 

dissipation analysis. a, b Show the creep fatigue curve for the considered H-L and L-H scenarios, 

accompanied by the creep fatigue curve for constant amplitudes Smax 0.95 and 0.90. Similarly, 

c, d show the energy dissipation profiles for the considered scenarios. In addition, contour plots 

are shown for each loading scenario displaying the damage dissipation for the specified cycles at 

constant amplitudes (from [26], licensed under CC-BY 4.0)

comparisons at specific cycles validate this interpretation, showing similar damage 

patterns between different loading histories at equivalent energy dissipation levels. 

Notably, the energy dissipation analysis reveals nearly constant damage dissipation 

across all loading cases studied, a finding consistent with previous investigations [45, 

48]. Extended results and detailed analysis can be found in [26]. 

These computational findings validate the authors’ proposed hypothesis. Given 

spatially uniform damage distribution within a dissipative zone, residual lifetime 

under sequential loading can be estimated by translating along energy dissipation 

profiles obtained from uniform-amplitude loading. 

7 Conclusions 

In order to induce inter-aggregate relative displacement, which the authors hypoth-

esize to be the main mechanical variable that induces fatigue in concrete, a novel 

punch-through shear test setup was developed. This test allowed the systematic study 

of concrete fatigue in a material zone subjected to controllable levels of constant 

compression and oscillating shear. This is made possible because the setup allows 

independent application and control of the loading in the vertical and radial directions 

of a notched disk, providing better control of the stress state at the tested ligament, 

which improves the reproducibility of the test. The experimental campaign was
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designed and further interpreted using the microplane model MS1, developed by the 

authors, which incorporates the cumulative shear hypothesis in its microplane ther-

modynamical formulation. MS1 features anisotropic damage evolution and stress 

redistribution at the single material point level, allowing to study certain aspects of 

the concrete fatigue phenomenology with idealizations of maximum simplicity and 

to realistically reproduce stress redistribution due to fatigue at the structural level. 

The computational-experimental investigations encompassed monotonic 

response, stepwise cyclic loading, and both constant and variable amplitude 

fatigue loading. Numerical predictions showed good correspondence with measured 

data, confirming the model’s capacity to simulate progressive degradation under 

subcritical pulsating loads. Simulated fatigue lives matched experimental values. 

Stable shear stress profiles throughout fatigue life indicated uniform damage 

evolution without stress redistribution, confirming the suitability of the test for 

material characterization. 

Investigations of loading sequence effects combined experimental observations 

with computational life predictions across variable amplitude histories. Findings 

aligned with published cylinder test data under comparable conditions. Predictions 

indicated unsafe lifetimes for high-to-low (H-L) sequences compared to Palmgren-

Miner rule, while low-to-high (L-H) sequences demonstrated the opposite trend. 

These results establish a foundation for enhanced lifetime estimation in concrete 

infrastructure subjected to real variable amplitude loadings. 
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Abstract This research reports an experimental and numerical study on the fatigue 

behaviour of high-performance concrete (UHPC) subjected to static and cyclic 

bending. The damage progress is monitored through digital image correlation in 

combination with clip gauges. Static tests are performed with the same loading rate 

as the cyclic tests. The latter were thus tested by adopting the similar maximum 

and minimum stress levels, but with different loading rates. A multiscale approach 

is proposed for analysing cyclic failures of concrete prisms under either low- or 

high-cycle fatigue actions. The combination of a micro-scale model, that describes 

the inner microstructural defects affecting the cyclic response, with an upscaled 

modelling approach is proposed to achieve the meso- and macro-scale failure 

patterns. For the micro-scale, projected representative volume elements, combined 

with a cracking model and equipped with continuous inelastic constitutive rules were 

employed to accumulate damages under cycle response. A plastic-damage-model 

was used for analysing specimens under cyclic loading. This has been formulated by 

merging fracture-energy theories with a stiffness damage degradation model, repre-

senting the key damage phenomenon in concrete under fatigue. The work demon-

strates the potential of numerical techniques to explore the failure damage in UHPC 

due to low- and high cycle fatigue. 
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1 Introduction 

In recent years, the use of structural concrete has increased tremendously due to 

extensive infrastructure development worldwide [1]. Alongside plain and reinforced 

cement concrete, researchers and designers have developed structures made of ultra-

high-performance concrete (UHPC) [2–4]. UHPCs are characterized by enhanced 

mechanical properties, particularly tensile resistance, ductility, resistance to cyclic 

and earthquake loading, and durability [5–7]. Therefore, it is extremely important to 

properly understand the behaviours of these materials under such loading conditions. 

When subjected to repeated cyclic loading, structures suffer gradual stiffness 

reduction over time [8]. Due to this stiffness degradation, structures ultimately fail 

due to fatigue. Fatigue can thus be defined as the process of incremental damage 

in a structure resulting from cyclic loading, leading to structural failure without 

reaching ultimate strength [9]. Under repeated loading, cracks initiate in highly 

stressed regions, agglomerate to form macrocracks, and propagate through the struc-

ture with increasing irrecoverable strain, eventually resulting in complete failure. 

Fatigue damage in concrete and cementitious composites remains an area of ongoing 

scientific research. Due to fatigue, structures fail at stress levels lower than their 

strength before reaching their design life [10, 11]. Estimating the service life of 

structures under cyclic loading thus presents a significant challenge to engineers. 

For structures subjected to cyclic loading, such as bridge decks, concrete pave-

ments, machine foundations, and offshore structures, fatigue is the primary cause 

of structural failure. 

To explain the complex phenomenon of fatigue damage and predict service life, 

researchers have conducted numerous experimental [12–15] and theoretical inves-

tigations [16–29]. Guidelines and model codes addressing this topic are available 

at national and international levels [30–33]. However, understanding of fatigue in 

concrete and cementitious materials still lags behind that of metals, resulting in the 

development of several new models aimed at explaining this phenomenon more 

explicitly. 

In this context, this work presents the results of experimental and numerical 

studies on UHPC materials and their degradation under cyclic tensile and bending 

tensile stress. First, an experimental programme is described that examines the fatigue 

behaviour of UHPC. The accuracy of static and cyclic strain measurements using 

photogrammetry as a function of measurement rate is evaluated. Then, a unified 

coupled damage-elastoplastic constitutive model for analysing specimens subjected 

to both Low Cycle Fatigue (LCF) and High Cycle Fatigue (HCF) is presented 

and discussed. The fracture-based damage model is combined with homogenized 

microscopic mechanics to capture damage accumulation in HCF.
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2 Experimental Activities 

2.1 Materials and Methods 

The specimens were cast at the Institut für Massivbau und Baustofftechnologie 

(IMB)—KIT in Karlsruhe, Germany. For all test series, the standard UHPC mixture 

specified by the central project of the DFG Priority Programme SPP 2020 was utilized 

(see Sect. 2.1 “Concrete Composition” in the chapter by M. Basaldella et al., this 

volume). Table 1 of the named chapter presents the composition of the UHPC mixture, 

which consists primarily of Cement CEM I 52.5 R, microsilica, quartz powder, and 

sand. This mixture features a maximum aggregate size of 0.5 mm and a water-to-

cement ratio of 0.24. The UHPC mixtures were prepared using a pan mixer following 

a specific sequence. Initially, cement and microsilica were thoroughly combined. 

Next, the aggregates were incorporated and mixed with the cement-microsilica blend. 

Subsequently, water and superplasticizer were added to complete the mixture. After 

moulding, the specimens were kept sealed in the formwork for 24 h, then immersed 

in water for 7 days. Finally, they were cured in a controlled laboratory environment 

maintained at 20 °C and 65% relative humidity until testing. 

Bending tests were conducted on standard prisms measuring 40 × 40 × 160 mm3 

(in accordance with the EN 196-1 standard [34]). To ensure comparable measurement 

results, both Digital Image Correlation (DIC) measurements and clip gauges were 

employed at the bottom notch of the beams. The notch measured 6.7 mm in depth and 

3 mm in width and was milled from the bottom surface of the specimens following 

EN 14651 [35] specifications (Fig. 1). At the time of testing, the specimens had 

reached between 50 and 54 days of hydration. Complementary compressive tests 

were performed on halves of the broken prisms, as prescribed by EN 196-1 [34], 

yielding a mean compressive strength of 107 N/mm2 and a mean bending strength 

of 11.3 N/mm2.

Table 1 Experimental programme 

Test 

series 

Specimen 

repetitions 

Loading Smax (%) Smin (%) Rate 

(Hz) 

Speed 

(MPa/s) 

DIC 

rate 

(Hz) 

CG 

rate 

(Hz) 

5 3 (A,B,C) Static – – – 0.06 15 1200 

11 3 (A,B,C) Static – – – 0.06 15 1200 

9 3 (A,B,C) Cyclic 90 10 2.0 – 8 50 

14 3 (A,B,C) Static – – – 0.06 15 1200 

13 3 (A,B,C) Cyclic 90 10 2.5 – 10 50 

18 3 (A,B,C) Static – – – 0.06 15 1200 

15 3 (A,B,C) Cyclic 90 10 2.75 – 11 50 

17 3 (A,B,C) Cyclic 90 10 3.0 – 12 50 
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Fig. 1 a Specimen geometry, b Experimental setup (1 = DIC pattern, 2 = DIC-extensometer, 3 = 

glued metal plates and 4 = clip gauge) (from [15], licensed under CC-BY 4.0) 

The objective of the experimental programme was to validate the strain measure-

ments of UHPC under both static and cyclic bending, using a Digital Image Correla-

tion (DIC) system (Fig. 2). A classical measurement technique, namely Clip Gauges 

(CGs), was employed for comparison with the DIC-based results. For this purpose, 

a CG UB-5A type (Tokyo Measuring Instruments Laboratory) was attached at the 

bottom of the notch to measure the Crack Mouth Opening Displacement (CMOD), 

which was then compared to the DIC results (Fig. 3). The clip gauge featured a 

measuring range of 3–8 mm and a measurement accuracy of 1000 × 106 strain/mm.

An ARAMIS 5 M industrial DIC system was employed, equipped with two 

cameras featuring monochrome CCD chips (2448 × 2050 pixels), electronic shutters, 

exposure times between 0.1 ms and 2 s, and adjustable frame rates of up to 15 frames 

per second. The DIC system provided a strain measurement range from 0.02% to > 

100%, with a strain accuracy of 0.01%. In addition, the system enabled out-of-plane 

displacement measurements, requiring a calibration of the camera angles, distances, 

and the region of interest (ROI).

Fig. 2 DIC detail of measurements showing the area where the strain distribution during the 

bending test is monitored
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Fig. 3 a Detection of failure with DIC measurements in a cyclic test, b images of the measurement 

(from [15], licensed under CC-BY 4.0)

Prior to testing, the specimen surfaces were inspected for roughness, sanded if 

necessary, and subsequently coated with two or three layers of standard white acrylic 

paint. A black speckle pattern was then applied using graphite spray to ensure optimal 

DIC image quality. 

Static and cyclic tests were conducted using a two-column frame from Instron, 

equipped with a servo-hydraulic actuator capable of applying static and cyclic forces 

up to 10 kN. Preliminary testing determined that reliable application of maximum 

and minimum stress levels was feasible only up to a loading frequency of 3 Hz. 

The experiments were carried out at the Department of Concrete Structures and 

Structural Engineering of the RPTU Kaiserslautern. The experimental programme 

(Table 1) was subdivided into static and cyclic test series, with all specimens within 

a test series cast from the same formwork and UHPC batch. 

Loading frequencies were varied between 0.5 Hz and 3.0 Hz, with a focus on high 

maximum stress levels (i.e., 90% of Smax). In Table 1, the minimum and maximum 

stress levels are denoted as Smin (%) and Smax (%) respectively. 

Static tests were performed under displacement control across four different series 

(i.e., Series 5, 11, 14, and 18). A loading rate of 0.06 MPa/s was applied, in accordance 

with EN 12390-5 [36]. During these tests, DIC measurements were taken at a rate of 

15 frames per second, while the CMOD data from the clip gauge were recorded at 

1.2 kHz. Displacement control was employed to precisely capture the peak strength 

and the post-cracking behaviour of the UHPC, allowing for accurate monitoring of 

the transition from elastic to brittle failure. 

Conversely, cyclic tests were conducted under load control on five different series 

(i.e., Series 9, 13, 15, and 17), all featuring identical minimum and maximum stress 

levels but different loading rates. Given that the number of cycles to fatigue failure 

can reach several million, a minimum loading frequency of 0.5 Hz was selected, 

while the maximum frequency was determined by the machine’s operational limits. 

Intermediate frequencies focused on achieving higher loading rates.
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Fig. 4 Difference of measurements between DIC and the clip gauges (from [15], licensed under 

CC-BY 4.0) 

In order to synchronize the DIC image acquisition with the minimum and 

maximum loads during cyclic testing, the camera’s fade time (the time required 

to adjust exposure settings) was set to four times the loading rate. The fading time 

corresponds to the DIC measuring rate. 

The displacement ΔC measured between two points by the clip gauge (Fig. 4) 

was converted into strain εC using an appropriate reference length L. To ensure direct 

comparison with the DIC results, two measurement points were defined within the 

DIC speckle pattern, close to the notch and specimen edges, where a virtual exten-

someter was placed. This extensometer provided a displacement output ΔD analo-

gous to the clip gauge measurement. As with the clip gauge, the virtual extensometer 

could not be positioned exactly at the notch edge. Both strain values, εC (from CG) 

and εD (for DIC), were calculated using the notch width of 3 mm as the reference 

length. 

Due to the different distances of the CG and DIC measurement points from the 

neutral axis of the specimen, discrepancies between the measured displacements at 

a given global deflection δ were expected (Fig. 4). These differences were estimated 

in a simplified manner, based on the deflection δ and the vertical distance between 

the clip gauge and DIC measurement points.

2.2 Experimental Results and Discussion 

Figure 5 presents the results of the UHPC static tests. Each test series is shown 

separately, and the graphs are labelled according to the experimental programme. 

The label “CG” refers to the clip gauge, whilst “DIC” stands for Digital Image 

Correlation. It should be noted that no DIC results are available for specimen 5A, as 

the measurements could not be evaluated due to memory errors.
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Fig. 5 F-strain curves of the static tests: a 5-type, b 11-type, c 14-type, d 18-type (from [15], 

licensed under CC-BY 4.0) 

The strains measured by the CG and DIC are closely aligned for each specimen 

and in each test series. Furthermore, the strains of all specimens within the same 

group also show good agreement. This confirms that the experimental programme 

and the casting of the specimens were carried out with high precision. With regard 

to the linear behaviour observed up to forces of approximately 1.00–1.25 kN and 

fracture strains between 4‰ and 5‰, the results also show good consistency across 

the test series. 

The accuracy of the DIC measurements is characterised by the standard deviation 

of the measured values. This was evaluated by calculating the deviation Δε of the 

measured strains from the mean strain curve (Fig. 6a), representing the measure-

ment noise. Figure 6b presents the standard deviations of the clip gauge and DIC 

measurements for each specimen, along with a mean value curve.

Figure 7 displays the results of the fatigue tests, where strain under cyclic loading 

is plotted against the number of load cycles N. Selected results from each test series
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Fig. 6 a Deviation (Δε) of the measured values between CG and DIC of specimen type 11B, 

b standard deviation of the clip gauge and DIC for static tests (from [15], licensed under CC-BY 

4.0)

are shown separately. It can be observed that, for test series 9, 15, and 17, the strains 

measured by CG and DIC were closely matched for each specimen.

In test series 13, where an additional image was captured per load cycle N,  the  

strain amplitude measured by DIC is slightly lower than that measured by CG. It 

is assumed that the images taken between Smin and Smax, resulted in insufficient 

exposure times, leading to an underestimation of the measured deformations. Across 

all test series, it can be observed that strain predominantly increased with a decreasing 

number of load cycles N. Moreover, the curve showing increasing strain corresponds 

to the characteristic three-phase fatigue behaviour of UHPC after crack initiation. 

This indicates typical fatigue behaviour rather than a general measurement error .

The gradual increase in strain during the second phase after crack initiation also 

becomes flatter with increasing numbers of load cycles, with the fracture strain 

remaining within a comparable range (as schematically illustrated in Fig. 8).

The standard deviations of the CG and DIC measurements as a function of the DIC 

measuring rate are shown in Fig. 9. The CG measurements were taken consistently 

at a rate of 50 Hz across all test series and are plotted for comparison.

As with the static tests, the standard deviation was determined based on the devi-

ation Δε of the measured values from the mean strain curves εmax and εmin.  The  

results indicate that the standard deviation of the DIC measurements decreases as 

the measuring rate increases. In general, the standard deviation of the CG was 0.04 

‰, significantly lower than that of the DIC. For measuring rates of 10, 11, and 12 

Hz, the variance of the CG’s standard deviation was approximately 0.006 ‰, thus 

lower than the DIC values.
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Fig. 7 Increasing strain due to cyclic loading: a 9-, b 13-, c 15-, d 17- series (from [15], licensed 

under CC-BY 4.0)
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Fig. 8 Schematic measurements of the increasing strain due to cycling reversals

Fig. 9 Standard deviation of 

CG and DIC for cyclic tests 

(CG measurement rate = 

50 Hz) (from [15], licensed 

under CC-BY 4.0)

The close agreement between the CG and DIC results, alongside the slightly 

higher standard deviation observed in the DIC measurements, confirms the successful 

control of the DIC system via trigger lists during strain measurements on UHPC 

prisms under cyclic bending. Nevertheless, it is essential that DIC systems are 

controlled by trigger lists to achieve complete recording of the strain amplitude 

per load cycle.
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3 Numerical Activities 

3.1 Main Hypothesis 

The numerical investigations were conducted at the Institut für Werkstoffe im 

Bauwesen (WiB), TU Darmstadt. The proposed approach for simulating the cyclic 

response of cement-based materials is based on the following assumptions: 

• A unified coupled damage–plasticity model accounts for both low-cycle fatigue 

(LCF) and high-cycle fatigue (HCF) 
• For LCF, stiffness degradation depends on the fracture work expended at each 

crack front 
• For HCF, a micro-to-meso scale cracking mechanism describes fatigue 

phenomena 
• Small displacements and quasi-static loading conditions are assumed, neglecting 

inertia forces 
• Strain-rate effects are omitted. 

3.2 Stress–Strain and Displacement Constitutive Rules 

A discrete crack approach (DCA), based on the use of zero-thickness interface 

elements (0IEs) as illustrated in Fig. 10, is presented in a unified manner for the 

numerical analysis of concrete specimens subjected to either low-cycle fatigue (LCF) 

or high-cycle fatigue (HCF).

The coupled damage-elasto-plastic equations are proposed as follows (for further 

details, see Caggiano et al. [44, 45]): 

ṫ = Cd · (u̇ − u̇cr) (1) 

u̇ = u̇el + u̇cr (2) 

where ṫ = ( ̇σN, σ̇T)
T is the rate of the interface stress vector, Cd is the joint elastic-

damage stiffness matrix, and u̇ = (u̇, v̇)T represents the rate of interface relative 

displacements, with u̇el and u̇cr being the elastic and cracking (inelastic) components, 

respectively. The effective interface stress, t̃, is defined by [43]: 

ṫ = (I − D) · ˙̃t (3) 

where I is the second-order identity matrix, and D is the matrix representing the 

damage variables. Consequently, the damaged stiffness matrix is expressed as Cd = 

(I − D) · C where C is the undamaged elastic stiffness matrix.
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Fig. 10 Discontinuous-based approach based on the use of zero-thickness interface elements for 

1D, 2D and 3D analyses [37–42]

Thus, the following unified relationship is proposed to capture the damage 

behaviour under general cyclic conditions (i.e., for both LCF and HCF): 

Ḋ = Ḋ
LCF 

+ Ḋ
HCF

(4) 

where the time-accumulated damage D is evaluated as: 

D = 

tf 

t0 

Ḋ  dt  ∈  [0, 1] (5) 

To drive LCF and HCF in uncoupled manner, it has been assumed that LCF is 

influenced by damage-elasto-plastic mechanisms, while HCF is accounted for by 

inner microplastic strains and micro-cracks modelled at the lover micro-level. 

3.3 Modelling of Low Cycle Fatigue (LCF) 

The fracture-based model by Caggiano et al. [44], combined with the continuous 

damage theory extension [45], is formulated within 0IE in order to account for the 

LCF effects. The failure surface shown in Fig. 11 defines the (effective) stress level 

at which the inelastic (cracking) displacements initiate:
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Fig. 11 Failure criterion, Mohr–Coulomb surface, plastic potential and modified flow rule 

f = σ̃ 
2 
T − (c − σ̃N tan φ)2 + (c − χ tan φ)2 (6) 

where σ̃T denotes the tensile strength, c the cohesion, and φ the frictional angle. 

The crack displacement rates u̇cr are defined following a classical non-associated 

flow rule: 

u̇cr = λ̇ · m (7a) 

m = A · n (7b) 

where λ̇ is the non-negative plastic multiplier, arising from the classical Kuhn– 

Tucker and consistency conditions (λ̇ ≥ 0, f ≤ 0, λ̇f = 0 and ḟ = 0, respectiv ely)

(λ̇ ≥ 0, f ≤ 0, λ̇f = 0, ḟ = 0, respectively). Here, f = f [ σ̃N, σ̃T] is the yield 

criterion, and m is the vector controlling the direction of the fracture displacements 

according to the non-associated flow rule. 

The vector n is defined as the gradient of the yield function f with respect to the 

effective stress σ̃T, namely: 

n = 
∂f 

∂ t̃ 
=

∂f 

∂ ̃σN 

, 
∂f 

∂ ̃  σT

T

(8) 

The post-cracking softening behaviour is governed by scaling functions (Fig. 12), 

which depend on the ratio between the plastic work Wcr and the available fracture 

energies GI 
f or G

IIa 
f : 

ξpi = 

1 
2 
1 − cos π 

Wcr 

G# 
f 

, if Wcr ≤ G# 
f , # = I or IIa

1, otherwise
(9)
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Fig. 12 Internal softening parameters and evolution rules 

where pi denotes χ , c and tan φ. 

Finally, the following scalar equations describe the damage evolution in LCF: 

d# = e−βd 
Wcr 

G# 
f 

αd 

1 + e−βd − 1 
Wcr 

G# 
f 

αd −1 

, # = I, IIa (10a) 

DLCF =
d I 0 

0 d IIa
(10b) 

where αd ≥ 0 and βd are parameters controlling the shape of the damage degradation 

induced by fracture. 

3.4 Modelling of High Cycle Fatigue (HCF) 

Inelastic strains and/or unrecoverable cracks are almost negligible in HCF fail-

ures when compared to LCF cases. Therefore, classical approaches based on 

fracture mechanics, plasticity theories, and continuum damage models cannot be 

directly applied. Instead, microscopic plastic strains and micro-cracking phenomena 

dominate damage accumulation under high- and very-high-cycle fatigue. 

Following this reasoning, a two-scale (micro-to-meso) homogenisation approach 

(Fig. 13) is adopted. In this framework, no plastic strains occur at the meso- or macro-

scales, while microplastic strains and micro-cracks are explicitly modelled at the 

micro-scale, primarily governing HCF failure. The following Hollomon hardening 

power law is assumed at the microscale: 

σ̃eq = KδM 
micro (11a)

σ̃eq =
( ̃σN)2 + ( ̃σT)

2 σ̃N ≥ 0 

σ̃T − | ̃σN| tan(φ) σ̃N < 0
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Fig. 13 Micro-to-meso scale homogenization approach 

∧δmicro =
ucr micro 

2 
+ vcr micro 

2 
σ̃N ≥ 0 

vcr micro σ̃N < 0
(11b) 

where K is the strength index (also known as strength coefficient) and M the crack-

hardening exponent, which, in general, is frequency-dependent M = M f . Here, 

ucr micro and v
cr 
micro are the relative microscale displacements in the normal and tangential 

directions, respectively. 

Following the isotropic damage approach, the following relation is obtained: 

σeq 

1 − D 
= KδM 

micro ⇒ δmicro =
σ 

1 
M 
eq 

(1 − D) 
1 
M K 

1 
M 

⇒ δ̇ =
σ 
1/M−1 
eq 

M (1 − D) 1/MK1/M
σ̇eq (12) 

Thus, the microscopic damage can be evaluated as: 

Ḋ = 

0 if  
σeq,M−σeq,m 

2
≤ σf 

Lcl−1 
Q[f ]σ 

q[f ] 
eq 

(1−D)q[f ]+1 σ̇eq if 
σeq,M−σeq,m 

2
> σf

(13a) 

DHCF =
Ḋ 0 

0 Ḋ 
(13b) 

where q f = 
1 

M [f ] 
− 1, Q f = K−1/M [f ]/M f and Lcl−1 ( Ḋ = Lcl−1 δ̇micr o) repre-

sents the characteristic length value. The latter three variables are the key drivers 

aiming at representing the link between the microscale and the macroscale. σeq,M
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Fig. 14 Fatigue stress limit 

under cyclic loading 

and σeq,m in Eq. 12 are the “sup” and “inf ” values of σeq under the cyclic protocols, 

while σf is the fatigue stress limit (Fig. 14). 

3.5 Test Data and Comparisons 

The numerical simulations focus on concrete flexural fatigue tests with a target 

compressive strength of approximately 40 MPa. Experimental data available in the 

literature [46] were considered for validation purposes. The reference experiments 

involve unnotched concrete beams (100 × 100 × 500 mm3) subjected to four-point 

bending. The fatigue protocol, designed by Oh [46], specified that the stress in the 

bottom fibre varied from zero to a predetermined maximum stress. The maximum 

cyclic stress ratio, f MAX 
R /fmon was analysed to determine the fatigue failure after a 

number of reversals NFAILURE (denoted as Nf). 

For numerical calibration, key geometric and material properties were adopted 

from experimental observations [46], while only two model parameters were fitted: 

f = 24.30;
q f + 1 

2 q f + 2 Q f Lcl−1 

= 2.1 MPa (14) 

Additionally, the following assumptions were considered for model integration: 

D = 0 (when the number of cycles is zero) (15a) 

D = 1 reaching fatigue failure (i.e. N = Nf) (15b) 

The numerical S–N curves were predicted using the proposed approach and 

subsequently compared with the experimental data, as illustrated in Fig. 15. Specifi-

cally, the fatigue protocol, based on Oh’s design [46], was implemented numerically, 

considering that the bottom fibre stress varies from zero to a predetermined maximum 

stress. To determine the maximum cyclic stress ratio, denoted as R, numerical anal-

yses were conducted for each series. This methodology enabled the simulation of the 

loading conditions required to induce fatigue failure after a specified number of load
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Fig. 15 Numerical examples in comparison to experimental data from [46]. Used with permission 

of Trans Tech Publications, Ltd., from Caggiano et al. [16]; permission conveyed through Copyright 

Clearance Center, Inc 

reversals, referred to as Nf. By following this protocol within a numerical framework, 

the stress variations were reproduced and the material response under cyclic loading 

conditions was accurately modelled. 

The numerical results and their comparison with experimental data are promising, 

demonstrating a good predictive capability. Furthermore, the outcomes follow the 

well-known Wöhler expression for describing the fatigue S–N curve: 

f MAX 
R /fmon = a + b log10 Nf (16) 

The ability of the proposed formulation to capture the pronounced sensitivity 

of the mechanical behaviour of concrete to the stress levels influencing high-cycle 

fatigue (HCF) is thus demonstrated. 

4 Concluding Remarks 

This work presents the findings of a research study on the fatigue behaviour of 

ultra-high-performance concrete (UHPC). The static failure responses and fatigue 

degradation of UHPC were first investigated through cyclic bending-tensile tests. 

Various maximum and minimum stress levels (i.e., cycle reversals), characterised 

by different force and stress amplitudes, were considered and analysed using UHPC 

specimens. The influence of edge zones on stress cycles was examined by testing 

both notched and unnotched specimens to derive the so-called Wöhler curve for 

the material’s fatigue behaviour. Damage progression during cyclic loading was 

monitored using a Digital Image Correlation (DIC) system to enhance measurement
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accuracy. In addition to the experimental investigations, macroscopic and mesoscale 

numerical simulations were performed. For this purpose, a unified numerical frame-

work was proposed for the analysis of low-cycle fatigue (LCF) and high-cycle 

fatigue (HCF) behaviour in concrete. A discontinuous model, designed to describe 

the evolution of micro- to mesoscale crack growth under cyclic loading protocols, 

was developed. The model combines concepts from fictitious crack theory, damage-

induced stiffness degradation, and microscopic inelasticity to predict failure mech-

anisms in concrete under cyclic loading conditions. The numerical studies were 

initially calibrated using the experimental data reported by Oh [46], which involved 

normal concrete (NC) specimens with varying dimensions, unnotched beams, and a 

different loading configuration (four-point bending rather than three-point bending). 

This calibration against existing literature data was intended to validate and refine 

the proposed modelling approach, thereby facilitating its application to a broader 

range of geometries, loading scenarios, and frequency domains. Future research will 

aim to achieve an even closer correspondence between the experimental results and 

numerical predictions based on the SPP 2020 experimental data. 
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1 Introduction 

With the expansion of offshore wind energy systems, the number of fatigue-loaded 
structures submerged in water has significantly increased in the last few decades. 
High-strength fine-grained concrete (grout) is typically used as connection elements 
in the steel support structures of the offshore turbines. The offshore exposure of these 
structures leads to a significantly higher water content in the concrete’s microstructure 
compared to structures in rather drier environments, such as normal outdoor exposure. 

Comparatively few investigations of fatigue-tested concrete specimens immersed 
in water are documented in the literature. Despite considerable scatter in the results, 
a clear tendency can be observed: Specimens with a high moisture content or which 
are even immersed in water show a significantly lower fatigue resistance compared 
to those tested in dry conditions (e.g. [1, 2]). Yet the moisture content at which 
the transition from the “dry damage scenario” to the “wet scenario” occurs has 
not yet been investigated and remains unclear. Furthermore, concrete specimens in 
wet environments show a different fracture behaviour than dry specimens. This is 
indicated during testing by ascending air bubbles, the washout of fine particles into 
the surroundings and premature crack initiation [3]. Oneschkow et al. [4] found 
indications that the influence of the loading frequency is even higher for specimens 
stored and tested in a wet environment compared to those subjected to dry conditions. 

In addition to the number of cycles to failure N, the specific shape of the well-
known S-shaped strain and stiffness development curves with characteristic phases I– 
III is often used in the literature as an indicator for describing the fatigue damage 
of concrete. According to Hümme [5], a higher stiffness degradation per load cycle 
can be observed for wet specimens compared to dry specimens. Muguruma and 
Watanabe [1] additionally measured acoustic emission (AE) signals generated during 
the loading regime to quantify the fatigue damage. They stated that the number of 
AE hits increases with increasing moisture content, which they traced back to the 
accelerated development of microcracks. 

Although water-induced damage due to cyclically loaded concrete has been recog-
nised in the literature, there is still a pronounced lack of knowledge concerning 
the underlying damage mechanisms involved in the deterioration process. Various 
hypotheses regarding water-induced damage mechanisms have been documented in 
the literature (e.g. [5, 6]), however, without having been validated yet. According to 
Hümme [5] and Sørensen et al. [6], pore pressure in case of fully-saturated concrete 
can be build up within water-saturated pores due to fatigue loading. This pressure 
induces an additional local tensile stress, likely during the unloading phase, which 
leads to an accelerated fatigue damage progress. 

Another explanation points to possible water transport within the pore system of 
the hardened cement paste (HCP) due to fatigue loading [7]. Such a water trans-
port process has already been determined for creep loading using nuclear magnetic 
resonance (NMR) methods, as documented in [8]. However, it has not yet been 
experimentally proven whether a similar water redistribution occurs due to fatigue 
loading and at what scale this takes place. The numerical modelling and simulation of
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damage mechanisms influenced by water remain largely unexplored in the literature, 
primarily due to the complexity of material behaviour across multiple scales. 

Well-instrumented fatigue investigations on high-strength concrete with varied 
storage and test conditions have been conducted in a joint project. The main aim of 
the project was to investigate and describe the water-induced damage mechanisms 
of fatigue-loaded high-strength concretes. The results revealed a significant reduc-
tion in the number of cycles to failure for specimens stored and tested underwater 
compared to those subjected to dry conditions. Additionally, it was shown that in the 
fully saturated case, the moisture content in the concrete’s microstructure is mainly 
responsible for reducing the fatigue resistance of concrete. Moreover, there are clear 
indications for the existence of a moisture threshold beyond which the negative 
impact of moisture content increases significantly. 

Several influencing parameters on the water-induced fatigue damage, such as the 
stress level and load frequency, were investigated on a macroscopic scale (roughly 
from a few millimeters to several centimeters). The key finding was that the negative 
effect of water on the fatigue resistance strongly intensifies as the stress level and 
load frequency decrease. This finding is contrary to the behaviours observed on dry 
specimens and makes the issue of water-induced fatigue damage particularly relevant 
for structures such as offshore wind energy systems. 

Aside from the number of cycles to failure, the development of strain and stiffness 
as well as the AE signals were analysed as damage indicators to gain initial insights 
into the underlying damage mechanisms. The AE results showed that water-induced 
fatigue damage differs from dry fatigue by the timing of AE hits: in dry conditions, 
hits occur mainly during loading, specifically between the mean stress level (Smean) 
and maximum stress level (Smax), while in wet conditions, they shift to the unloading 
phase, in the area between Smean and minimum stress level (Smin). This trend clearly 
indicated that additional damage mechanisms are acting with increasing moisture 
content in the concrete. 

In order to clarify the underlying microstructural mechanisms behind water-
induced damage, a comprehensive test programme was conducted, combining NMR 
techniques, micro- and nanoindentation, as well as gas adsorption testing methods. 
The results clearly indicate that applying fatigue loading to concrete with a high 
moisture content leads to water transport on a scale smaller than approximately 
10 nm. This process causes internal pore pressure, leading to an increase in porosity, 
which can be linked to a loosening effect (damage) in the dense structure (high 
density: HD) of the calcium silicate hydrate (C-S-H) phases (HD-C-S-H), as observed 
through nanoindentation. The deterioration of HD-C-S-H was identified as the key 
mechanism driving water-induced fatigue damage.
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2 Materials and Methods 

2.1 Macroscopic Investigations 

All macroscopic investigations were carried out on the reference high-strength 
concrete (RH1) of the Priority Programme SPP 2020. The mixture is given in Sect. 2.1 
“Concrete Composition” in the chapter by M. Basaldella et al., this volume. 

The concrete was filled into polyvinyl chloride formworks (d/h = 60/250 mm) 
in two equal layers, which were mechanically compacted using a vibrating table. 
After two days, all specimens were demoulded. At the age of 14 days, the top and 
bottom surfaces of all specimens were cut to the height of 180 mm and prepared by 
grinding and polishing to guarantee a uniform stress distribution in the specimens. All 
specimens were sealed on the lateral surface using aluminium-coated butyl tape or 
epoxy resins to prevent drying during the fatigue tests. The different moisture contents 
of the concrete were adjusted directly after the concreting process (for details on, for 
example, sample preparation and storage condition, see [9, 10]). Table 1 contains an 
overview of the storage and test conditions. 

The fatigue tests were carried out using a class 0.5 servo hydraulic testing machine, 
according to ISO 7500-1 [11], equipped with a 2.5 MN actuator (see Fig. 1a). The 
axial deformations were measured using three laser distance sensors and three linear 
variable differential transformers (LVDT) type SM20 from Schreiber Meßtechnik 
GmbH, which were placed on the circumference of the specimen at angles of 0°, 
120° and 240°, respectively (see Fig. 1b). All strain measurements are given as mean 
values from the three sensors. Depending on the load frequency, the data sampling 
rate was set between 100 and 300 Hz, respectively. Six AE sensors from GMA 
Group with a frequency response range between 125 and 750 kHz were attached to 
the specimens at an angular distance of 60° from one another, with an alternating 
placement in the upper and lower third of the specimen height, to obtain insights 
into the damage mechanisms. A specific threshold of 40 dB was used to separate the 
useful signals from the background noise.

The moisture content was determined on parallel specimens using gravimetric 
analysis before the fatigue tests, following the standard DIN EN ISO 12571 [12]. In 
this process, three specimens for each storage condition were dried in a temperature 
chamber at 105 °C until mass constancy, which took several days. The reference 
compressive strength was tested on additional parallel specimens from the same

Table 1 Definition of the 
storage and test conditions

Sample designation Storage conditions Test conditions 

D Dried Sealed 

C Climate chamber Sealed 

M Sealed Sealed 

WS Water storage Sealed 

WST Water storage Underwater 
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Fig. 1 a Experimental set-up and b measurement equipment (from [9, 14], licensed under CC-BY 
4.0)

batch with the same moisture content as those used in the fatigue tests. For details, 
see [9, 13]. 

2.2 Microstructural Investigations 

The microstructural investigations were carried out on HCP samples consisting of 
1350 kg/m3 of an Ordinary Portland Cement (CEM I 52.5 R-SR3 (Holcim) or CEM I 
42.5 R (Dyckerhoff, white cement), 0.50 kg/m3 of superplasticiser (Master Builders 
Solutions), and 472.5 kg/m3 of water. The white cement was used for the NMR 
measurements, as it has a very low iron content in its composition, resulting in 
lower noise signals than grey cement. The samples were cylindrical, with a height 
of 30 mm and a diameter of 10 mm. The concreting process as well as the storage 
and test conditions were similar to the macroscopic samples (see Sect. 2.1). Four 
different microstructural investigation methods were primarily used in this project: 
1H-NMR, gas adsorption, and micro- and nanoindentation techniques. 

The 1H-NMR measurements were carried out on a BRUKER minispec mq10-
rheo instrument with a magnetic field intensity of 0.235 Tesla (see Fig. 2a). The 
water in different pore spaces was measured using a Carr-Purcell-Meiboom-Gill 
pulse sequence with 1600 repetitions (for details, see [15]). An inverse Laplace 
transform analysis revealed different relaxation components attributed to different 
pore species, as described by Muller et al. [16]. Similar to the study of [8], the water 
redistribution process was determined using multiexponential fitting based on the T2 
relaxation times obtained through the inverse Laplace transform analysis. In a prior 
experimental step, the water distribution was measured in a sample. Subsequently, 
ex situ fatigue loading was applied to the sample, with a maximum stress level of
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Fig. 2 a Nuclear magnetic resonance measurement equipment and b microindentation set-up 

Smax = 0.70 and a load frequency f t of 1 Hz. The fatigue tests—conducted for all 
microstructural investigations—were stopped at different damage stages, either using 
a predefined number of cycles or automatically by evaluating the slope of the strain 
development. The latter method was exclusively used for interruption in phase III. 
Immediately after interrupting the fatigue test, the NMR measurement was conducted 
once again using the same settings as before loading. The change (i.e. difference) in 
the signal intensity for various frequency ranges before and after the fatigue loading 
represents the water redistribution or, rather, transport in the microstructure due to 
fatigue loading. 

Regarding the indentation measurements, each sample was cut into subsamples 
using a Buehler IsoMet® 1000 Precision Saw (for details, see [13]). Directly before 
the indentation testing, the surface of the test sample was ground and polished using 
SiC papers [17]. The microindentation measurements were carried out using a micro 
combi tester machine (MCT3) with a three-sided Berkovich tip (see Fig. 2b). A total 
of 225 indentations were conducted on each microindentation sample within a 15 
× 15 (spacing 400 µm) grid dispersed across the sample surface. The indentations 
were applied force-controlled with a maximum deformation of 25 µm and a 10 s 
holding phase at maximum load. The loading and unloading rates were kept constant 
at 10 N/min. 

The nanoindentation measurements were conducted using an Anton Paar NHT3 
nanoindentation tester machine with a three-sided Berkovich tip. A total of 625 
indentations were applied to each sample within a 25 × 25 grid, spaced at 15 µm. 
The tests were performed force-controlled, consisting of a load ramp from 0 to 5 mN, 
at a loading and unloading rate of 30 mN/min. 

For gas adsorption testing, samples were manually crushed into small particles and 
sieved. One gram of particles with a size of 2 mm was then treated using an alternating 
combination of vacuum and flowing gas techniques utilising VacPrep 061 degassing 
stations from Micromeritics. The nitrogen gas adsorption measurement was carried 
out using a TriStar II Plus analyser (Micromeritics). The surface area was determined
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using Brunauer–Emmett–Teller (BET) theory [18] and pore size distributions using 
the Barrer, Joiyner and Halenda (BJH) theory [19]. 

2.3 Computational Model 

A boundary value problem for fluid-saturated porous media with fractures was 
formulated for material points x ∈ ∈ R δ with dimension δ = {2, 3 } and time 
t ∈ T = [0, T ]. The solution considers three coupled fields: displacement u(x, t ), 
fluid pressure p(x, t ) and phase-field fracture d (x, t ), where d (x, t) = 1 represents 
complete fracture and d (x, t) = 0 an intact state. The detailed mathematical formu-
lation and governing equations can be found in [9, 20]. The total energy functional 
is decomposed into contributions from elasticity, fluid flow and fracture mechanics: 

W = Welas(ε, d ) + Wfluid(ε,  θ  ) + 

t 

0 

f (α) 
d 

dt 
Wfrac(d , ∇d) (1) 

where the strain tensor under small deformations is given by: 

ε =  ∇su = sym[∇u] := 
1 

2 
∇u +  ∇uT (2) 

According to Terzaghi’s theorem, the elastic contribution to the stress tensor is 
represented as the sum of an effective stress component and a fluid pressure term: 

σ (ε, p, d ) := 
∂W 

∂ε 
= σ eff − BpI with σ eff = g(d )[λtr[ε]I + 2µε] (3) 

The fluid contribution is described by the fluid volume flux, which follows Darcy’s 
law and relates it to the pressure gradient and permeability of the porous medium. 

H := −K(ε, d)∇p (4) 

where the permeability tensor K(ε, d ) [21] is additively decomposed into Darcy and 
Poiseuille-type flow components. The continuity equation for the fluid mass which 
reflects the fluid flow PDE [21] within a hydraulic fracturing setting is: 

θ̇ + Div[H] = 0 (5) 

The regularised fracture energy density Wfrac(d , ∇d ) is scaled by a non-negative 
degradation function f (α). The second axiom of thermodynamics for the fatigue 
response is satisfied by the non-negativity of the dissipation rate. Hence, the following 
form was adopted according to [22, 23], where k is a constant to adapt the rate of
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decay of the fatigue degradation function. 

f (α) = 





 



 

1 if  α(x, t) ≤ αc 

1 − klog α(x,t) 

αc 

2 
if α(x, t) ≤ αc101/k

0 otherwise

(6) 

Here, αc ≥ 0 is a material threshold parameter below which no fatigue effects are 
triggered. The fatigue variable α is defined as an accumulation of strain energy 
density Welas(ε, d ) during loading stages, thus: 

α(x, t) := 

t 

0 

ϑ̇(x, s)H ϑ̇(x, s) ds with ϑ(x, t) := Welas(ε, d) (7) 

Here, H (x) refers to the Heaviside function. The third partial differential equation in 
the rate-dependent setting for the fatigue-induced damage yields: 

d − l2 d + (d − 1)H = 0 (8) 

Here, H indicates the crack driving force which is derived through the maximum 
expression of the positive crack driving state function D̃(x, ε) . 

H(ε) = max 
s∈[0,t] 

D̃(x, s) ≥ 0 (9) 

For recent works on the phase-field modelling of fatigue failure behaviour, the 
interested reader is referred to [24, 25]. 

3 Results 

3.1 Number of Cycles to Failure 

The number of cycles to failure N f is plotted in Fig. 3a against the moisture content, 
i.e., the amount of water expressed as a percentage of its total mass. The largest 
difference in the number of cycles to failure was found between the storage conditions 
D and WST (for abbreviation, see Table 1). It must, however, be mentioned that the 
real number of cycles to failure of series D is unknown, as the sample did not show 
a failure within the test duration. The number of cycles to failure obtained for the 
storage conditions C and M were between the conditions WST and D. Additionally, 
it was found that the number of cycles to failure of the series WS and WST were very 
close to each other. This indicates that, in the fully saturated case, the surrounding
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Fig. 3 a Influence of the moisture content on the fatigue resistance of concrete stored in different 
conditions (D: dried; C: stored in a climate chamber; M: sealed; WS: stored under water; WST: 
stored and tested under water) (from [14], licensed under CC-BY 4.0). b S/N curves of C and WS 
specimens, which were subjected to Smax between 0.80 and 0.65, a constant Smin of 0.05 and a 
constant f t of 1 Hz 

environment has no further significant influence on the fatigue resistance of concrete, 
unlike in samples previously stored in air. 

Figure 3b shows the S/N curves of specimens stored in the climate chamber (C) 
and wet specimens (WS) subjected to different maximum stress levels Smax and a 
constant load frequency f t of 1 Hz. The curves of the new fib Model Code 2020 
[26] for dry and wet conditions are also included in the figure. It can be seen that 
the number of cycles to failure for both storage conditions corresponds to the values 
assumed  by  the  fib Model Code 2020. At the highest maximum stress level (Smax 

= 0.80), specimens of both moisture contents exhibited nearly the same fatigue 
resistance. With decreasing Smax value, the specimens with higher moisture content 
showed increasingly lower fatigue resistance than the ‘dry’ ones. 

The influence of load frequency f t on the fatigue resistance of wet specimens 
with two different water to cement (w/c) ratios (0.35 and 0.50) subjected to two 
different maximum stress levels (Smax = 0.65 and 0.75) is presented in Fig. 4a. 
The fatigue resistance of specimens with both w/c ratios was similar across all load 
frequencies and stress levels. This may indicate that very small pores – rather than the 
larger capillary pores – are primarily responsible for water-induced fatigue damage 
in concrete. Additionally, it can be seen that the fatigue resistance of wet specimens 
strongly decreases with decreasing load frequency at both stress levels.

Figure 4b presents the S/N curve for wet specimens with a w/c ratio of 0.35 
subjected to different load frequencies. It can be seen that the numbers of cycles to 
failure of the specimens loaded at frequencies of 1 Hz fit the fib curve quite well. The 
results obtained for load frequencies less than 1 Hz are lower than the wet fib curve 
at all stress levels. Specimens subjected to fatigue loading with Smax = 0.55 and a
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Fig. 4 a Influence of load frequencies on the number of cycles to failure of wet specimens (WS) 
with different w/c ratios (0.35 and 0.50) subjected to two different maximum stress levels. b S/N 
curves for wet specimens subjected to different load frequencies

frequency of f t = 0.1 Hz, for instance, showed values that were 8 times lower than 
expected from the wet fib curve. The fib curves are applicable for load frequencies 
higher than 0.1 Hz. Furthermore, the tested concrete specimens with a permanent 
moisture content of 100% represent an extreme case with respect to real concrete 
structures. However, the new results presented here make it desirable to discuss the 
design curves, considering the effects of load frequency, particularly in interaction 
with moisture influence. 

By contrast, dry specimens subjected to high load frequencies showed lower 
fatigue resistance, as published by the authors in [27]. This can be attributed to the 
excessive surface temperature increase during the fatigue tests, which may lead to a 
premature fracture, as postulated in [28]. The interaction between higher moisture 
contents and temperature increase is discussed in the chapter by S. Scheerer et al., this 
volume. 

3.2 Macroscopic Damage Indications 

The influence of the moisture content on the gradient of the strain at a maximum 
stress level, log grad εmax (i.e. slope of maximum strain) in phase II (for N /N f = 0.20– 
0.80) for specimens with a w/c ratio of 0.35 is shown in Fig. 5a. The results show 
a faster increase in the strain per load cycle when the moisture content in concrete 
increases. This can be explained by the presence of water between the gel particles, 
which acts as a lubricant and favours sliding processes between the particles, which 
may increase the viscosity of the cement paste.



Water-Induced Damage Mechanisms of Cyclically Loaded … 117

Fig. 5 a Gradient of strain log grad εmax in phase II and b stiffness log grad Es, in phase II. Both plots 
refer to specimens stored in different conditions (D: dried; C: stored in a climate chamber at 65% 
relative humidity (RH); M: sealed; WS: stored under water; WST: stored and tested underwater) 
(from [14], licensed under CC-BY 4.0) 

The stiffness development was analysed as a damage indicator and calculated for 
each load cycle as a secant modulus (Es) in the decreasing branch of the sinusoidal 
strain curve using the strains at maximum and minimum (peak) stresses. The gradient 
of stiffness, log grad Es, representing the stiffness degradation per load cycle, was 
analysed as a parameter. 

The results are depicted in Fig. 5b. It can be seen that wet specimens (storage 
condition WS and WST) exhibited the highest stiffness degradation per load cycle. 
By contrast, the dried specimen (storage condition D) showed the lowest value of 
gradient of stiffness. The results from the storage conditions M and C were located in 
ascending order between the dried specimen (D) and wet specimens (WS and WST), 
with a sharp increase of the value of stiffness degradation from − 2.23 to − 0.82. 
This sharp increase might indicate that the water-induced damage mechanisms are 
strongly intensified when a certain, yet unknown, moisture content in the concrete is 
exceeded. A recent investigation by the authors [13, 29] indicates that the moisture 
threshold beyond which the water-induced damage mechanisms in the concrete are 
intensified may be well in the range of storage at 85% RH. 

The AE activity was analysed as a further damage indicator to obtain insight 
into the moisture-dependent fatigue deterioration of concrete. Figure 6 illustrates the 
development of the AE activity throughout the test duration for one representative test 
specimen of the storage conditions C (Fig. 6a) and WS (Fig. 6b), respectively. The 
grey shapes schematically represent the well-known S-shaped strain development 
curve. The purple circles represent AE hits, which are located close to the maximum 
stress level, or rather, between the mean and maximum stress level. These hits are 
called Hitmax in the following. The green points represent hits situated near to the
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Fig. 6 Representative acoustic emission signals during fatigue loading: a Specimen stored in 
climate conditions at 65% RH (C) and b Specimen stored under water (WS) (from [14], licensed 
under CC-BY 4.0) 

minimum stress level, or rather, between the mean and minimum stress level and are 
subsequently designated as Hitmin. 

The results showed considerable differences in AE activity between the two 
storage conditions, C and WS. The number of AE hits in the dry specimen (see 
Fig. 6a) detected in phase I and approximately two-thirds of phase II was lower than 
in the wet specimen (see Fig. 6b). However, the number of AE hits in both storage 
conditions increased rapidly in the last third of phase II and in phase III. Additionally, 
the hits in the dry case occurred exclusively near the maximum stress level (Hitmax). 
By contrast, AE hits in the wet specimen were mainly observed near the minimum 
stress level (Hitmin). Hits near the maximum stress level in the wet case were only 
detected at the end of phase II and in phase III. 

A further analysis of the AE activity regarding the point of occurrence of the hits 
in the sinusoidal load curve was carried out, as published by the authors in [27]. The 
results showed that recorded hits of the storage condition C are primarily located 
in the ascending branch of the sinusoidal load curve. Surprisingly, the majority of 
the hits shifted from the ascending to the descending branch of the load curve as 
the moisture content in the concrete was increased, which may indicate that the 
water-induced damage takes effect when the external load is removed. A plausible 
explanation for the occurrence of hits in the descending branch of the load curve in 
the wet case is an increase in pore pressure, as postulated in [6] and [5]. This may 
arise due to water transport within the cement paste [7] and finally leads to damage 
(hits) when the supporting external load is being removed. 

3.3 Model for Water-Induced Damage 

Based on the results presented above, a descriptive model was developed by Tomann 
[14] which strongly hints at pore water pressure within the structure of cement paste
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as the main driving mechanism for water-induced damage. Figure 7 displays the 
main elements of this model, which is described hereafter. For further details, see 
[14]. 

Water within the pore structure of HCP is located in different pore species with 
different sizes, labelled macro- and meso pores, which are interconnected via smaller 
micro pores. The pore classification employed in this model are according to the [30], 
which distinguishes between micro pores (≤ 2 nm), meso pores (2 nm–50 nm), and 
macro pores (≥ 50 nm). 

The pressure in the pore space at a mean stress level Smean is in a state of equilibrium 
and no pressure-related moisture relocation occurs (Fig. 7a). Water is moved from the 
macro pores towards the meso pores via the much smaller micro pores (Fig. 7b) due to 
the increased pressure in cyclic loading and inhomogeneous volumetric deformation 
of the different pore types. External pressure on the pore system resulting from the 
mechanical external loading prevents high tensile stresses in the matrix at this stage. 
Water relocates from the meso-towards the macro pores during unloading towards 
Smin to reach an equilibrium state once again, but backflow is hindered by the small 
size of the micro pores. A phase shift between the unloading of the external load 
and the remaining water pressure from the previously increased meso pore moisture 
content arises that may exceed the typical tensile strength of the pore walls in the 
meso pores (Fig. 7c). As a result, damages in the pore walls do not occur at the 
maximum external loading, i.e. when Smax is reached, but rather during the unloading 
phase. This leads to an accelerated fatigue damage process depending on the sample’s 
moisture content, which explains the emergence of AE hits in the unloading phase 
of specimens with a high moisture content (cf. Figure 6).

Fig. 7 Descriptive model for water-induced damage due to cyclic loading: a First status (Smean), 
b Second status (Smax)  and  c Third status (Smin) (from [14], licensed under CC-BY 4.0) 
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3.4 Moisture Redistribution Measured by 1H-NMR 

Microstructural investigations using 1H-NMR measurements were conducted on 
HCP samples to obtain more information on water redistribution due to cyclical 
loading and to verify the descriptive model presented above. 

Firstly, the water content in non-loaded HCP samples stored under various condi-
tions was evaluated. Figure 8a shows the NMR signal intensity, normalised to wet 
samples, as a function of the RH at which the samples were stored. Since the actual 
moisture content in the microstructure could not be measured experimentally, the 
storage RH serves as an indirect indicator, as a correlation exists between them (see 
[10, 31]). The results reveal a nearly linear increase in the total signal intensity with 
increasing moisture content in HCP samples, which was expected and consistent 
with the findings presented by Muller et al. [31]. Next, changes in the water distri-
bution due to different storage conditions were analysed by considering four water 
species identified by evaluating the frequency spectrum of the relaxometric signal. 
The aim was to verify whether the degree of saturation of certain pores might be 
responsible for water-induced damage. The pore size definition given in [32, 33]  was  
used here, which specifies the following sizes: < 2 nm for the pores between the 
C-S-H sheets (interlayer pores), about 2 nm–8 nm for gel pores, 8 nm–50 nm for 
interhydrate pores and ≥ 100 nm for the large capillary pores. The results presented 
in Fig. 8b show a very low to negligible water content in the range of interhydrate 
and capillary pores for samples of all moisture contents, which was expected due to 
the typically small number of large pores at a w/c ratio of 0.35. The highest water 
content was observed in the range of gel pores, followed by interlayer pores. Addi-
tionally, a clear influence of the storage condition on the small pores (< 10 nm) can 
be observed: Wet samples have the highest water content, followed by damp (90% 
RH) and moist (85% RH) samples. Dry samples showed the lowest water content in 
these pore species. These results suggest that storage in high RH increases the water 
content in concrete, particularly in gel pores (2 nm–8 nm), leading to water-induced 
damage. In other words, it seems that there is a correlation between the filling degree 
of gel pores and the water-induced fatigue damage, at least at such a low w/c ratio 
as the samples investigated in the work at hand. Finally, the change in the signal 
intensity due to cyclical loading corresponding to water transport was investigated 
for both dry and wet samples, representing the two extreme cases of water-induced 
damage. It is important to note that all measurements were conducted on identical 
samples to minimise the effect of material inhomogeneity.

Figure 9 illustrates the change in signal intensity for a representative dry (Fig. 9a) 
and wet HCP sample (Fig. 9b). Significant differences between both storage condi-
tions can be observed. While the water distribution in the dry sample due to fatigue 
loading appears to be of minor importance, significant changes can be observed in the 
wet sample, with the gel pore water content continuously decreasing over the number 
of load cycles. The increase in the interlayer water appears to remain unchanged in 
phases I and II, despite the decrease in the gel water, whereas a sharp rise is observed 
in phase III, i.e. just before failure.
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Fig. 8 a NMR signal intensity, normalised to wet samples (100% RH), as a function of the RH at 
which the HCP samples are stored. b The signal intensity of different water populations (interlayer 
pores between the C-S-H sheets with a size of < 2 nm, gel pores with a size of 2–8 nm, interhydrate 
with a size of 8–50 nm and a capillary with a size of ≥ 100 nm according to [32, 33]) of HCP 
samples stored in different conditions

Fig. 9 Changes in signal intensity It due to fatigue loading (It,damaged − It,undamged )  for a dry HCP 
sample (stored at 65% RH) and b Wet HCP sample (stored underwater) 

Unfortunately, the method does not yet allow for a clear evaluation of the desti-
nation of the water transport. Yet, the findings give clear evidence that the water 
redistribution process due to fatigue loading, previously only speculated upon, takes 
place, which may lead to a more pronounced deterioration in the HCP [7]. Addi-
tionally, the reduction in the water population in the gel pores and the pronounced
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increase in the interlayer pores provide clear evidence that such water transport and, 
thus, water-induced damage occurs mainly at the nanoscale level (< approx. 10 nm). 

3.5 Changes in Porosity Due to Water-Induced Fatigue 

Damage 

Investigations regarding changes in the pore structure of HCP were conducted as a 
damage indicator to obtain a better and more detailed understanding of how the water 
transport described above leads to damages in cement paste. Accordingly, mercury 
intrusion porosimetry (MIP) and gas adsorption measurement were used. The focus 
was on the latter method, as it is better suited to cover changes in the porosity in the 
range between 2 and 50 nm, which is the range where the water distribution, and, 
thus, the water-induced damage, was expected to occur, as shown in Sect. 3.4. 

Figure 10 shows the influence of the moisture content on the pore structure of HCP 
samples. It can be seen that HCP samples stored in an RH of 85% or higher exhibited 
almost the same pore volume, which, however, was much higher than samples stored 
at 65% RH (see Fig. 10a). The increase in the pore volume was clearly visible in pores 
smaller than about 10 nm. It can be seen in Fig. 10b that the surface area obtained by 
the BET method also increases with increasing moisture content. However, samples 
stored at a RH of 85% showed almost the same surface area as those stored at 90% 
RH. 

Fig. 10 a Cumulative pore volume obtained from N2 adsorption measurements analysed using 
the BJH method. b BET surface area for undamaged HCP samples stored in different conditions 
(65% RH, 85% RH, 90% RH and 100% RH)
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The increase in pore volume, along with a simultaneous increase in the inner 
surface, suggests either an increase in the number or change in the size of pores, 
mainly in the scale range of < 10 nm. Both scenarios suggest, however, that storage 
in a humid environment creates more space in the microstructure of HCP, which 
allows greater water transport and, therefore, greater damage. An increase in the RH 
up to 85% seems to be sufficient to create such pore space and, thus, moisture-induced 
fatigue damage, which goes along well with the results presented in [29]. It should 
be mentioned that the results shown in Fig. 10 refer to one sample per condition and 
should therefore be treated with caution. 

Next, the influence of water-induced fatigue damage on the specific surface area 
and pore size distribution of HCP samples was evaluated. The results of the BET 
surface area are depicted in Fig. 11a as a mean value. It can be seen that water-
induced fatigue damage leads to a significant increase in specific pore surface area 
from 50.73 ± 10.57 m2/g to 64.79 ± 6.60 m2/g, which can be interpreted as damage 
in the microstructure. 

The pore size distribution determined by gas adsorption and evaluated by the BJH 
method is shown in Fig. 11b. Unfortunately, the results showed a high scatter, with the 
one of the damaged samples being higher than that of the undamaged samples. The 
fatigue tests were halted in phase III of the strain curve, at which point the samples 
were close to complete damage. At this stage, the structure is highly unstable, and 
the damage pattern of different samples is differently advanced, which explains the 
high scatter of the damaged samples. 

Despite the high scatter, a clear tendency can be observed: Water-induced fatigue 
damage leads to an increase in the pore volume. The most significant increase was 
visible for pore sizes lower than about 10 nm, which indicates that the greatest damage

Fig. 11 a Pore size distribution obtained by gas adsorption was evaluated using the BJH method. 
b The BET surface area was measured for undamaged and damaged HCP samples stored underwater 
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occurs in this range. This result corresponds very well with observations obtained 
using the NMR techniques. 

3.6 Impact of Water-Induced Damage 

on the Micromechanical Properties of HCP 

Another important aspect to gain insight into the mechanisms of water-induced 
fatigue damage is understanding how this damage influences the micromechanical 
behaviour of HCP. Accordingly, micro- and nanoindentation tests were conducted 
on fatigue-loaded and reference HCP samples with different moisture contents. 

The results of the microindentation, presented in [13], showed a clear trend: 
While the micromechanical properties–i.e. the HCP hardness H and indentation 
modulus M–of dry samples do not appear to be affected by fatigue loading, a signif-
icant decrease in the hardness H of wet HCP samples was observed. By contrast, no 
significant impact of water-induced fatigue damage on the indentation modulus M 
was seen. This can be traced back to the contribution of water to the load transfer, 
which may still play a role in the modulus of elasticity at this scale and, thus, mask 
the effects of moisture-induced fatigue damage (for more details, see [13]). 

Using the microindentation technique, a volume of approximately 0.1 mm3 – 
0.2 mm3 was probed. However, as shown by the NMR and gas adsorption results, 
water-induced fatigue damage probably occurs on a scale of a few nanometres. 
In order to evaluate the damage at this scale, the sub-micromechanical properties 
determined by nanoindentation (with a probed volume of about 1 µm3) were analysed 
using a Gaussian Mixture Model approach coupled with a micromechanical model, 
as presented in [34]. 

The results of the Gaussian Mixture Model revealed the presence of three clusters 
representing three different phases in the HCP investigated. The focus of this work is 
on the two types of C-S-H phases: low-density (LD) with low packing density, and 
HD, with high packing density [35], as these two phases are primarily responsible 
for the macroscopic mechanical properties. 

It is well-known that the microstructure of HCP is highly heterogeneous. There-
fore, it was crucial to conduct multiple replicates to ensure reliable results, even 
though the method is very complex. Nanoindentation measurements were performed 
on a total of 23 HCP samples (11 samples at 100% RH, 10 samples at 65% RH and 2 
samples at 90% RH) in this research with 625 indents per sample. In HCP samples, 
the distributions of LD-C-S-H, HD-C-S-H, and CH phases within an indentation area 
are typically similar, although they are strongly affected by the w/c ratio. Figure 12 
illustrates the characteristic indentation modulus M, its probability density, and the 
corresponding deconvolution into three phases for a representative sample with a w/ 
c ratio of 0.35.

Figure 13 illustrates the changes in the sub-micromechanical properties of LD-
and HD-C-S-H phases due to fatigue loading. The results clearly show that fatigue
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Fig. 12 a Characteristic spatial distribution of the indentation modulus M in [GPa] of an exem-
plarily undamaged HCP sample. b Probability density and deconvolution of indentation modulus 
M in three phases (LD-C-S-H, HD-C-S-H and a mixed phase of LD-C-S-H intertwined with CH) 
of an exemplarily undamaged HCP sample

loading has a higher, yet different, effect on the sub-micromechanical properties of 
both LD and HD-C-S-H phases, depending on the moisture content. It can be seen 
that fatigue loading leads to a decrease in the indentation modulus M and hardness 
H of the LD-C-S-H of the dry samples. However, this decrease seems to be less 
significant as the moisture content increases. Indeed, the water-saturated samples 
showed an increase in the indentation modulus M after fatigue loading, which was 
an unexpected result.

By contrast, the HD-C-S-H exhibited the completely opposite behaviour under 
fatigue loading. The indentation modulus M and hardness H decreased significantly 
for water-saturated samples due to fatigue loading, whereas dry samples showed 
an increase in the sub-micromechanical properties of the HD-C-S-H phases under 
fatigue loading. 

In addition to the sub-micromechanical properties, the changes in the volume 
fraction of LD- and HD-C-S-H phases due to fatigue loading were analysed based 
on the Gaussian Mixture Model results. The latter are presented in [13] and also 
showed a different impact of fatigue damage on the content of LD- and HD-C-S-H 
phases depending on the moisture content. Fatigue loading for dry samples leads to 
an increase in the number of LD-C-S-H phases and a slight decrease in the number 
of HD-C-S-H phases, simultaneously. By contrast, the number of LD-C-S-H phases 
of wet samples decrease while the number of HD-C-S-H phases increase. The results 
of the samples stored at 90% RH were located between dry and wet samples, with a 
decrease in the volume fraction of LD-C-S-H phases and an increase in HD-C-S-H 
phases.
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Fig. 13 Changes in sub-micromechanical properties of LD- and HD-C-S-H phases due to the 
fatigue loading (e.g. H = Hundamgaed − Hdamaged) of samples stored at 65% RH, 90% RH and 
100% RH, respectively. The fatigue tests were conducted with Smax of 0.70 and a load frequency 
f t of 1 Hz. The tests were interpreted at phase III

3.7 Numerical Results 

This section demonstrates the performance of the proposed fatigue failure theory 
applied to the HCP microstructure [21, 36]. Two- and three-dimensional exam-
ples are investigated to evaluate the experimental observations. The simulations are 
conducted under two distinct conditions, namely, dry and wet environments, each 
consisting of three phases: hydrated cement paste, clinker particles, and either dry 
or saturated voids, depending on the storage conditions (see Fig. 14). The material 
parameters were considered and applied based on [20, 21].
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Fig. 14 Geometry and boundary conditions for a two- and b three-dimensional exemplary wet 
specimens consisting of HCP (matrix), unhydrated clinker particles (inclusions) and saturated pores 
(voids) 

Most phase-field models primarily address tensile fractures, limiting their applica-
bility to rock-like materials under compression and shear loads. Therefore, a phase-
field driving force suitable for such materials with shear frictional characteristics is 
derived, and a three-dimensional explicit parallel phase-field model is introduced. 
Various crack driving forces presented in [37–40] are defined and analysed. 

Firstly, a two-dimensional model under compression loading is considered to eval-
uate the proposed fatigue failure theory for concrete microstructures [36, 41]. The 
analysis includes force–displacement curves for dry and water-saturated specimens, 
as shown in Fig. 15. The results indicate that water-saturated specimens experi-
ence earlier damage than dry ones, confirming that fatigue resistance decreases with 
increasing loading cycles [21, 36]. 

The effect of the load frequency on the fatigue behaviour is studied for f t = 1  Hz  
and 5 Hz. The force–displacement curves in Fig. 16 show that lower load frequencies

Fig. 15 Load–displacement curves for a dry and b water-saturated HCP specimens in a two-
dimensional setting 
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Fig. 16 Quantitative load–displacement curve due to the fatigue cyclic loading for two different 
frequencies: a f t = 1  Hz  and  b f t = 5  H  z

Fig. 17 The crack phase-field evolution for a dry and b water-saturated concrete in a two-
dimensional setting 

result in a significant reduction in the number of cycles to failure, accelerating crack 
propagation, consistent with experimental observations. 

Figure 17 presents the computed regularised crack phase field for dry (Fig. 17a) 
and (Fig. 17b) saturated cases. Different crack driving forces lead to varying crack 
patterns, highlighting the importance of selecting an appropriate driving force to 
match experimental observations. Cracks in fully saturated media primarily nucleate 
around pores, where pressure acts as an additional driving factor. 

Additionally, a boundary value problem is applied to a cube to represent the 
concrete microstructure in a three-dimensional setting (see Fig. 14b). The dimensions 
are set to 1 mm, with eight inclusions each of a radius of 0.1 mm and fourteen asym-
metrically arranged pores each of a radius of 0.01 mm. The computed regularised 
crack phase-field for fully saturated cases (see Fig. 18) shows that cracks initially 
nucleate around pores due to pressure effects, before propagating into the HCP 
matrix, eventually leading to crack merging. This aligns well with the descriptive 
model presented in Sect. 3.3 and microstructural results.

4 Discussion and Conclusion 

The underlying mechanism of water-induced fatigue damage was comprehensively 
investigated both experimentally and numerically in a joint research project at Leibniz 
University Hannover. High-strength concrete and HCP samples stored and tested
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Fig. 18 Computed crack evolution at different stages for a three-dimensional setting at compression 
cyclic loading

under different environmental conditions were experimentally subjected to cyclical 
loading and analysed using a combination of macro- and microscopic methods. 

The experimental results clearly showed that in fully saturated case, the water 
in the microstructure of concrete is substantially responsible for the accelerated 
water-induced fatigue damage. Additionally, indications were found that there is a 
moisture threshold in the range of about 85% RH (i.e. an internal concrete moisture 
content equivalent to a storage of the sample at 85% RH) beyond which the water-
induced damage mechanisms in the concrete start to become dominant. Hence, water-
induced damage should be considered for the design of fatigue-loaded structures in 
permanently humid environments. 

Additionally, it was shown that the effect of water-induced fatigue damage 
increases massively with reducing load frequencies and relatively low stress levels, 
making this issue highly appropriate for design structures such as offshore wind 
turbines. Moreover, no significant impact of a high w/c ratio could be observed, 
indicating that large pores, such as capillary pores, do not play a major role in the 
water-induced damage mechanism. Additional influencing parameters, namely, the 
minimum stress level and pre-damage, were also investigated within the framework 
of the project. Unfortunately, no clear trends were observed for these parameters. 

The investigations performed further showed that the water-induced fatigue 
damage can be distinguished from ‘dry’ fatigue damage based on the time of occur-
rence of the AE hits. Hits in the dry cases occur mainly in the ascending branch 
of the sinusoidal load curve, in the region between Smax and Smean. By contrast, the 
majority of hits in wet cases shift from the ascending to the descending branch in 
the region between Smean and Smin. This trend clearly indicates that water-induced 
fatigue damage occurs mainly during the unloading phase.
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However, it should be noted that some hits in dry cases behave in terms of their time 
of occurrence, similarly to those in the wet cases, and vice versa. This may mean that 
both water-induced and “dry” fatigue damage occur simultaneously in concrete but 
with different intensities depending on the moisture content. Consequently, under-
standing and considering water-induced fatigue damage may be essential even for 
concrete subjected to dry conditions. 

Additionally, this work presents a novel variational phase-field simulation for 
modelling water-induced fatigue damage mechanisms due to the cyclic loading in 
concrete [36, 41]. As a key feature, the fatigue-induced fracture was formulated based 
on the accumulation of the bulk energy in time, and, thus, a critical stress state will 
be drastically reduced. Numerical results confirmed that the fatigue effect results in 
the reduction of the crack resistance for the water-saturated case in comparison to 
the dry test. 

Further microstructural investigations were conducted using NMR and gas adsorp-
tion techniques to gain insight into the underlying damage mechanisms and verify 
historically proposed damage theories in the literature. Regarding the NMR measure-
ment, it was shown that storage at high RH mainly influences the filling degree of 
gel pores, which may imply conversely that there is a correlation between the filling 
degree of gel pores and water-induced fatigue damage, at least at such a low w/c 
ratio as that investigated in this work. Unfortunately, no critical degree of saturation 
of the gel pores could be identified. 

Moreover, a water redistribution was observed due to cyclical loading, which 
occurs mainly between interlayer and gel pores (scale range < about 10 nm), 
confirming the hypotheses postulated by Tomann [14]. Interestingly, the results 
obtained also fit well with the recent findings of Wyrzykowski et al. [8], who inves-
tigated the water redistribution process in HCP samples in situ during creep loading. 
This makes it desirable to discuss and investigate in the future whether overlap-
ping effects exist between creep and fatigue behaviour, especially at higher moisture 
contents. 

The gas adsorption results showed an increase in porosity due to fatigue loading 
in the same size range as the water transport observed by NMR. This confirms that 
the water redistribution process on a scale of a few nanometers is responsible for the 
water-induced fatigue damage. 

Micro- and nanoindentation techniques were used as an additional method to 
identify how water-induced fatigue damage manifests itself in the microstructure of 
HCP samples. Regarding the microindentation, no significant impact of dry fatigue 
damage on the micromechanical properties of HCP was observed. By contrast, a 
strong decrease in the indentation hardness was observed due to water-induced 
fatigue damage. However, no significant influence on the indentation modulus could 
be seen, which can be traced back to the contribution of water in the load transfer 
(for more details, see [13]). 

As the findings from NMR and gas adsorption measurements narrow down the 
scale of damage in the microstructure of HCP to a few nanometres, it was impor-
tant to access the sub-micromechanical properties at this low scale level. For this 
purpose, micromechanical properties obtained by nanoindentation were coupled with
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a micromechanical model, as described in [34]. The results showed that cyclical 
loading has different effects on the sub-micromechanical properties of LD- and 
HD-C-S-H phases depending on the moisture content. In the dry case, fatigue 
loading decreases the sub-micromechanical properties of LD-C-S-H phases, while 
the volume fraction of these phases increases. The sub-micromechanical properties 
of HD-C-S-H phases of these samples decrease with an increase in the volume frac-
tion. In the wet case, fatigue loading increases the hardness and indentation modulus 
of LD-C-S-H phases, while the volume fraction of these phases decreases. Simul-
taneously, a strong decrease in the sub-micromechanical properties of HD-C-S-H 
phases was observed with an increase in their volume fraction. 

Even though fatigue loading appears to have different effects on the sub-
micromechanical properties of LD- and HD-C-S-H phases depending on the moisture 
content, a consistent scenario for the underlying mechanisms of dry and wet fatigue 
damage emerges. Both scenarios are discussed in detail in [13]. The scenario for 
mechanisms of wet fatigue damage can be summarised as follows: 

LD-C-S-H phases: At a high moisture content, the pores in the LD-C-S-H phase 
are fully saturated with water. Subjected to compressive stress, the LD-C-S-H phases 
experience less compaction because water is nearly incompressible. This minimal 
compaction increases the mechanical stiffness of LD-C-S-H phases; however, it is 
probably insufficient to cause fragmentation or damage to these phases. Additionally, 
the water in the pores within the LD-C-S-H phases contributes to load transfer, which 
also helps to enhance their mechanical properties. Due to the compaction effect, the 
saturated pores within the LD-C-S-H phases are subjected to higher pressure. This 
may lead to water transport from the gel pores within the LD-C-S-H phases into 
the significantly smaller interlayer pore spaces within the HD-C-S-H phases, as 
demonstrated by the NMR results. 

HD-C-S-H phases: The water transport from the LD-C-S-H phases causes an 
increase in the internal pressure within the HD-C-S-H phases. Due to this internal 
pressure, a differential stress is likely to build up within in the HD-C-S-H phases. 
However, this is probably suppressed by the compressive stress during cyclical 
loading, which prevents damage. As the compressive stress decreases during the 
unloading phase, the internal pressure also decreases; however, it does so at a slower 
rate, resulting in a phase shift between the external loading and internal pressure, as 
postulated by Tomann [14]. The remaining internal pressure may induce differen-
tial stress, which can eventually cause fractures in the HD-C-S-H phases, leading to 
the formation of new, smaller and mechanically weaker fragments. In concrete with 
high moisture content, this loosening may mainly occur during the unloading phase, 
which may explain why most of the AE hits were recorded in the descending branch 
of the load curve. The temporal allocation of the hits between Smean and Smin implies 
that a reduction in compressive stress below the mean stress level Smean is needed 
to eliminate the suppressed effect and induce the loosening effect. The creation of 
new and mechanically weaker fragments due to the loosening effect also explains 
the substantial decrease in the mechanical properties of the HD-C-S-H phases and 
the simultaneous increase in the particle volume fraction.
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In order to prove the loosening effect of HD-C-S-H phases and, thus, the proposed 
damage scenario, the changes in the contribution of C-S-H phases in the total porosity 
were computed using the packing density of each phase, according to [42]. Firstly, the 
calculated contribution of the C-S-H phases’ porosity was validated by comparing 
it with the surface area obtained through BET analysis, as this is a direct method 
for determining porosity. The results are shown in Fig. 19a. It can be seen that the 
calculated contribution of C-S-H porosity using the packing density, determined by 
nanoindentation techniques, correlates well and linearly with the BET surface area, 
which, in turn, correlates with the total porosity. Additionally, the water-saturated 
samples exhibited by far the highest porosity of C-S-H phases, followed by samples 
stored at 90% RH and 65% RH, respectively. 

Next, the changes in the contribution of LD- and HD-C-S-H porosity caused by 
fatigue loading in wet HCP samples were evaluated. For this purpose, fatigue tests 
were carried out on wet samples and stopped at different damage stages: N = 0, 126, 
631, and 1156 (for more details, see [13]). Due to the complexity and expense of 
this procedure, it was unfortunately not possible to conduct multiple replicates to 
quantify the precession of the results. Nevertheless, the results presented in Fig. 19b 
show a clear tendency: Fatigue loading leads to a decrease in the porosity of LD-
C-S-H phases, which can be traced back to a compacting effect. Simultaneously, an 
increase in the porosity of HD-C-S-H phases was observed due to fatigue loading, 
which can be explained by loosening effects or, rather, damage. This confirms the 
damage scenario described above, which highlighted the loosening effect of the HD-
C-S-H phases caused by internal pressure resulting from water transport due to cyclic 
loading as the primary factor responsible for water-induced fatigue damage.

Fig. 19 a Comparison of the surface area obtained by BET and the contribution of C-S-H phases to 
the overall porosity of undamaged samples stored at 65% RH, 90% RH and 100% RH. b Contribution 
of LD- and HD-C-S-H phases to the overall porosity of HCP samples stored at 100% RH 
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Moreover, it can be seen from Fig. 19b that the total porosity of the C-S-H phases 
in phase I and at the beginning of phase II was massively dominated due to the 
compacting effect of LD-C-S-H phases, which led to a higher decrease in overall 
porosity. By contrast, the increase in the porosity of HD-C-S-H phases clearly has a 
significant impact on the total porosity and, consequently, on the fatigue behaviour 
in phase II and III. In these damage phases, the HD-C-S-H phases were loosened 
so far that they had even more porosity than the LD-C-S-H phases, which can be 
attributed to strong damage in the structure of the HD-C-S-H. 

As the nanoindentation results were analysed using statistical methods, deter-
mining the exact proportion of LD-C-S-H phases that were compacted and poten-
tially transformed into HD-C-S-H phases remains challenging. Additionally, quan-
tifying the number of HD-C-S-H phases affected by loosening effects or damage is 
challenging. To address this, a chemical analysis of the C-S-H phases using tech-
niques such as scanning electron microscopy, as described by Haist et al. [43], is 
required. A recent study [44], contributed to by the authors, employed both scanning 
and transmission electron microscopy to characterise fatigue damage in wet concrete 
samples. The results indicated that water-induced fatigue damage causes microstruc-
tural changes in the cement paste at the nanometer scale, which strongly supports 
the mechanisms proposed in the study at hand. However, further investigations 
are needed to validate these findings and correlate them with the micromechanical 
properties presented in this work. 

In conclusion, combining different macro- and microscopic methods provided a 
conclusive picture of the water-induced fatigue damage. Whereby the nanoindenta-
tion methods stand out as innovative and suitable methods to detect fatigue damage 
evolution even at very low scales. However, a large number of investigations is needed 
in the future to deal with the large scatter of this method, which is very complex and 
time-consuming. A combination of nanoindentation methods and micro-computed 
tomography, as described in [45], which can be additionally combined with an artifi-
cial intelligence model, may be the solution in the future to cope with the complexity 
of the nanoindentation method. This can further provide new insights into how the 
described damage within HD-C-S-H phases accumulates into macroscopic fractures 
or cracks at later stages. Overall, in addition to the damage mechanisms, several 
questions remain open, such as the possible interaction between creep and fatigue 
effects, particularly at higher moisture levels, which should be investigated in future 
studies. 
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Abstract High-Performance Concrete (HPC) is gaining attention due to its excep-

tional compressive strength and durability. Understanding its mechanical behaviour 

under high-cycle fatigue loading is crucial for designing long-lasting structures. This 

study examines how factors like loading frequency, moisture content, and temper-

ature affect the fatigue damage behaviour of HPC and Ultra-High-Performance 

Concrete (UHPC). Mechanical fatigue damage tests were conducted at different 

cyclic loading frequencies and upper stress levels to characterise strain evolution and 

its correlation with failure cycles. An evaluation method was developed to minimize 

variability in the relationship between failure cycles and applied load or temper-

ature variations. High-frequency fatigue testing (20–200 Hz) simulated dynamic 

cyclic loading conditions. By stopping fatigue tests before complete failure, concrete 

samples were collected at specific damage phases and analysed using micro X-ray 

computed tomography (µXRCT) and dynamic mechanical analysis (DMA). This 

µXRCT-DMA characterization provides insights into local damage processes and 

the evolution of mechanical properties. Results highlight that moisture significantly 

impacts failure cycles, strain development, and temperature changes. The DMA and 

µXRCT effectively characterise stiffness degradation, while high-frequency fatigue 

testing enhances understanding of concrete behaviour under different frequency 

loads. 
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1 Introduction 

The fatigue damage behaviour of complex building materials like concrete remains 

insufficiently understood. The heterogeneous microstructure and variations in mate-

rial composition make HPC and UHPC a subject of ongoing research [1]. Although 

considered in design methods and regulations, fatigue damage is not adequately 

represented in standards [2]. An overview of fatigue damage for different concretes 

is provided by Hsu [3]. Most experimental studies use force-controlled methods 

with different loading conditions. It is important to distinguish between compres-

sion, tension, and alternating loading. Fatigue-related damage in concrete is defined 

differently; Kim and Kim [4] associate it with strains, while Gao and Hsu [5]  use  

changes in stiffness. The exact damage processes remain under investig ation. 

Experimental analysis identified three phases [6, 7]. In phase I, no significant 

macroscopic crack growth occurs; damage is primarily due to local microstructural 

deformations and early microcracking in the cement paste. Phase II, which typically 

represents 80–90% of the total fatigue life, is characterised by progressive internal 

microcrack development, limited crack coalescence, and gradual surface damage 

accumulation [6]. Phase III (less than 10%) involves unstable crack growth leading to 

failure. Due to inhomogeneous initial conditions, strain distribution becomes uneven, 

accelerating damage. Stiffness reduction, often measured through sound wave propa-

gation speed, serves as an indicator of fatigue damage [6]. Fatigue crack development 

occurs at macro-, meso-, and micro-scales [7]. 

Classical fatigue tests for concrete have been performed at low frequencies (1– 

10 Hz) due to hydraulic equipment limitations [8]. Most research has been conducted 

up to 5 × 106 load cycles, although real-world structures endure much higher cycles. 

Even small force pulses at high frequencies can initiate and propagate cracks, leading 

to failure [9]. High-frequency fatigue testing offers benefits and challenges. The high-

power ultrasonic method, discussed by Bathias [10], mimics high deformation rates 

but requires considerable power and shows variable strain amplitudes. It shortens 

testing duration but involves complex design and resonance length changes with 

temperature. The electrodynamics shaker method, explored by Ghielmetti et al. [11], 

is cost-effective for testing up to 20 Hz but may face non-linear disturbances. The 

Single Gear-Tooth Bending Test Facility, examined by Stringer et al. [12], enables 

rapid cycle accumulation up to 1000 Hz but demands advanced equipment and 

high costs. Most studies focus on low to moderate frequencies, with high-frequency 

methods only recently explored. Research on UHPCs is limited, with Dong et al. 

[13] using a maximum frequency of 5 Hz. Current methods count cycles until failure 

without analyzing strain evolution [14]. Design principles in DIN EN 1991 [15] and 

fib Model Code 2010 [16] do not fully address frequency effects. Load frequencies 

between 1 and 10 Hz with stress levels So > 0.75 increase maximum cycle numbers, 

but for test frequencies above 10 Hz, the influence remains unclear. Each frequency 

fatigue method reduces test times and simulates real-world conditions but presents 

complexity challenges. These advancements highlight the benefits of high-frequency 

testing in improving accuracy under real-world loading.
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Environmental conditions during sample storage and testing are crucial for many 

structures. Hohberg [7] highlights the impact of moisture on fatigue failure cycles. 

Higher porosity concretes absorb more water, leading to greater variability in fatigue 

life. In contrast, denser concretes exhibit more consistent failure cycles. Despite 

the presence of water-filled pores, high-strength concrete generally demonstrates 

better resistance to cyclic loading due to its lower overall porosity and improved 

microstructural integrity. Scheydt [17] examined moisture-dependent fatigue damage 

in different concretes, revealing gel, microcapillary, and capillary pore distribu-

tion. High-strength concrete has fewer microcapillaries, with moisture movement 

primarily through gel pores, where effusion dominates over liquid transport. 

Heating due to increased loading speeds is another factor. Elsmeier et al. 

[18] observed significant temperature evolution during cyclic loading (1–10 Hz). 

Increased temperature raises pore water pressure, causing tensile stresses. This effect 

is particularly relevant for high-strength concrete with its less-permeable pore struc-

ture. It remains uncertain whether the resulting mechanical stresses from higher pore 

water pressure alter damage behaviour and premature failure. 

Recent advancements in micro X-ray computed tomography (µXRCT) have 

improved imaging for materials and geosciences. Bench-top µXRCT allows 

micrometre-resolution characterizations, while synchrotron-based µXRCT provides 

ultra-fast scanning with high photon fluxes [19]. X-ray transparent testing devices 

enable coupling hydro-chemo-mechanical experiments with X-ray tomography 

under “in-situ” stress and temperature conditions [20]. Despite these advancements, 

essential equipment for solid-state material testing, such as multi-axis devices and 

high-force testing (F > 10 kN) or high-test speeds ( f > 1 Hz), remains limited to few 

facilities. While µXRCT has examined microstructural changes in concrete [21], 

combining it with high-frequency fatigue testing is crucial for understanding crack 

initiation, propagation, and failure mechanisms. This integration offers insights into 

mechanical property changes, damping behaviour, and crack morphology. Current 

models do not fully address the influence of loading frequency on UHPC fatigue 

performance, highlighting the need to develop and validate new fatigue models for 

high-frequency dynamic loading. 

This chapter addresses knowledge gaps in HPC fatigue behaviour under varying 

frequencies, compressive loading, and environmental conditions. It aims to enhance 

concrete design for high-frequency dynamic loads, focusing on moisture content, 

test frequency, and temperature. Understanding the impact of these parameters on 

fatigue tests is significant important. Cyclic compressive loading tests combined 

with “in-situ” µXRCT will image crack formation under transient loading, revealing 

micrometer-wide cracks and their spatial spread. This links stiffness reduction 

(micro-crack formation) and dissipative effects (force–displacement phase shift) 

with moisture influence on effective stresses and load cycles. Correlating effective 

mechanical properties with changing morphology under changing environmental 

conditions remains a crucial first step.
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2 Materials and Methods 

In this research, various methods and experimental setups were developed to prepare, 

analyse, and test concrete. These methods are described in detail below. The HPCs 

and UHPCs used in this study are based on the reference mixtures from the Priority 

Programme SPP 2020 (see Sect. 2.1 “Concrete Composition” in the chapter by 

M. Basaldella et al., this volume) [21–23]. 

2.1 Sample Preparation and Application 

In order to investigate the influence of concrete moisture, temperature and load type 

on the fatigue behaviour, two different test series were analysed. For this purpose, 

the influence of the concrete boundary conditions was analysed at three different 

concrete moisture contents and temperatures that are generated by self-heating during 

the fatigue tests. In these tests, an uniaxial load at a constant loading frequency of 

10 Hz was applied (series 10 Hz). The influence of the spatial stress state on the 

concrete was investigated by additional uniaxial and triaxial tests (Series 2 Hz). 

For both series, a sinusoidal fatigue load of 2 Hz or 10 Hz was always applied in 

the longitudinal direction of the sample. In the triaxial tests, an additional constant 

confining pressure was applied to the surface of the concrete. Samples with two 

different concrete moisture contents were analysed. For both test series cylindrical 

samples with a diameter of 60 mm and a height of 180 mm were prepared. Three 

different storage conditions were used to study the influence of moisture. All samples 

were first stored underwater for 7 days. After day 7 the samples of Series UW-2, UW-

10 and D-2 remained underwater, while the samples of Series C-10 and D-10 were 

stored in a climate chamber with 20 °C and 65% relative humidity. Series D-2 and 

D-10 were dried in an oven at 105 °C after day 56. The exact storage conditions and 

the resulting concrete moisture can be found in Table 1. To determine the moisture 

content of the concrete, twin samples were dried in an oven at 105 °C for at least 

14 days. At the end of this drying period, no further mass loss could be detected 

within 24 h. Some of the chemically bound water can be expelled at 105 °C, so after 

14 days of drying no further time was spent in the oven. The amount of water was 

then calculated by weighing the samples before and after oven drying. A residual 

water quantity of 0.1% was assumed for dried samples. All samples were cut to 

length, and the top surfaces were ground plane parallel, polished at an age of 7– 

28 days. Immediately before testing, the curved surface areas of the cylinders were 

sealed with a water vapor diffusion-tight aluminium composite foil (profiTHERM) 

to prevent the concrete from drying out during the test.

Also, the test samples used for part of the high-frequency fatigue testing are 

designed based on the material properties of UHPC, which exhibits high strength 

and durability. Consequently, smaller samples with a diameter of 1/4 (6.35 mm) are 

investigated. This sample size also aligns with the limitations of the High Frequency
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Table 1 Storage conditions and concrete moisture of the HPC conditions 

Series Day 1 Day 1–7 Days 8–56 Days + 56 Before testing MC [m%] 

D-2 Strip the formwork UW UW 105 °C Wrap ~  0.  1  

D-1 20 °C/65% 105 °C ~  0.  1  

C-10 20 °C/65% 20 °C/65% 4.0 

UW-2 UW UW 5.2 

UW-10 UW UW 5.1 

UW—under water, D—dry, C—climate chamber, MC—moisture content

Fatigue Testing (HFFT) setup, making it possible to perform µXRCT imaging in 

parallel while achieving the highest voxel resolution. 

2.2 Test Setup and Experimental Programme 

For the uniaxial fatigue tests at 10 Hz, a servo-hydraulic testing machine (Schenck 

Hydropuls PC 400 N) with a maximum force of 400 kN was used (Setup 1, Fig. 1a). 

For the uniaxial and triaxial tests at 2 Hz, a 4-column test frame from “Form + 

Test Seidner & Co. GmbH”, designed for forces up to 1 MN, was used. This frame 

was fitted with a servo-hydraulic cylinder from Schenk with a maximum capacity 

of 630 kN (Setup 2, Fig. 1b). The only difference between the uniaxial and triaxial 

tests setup was the height of the load frame, which had to be raised for installation 

of the used triaxial test-cell. The installed triaxial test-cell (DBTA60-100-RT-Dyn 

from GL Test Systems GmbH) had a maximum operating pressure of 100 MPa 

at a maximum loading frequency of 5 Hz and a maximum operating temperature 

of 50 °C. The triaxial test-cell was kindly provided for the investigations by the 

Institute of Concrete Construction of the Leibniz University Hannover. Due to the 

large deformations of the test setup (up to ≈ 5 mm cylinder path) that occurred 

during the tests, only a test frequency of 2 Hz could be applied. An absolute pressure 

transducer from HBM type K-P3-MBP with a measuring range of up to 200 MPa was 

used to measure the confining pressure of the oil in the triaxial cell. The temperature 

at the centre of the surface samples, as well as the temperature of the test room and 

at two points in the triaxial cell (inside and outside), were measured using K-type 

thermocouples. To protect the sample from oil and to apply the confining pressure, 

the sample was wrapped in a protective rubber jacket. The installed instrumentation 

was approved for the high oil pressures. As the uniaxial load was limited to 630 kN, 

that refers to 250 MPa axial stress of the sample and the confining pressure has an 

influence on the compressive strength (Sect. 3.1), a confining pressure of 20 MPa was 

applied. The confining pressure was kept constant during the tests. The measurement 

technique and the triaxial cell that was used are shown in (Fig. 1c). To minimise 

unintended bending of the test sample due to imperfections in the plane-parallel top
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and bottom surfaces of the cylinders, a load transfer plate with a shell and a ball 

bearing was used for both setups. 

During the tests, the applied forces, the number of load cycles, the deformation of 

the sample and the temperature development were measured. The deformation was 

measured using three inductive displacement transducers WA 1–3 (Typ HBM K-WA-

U-010W) for the uniaxial setup. For the triaxial setup three Linear Variable Differen-

tial Transformer (internal LVDT of triaxial cell DBTA60-100-RT-Dyn) were used. 

In setup 1, 4 displacement transducers (WA1-) were installed because the load plate 

was not round but rectangular. The strain was calculated from the measured defor-

mations under the assumption of constant strain over the height of the sample. All

Fig. 1 a Test setup 1 fatigue test of Schenck PC 400 N, b 3D drawing of the experimental setup 2, 

c Triaxial cell used, measurement technology and internal installation of triaxial cell 
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Table 2 Overview of the test programme 

Series Storage 

condition 

Loading type So Su Test frequency 

(Hz) 

HPC-D-U-2 D Uniaxial 0.80/0.85 0.05 2 

HPC-UW-U-2 UW Uniaxial 0.75/0.80 0.05 2 

HPC-D-U-10 D Uniaxial 0.70/0.75/ 

0.80 

0.05 10 

HPC-C-U-10 C Uniaxial 0.55/0.60/ 

0.70/0.80 

0.05 10 

HPC-UW-U-10 UW Uniaxial 0.50/0.55/ 

0.60/0.70 

0.05 10 

HPC-D-T-2 D Triaxial 0.80/0.85 0.05 2 

HPC-UW-T-2 UW Triaxial 0.70/0.75/ 

0.80 

0.05 2 

UW—under water, D—dry, C—climate chamber

tests were carried out force controlled with a sinusoidal load at a constant frequency 

of 2 Hz or 10 Hz. The triaxial fatigue test setup allowed a maximum frequency of 

2 Hz. Uniaxial tests were therefore also carried out at 2 Hz so that they could subse-

quently be compared with each other. The normalised minimum longitudinal total 

stress was defined asSu = σu/f c,cyl = 0.05, and the normalised maximum longitudinal 

total stress So = σo/f c,cyl was varied according to Table 2. When varying the upper 

stress level, it was necessary to ensure that the influence applied to all stress levels. 

In this case, f c,cyl represents the static compressive strength (Table 3), while σo/σu 
represents the ratio of the upper to the lower stress. All test series were analysed with 

regard to the number of cycles to failure, strain and temperature development. Tests 

with > 2.75 million load cycles were treated as runouts. 

2.3 Dynamic Mechanical Analysis Setup 

In order to characterise the mechanical properties and to investigate and quantify 

changes of the morphology of the material, harmonic experiments at small strains, 

denoted as DMA tests, are performed. DMA tests are standard methods used to char-

acterise rate-dependent materials, such as viscoelastic materials. For brittle materials, 

DMA tests have been used in the past to characterise the morphology of porous and 

fluid-saturated porous rocks, like sedimentary sandstones. In contrast to rubber-like 

materials where tests have been performed in tension or torsion, DMA tests for rocks 

have been performed under compression [24]. 

Applying harmonic excitations, the overall viscoelastic response of the mate-

rial can be characterised by an in-phase and an out-of-phase part, respectively, cf. 

[25]. Therefore, in the frequency domain, the constitutive behaviour of viscoelastic
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Table 3 Compressive strengths of the different types of loading and storage conditions 

HPC 

variation 

HPC 

UW-U2 

HPC 

D-U2 

HPC 

UW-T2 

HPC 

D-T2 

HPC 

UW-U10 

HPC C-U10 HPC D-U10 

Storage 

condition 

UW D UW D UW C D 

Loading type UAX UAX TAX TAX UAX UAX UAX 

Confining 

pressure 

(MPa) 

0 0 20 20 0 0 0 

Static 

compressive 

strength 

( f c,cyl) 

(MPa) 

112.1 114.0 215.5 240.8 106.3–109.9 95.4–103.7 98.4–104.0 

Standard 

deviation 

(MPa) 

3.23 0.80 3.04 5.74 4.55–7.31 3.70–7.36 3.63–7.5 

UW—under water, D—dry, C—climate chamber, UAX—uniaxial, TAX—triaxial

materials can be described by complex effective material properties like a complex 

Young’s modulus (E* = E + iE ). The elastic part, represented by the real part of 

the complex modulus, is the storage modulus (E ). The imaginary part, is the loss 

modulus (E ). The loss factor (tan δ) arises from the phase shift (phase angle δ) 

between the applied stresses and the measured strains of the material. If the phase 

angle δ tends to zero, the material’s response is purely elastic; if the phase angle δ 

tends to π/2, the material’s response is purely viscous. For uniaxial compression or 

tension has been used following Eqs. (1–3): 

ε(t) = ε0 sin(ωt),  σ  (t) = σ0 sin(ωt + δE), (1) 

E = 
σ0 

ε0 
cos(δE), E = 

σ0 

ε0 
sin(δE) ⇒ E∗ = E + iE , (2) 

Q−1 
E = tan δE = 

E 

E 
. (3) 

Furthermore, Poisson’s ratio is directly obtained from the ratio of lateral strains 

(εq) to axial strains (εl). It can be calculated according to frequency as follows 

v = 
εq 

εI 
cos(δv), v = 

εq 

εI 
sin(δv) ⇒ v∗ = v + iv . (4) 

The complex Poisson’s ratio (ν*) consists again of a real part (ν ) and an imaginary 

part (ν ). The loss factor (Qν
−1 = tan δν) can be determined as
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Q−1 
v = tan δv = 

v 

v 
. (5) 

Figure 2 provides a schematic view of the DMA setup. Detailed descriptions of 

this setup and other DMA configurations under compression used e.g. in rock physics 

are available in references [26, 27]. A static preload is applied to the setup using a 

static universal testing machine (Schenk-Trebel RM 100), and a metallic stamp is 

utilized to apply a static preload to the sample attached to the actuator. Harmonic force 

excitations are generated by producing low-amplitude sinusoidal voltage signals (0– 

10 V) using arbitrary waveform generators (Agilent 33500B). These signals are 

then amplified by a high-voltage linear amplifier (Physik Instrumente E-482), with a 

maximum amplification factor of 100. The amplified continuous sinusoidal signal is 

transmitted to a high-voltage piezoelectric actuator (Physik Instrumente P-235.2 s), 

capable of displacements up to 40 µm. The displacement of the actuator typically 

affects the input voltage in a highly nonlinear manner. A piezoelectric force sensor 

(HBM CFW/50KN) with high frequency sensitivity is integrated to directly measure 

the force. This sensor is installed in line, allowing for force measurement either 

directly from the sensor or through the strain gauge of the (calibrated) aluminium 

sample, particularly when high frequencies reduce the accuracy of the load cell of 

the universal testing machine (UTM). The samples are positioned at the centre of 

the unit. Each sample is equipped with a strategically placed strain gauge (HBM K-

CXY3 T-Rosette) to transmit comprehensive strain responses throughout the testing 

process. Additionally, a PT-1000 temperature sensor is employed to monitor temper-

ature evolution. The displacement of the piezoelectric actuator, forces, strains, and 

temperatures are recorded by a high-speed transient recorder (HBM-HBK GEN2tB 

and GN1640B) through a MATLAB script.

2.4 High Frequency Fatigue Test Setup 

This section describes the setup of the high-frequency fatigue conducted using the 

HFFT method [26, 27], which builds on the DMA setup but is specifically adapted 

for fatigue testing at higher frequencies and amplitudes. While most components, 

such as the data acquisition system, sensors, and strain gauges, remain the same, the 

main differences lie in the actuator specifications and the loading conditions. Clas-

sical fatigue testing of concrete typically uses servo-hydraulic machines, limited to 

10 Hz due to hydraulic constraints. In contrast, piezoelectric actuators offer faster 

response and higher dynamic stiffness, though with lower displacement. These prop-

erties make them suitable for generating cyclic loads at much higher frequencies. 

To enable high-frequency fatigue testing of UHPCs, the setup uses a high-voltage 

actuator (“Physik Instrumente P-035.90P”) with displacements up to 180 µm and 

forces up to 30 kN. Sinusoidal signals are generated by the integrated “Physik Instru-

mente P-517” waveform generator and limited to 700 V for sustained operation. This 

allows frequencies between 20 and 200 Hz, well beyond DMA or hydraulic methods.
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Fig. 2 Schematic of a HFFT 

and DMA setup

Compared to the DMA setup, which uses a smaller actuator and up to 200 V excita-

tion, the HFFT setup is optimized for continuous cyclic loading. All other components 

are consistent with the DMA system. In summary, this configuration enables fatigue 

testing at higher frequencies with precise control. Care is taken to avoid resonance 

and manage actuator heating during extended tests.
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3 Results 

The results presented below detail the fatigue failure and characterization of mechan-

ical properties of HPCs and UHPCs samples under different loading conditions, 

temperatures, and moisture levels. The experimental fatigue data were analysed using 

various characterization methods, such as µXRCT and DMA. 

3.1 Static Compressive Strength 

Prior to each fatigue test series, three cylindrical samples were evaluated for every 

concrete batch to ascertain the average static compressive strength ( f c,cyl,mean). This 

data was then used to calculate the maximum and minimum normalised stress (So 
and Su), respectively. The resulting average compressive strength values and standard 

deviations for every concrete batch are presented in Table 3. The uniaxial static 

compressive strength for the dried (HPC-D-U-2) and wet concrete (HPC-UW-U-2) 

of series HPC-2 is almost identical at 114.0–112.1 MPa. For the uniaxial HPC-10 

series, results from two batches for every storage condition are shown. Therefore, 

two values for static compressive strength and standard deviation are given. The 

static compressive strengths of the concrete samples with different moisture content 

are relatively similar to each other and are about 3–10 MPa below the HPC-2 series. 

This shows no major influence of the concrete moisture for the uniaxial loading on 

the static compressive strength. This is slightly different when comparing the triaxial 

static compressive strengths of the dry and the wet stored batches. The compressive 

strength of the dried samples (HPC-D-T-2) is 11.7% higher than that of the wet 

concrete (HPC-UW-T-2), with a value of 240.8 MPa compared to 215.5 MPa. A 

comparison of the uniaxial and triaxial compressive strengths of series HPC-2 at the 

same moisture content shows an increase of 112.3% for the dried concrete and 92.2% 

for the wet concrete. This effect is related to the confining pressure of 20 MPa in 

case of the triaxial tests. The compressive strength doubles from uniaxial to triaxial 

loading. The standard deviation of the HPC-UW-2 series is similar for both load 

types (3.23 and 3.04 MPa). For the HPC-D-2 series, on the one hand the standard 

deviation is very low for the uniaxial tests (0.80 MPa) and on the other hand very 

high for the triaxial tests (5.74 MPa). For the HPC-10 series, the standard deviation 

is much wider and ranges from 3.63 to 7.50 MPa. 

3.2 Number of Cycles to Failure 

The results of each uniaxial fatigue test with a test frequency of 10 Hz are shown in 

Fig. 3a. The results of all uniaxial and triaxial fatigue test with a frequency of 2 Hz are 

shown  in  Fi  g.  4a. The number of cycles to failure has been plotted on a logarithmic
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scale against the normalised maximum stress So on a linear scale. The results are 

plotted in blue (HPC-UW), in green (HPC-C) and black (HPC-D) depending on the 

moisture content. The uniaxial test results are plotted using circle and rectangles 

symbols, for the triaxial test results stars are used. Due to the wide dispersion of the 

individual values the mean number of cycles to failure was calculated for each stress 

level of each test series in Figs. 3b and 4b. In addition, a linear regression function 

was determined to describe the fatigue behaviour using the function f = m × log(N) 

+ b for each of the test series. In addition to the trendlines, the S–N curve according 

to fib Model Code 2010 [16] has been included in both figures. It can be seen that 

the results with the climate chamber storage (HPC-C-U-10) are in accordance with 

the fib Model Code 2010 [21]. The trendlines of the moist concretes (-UW) have a 

lower fatigue resistance than predicted by the fib Model Code 2010, regardless of 

the test frequency. The fatigue resistance of the dried concrete (-D) is higher for both 

test frequencies than predicted by fib Model Code 2010. The results under uniaxial 

loading at 10 Hz (Fig. 3) indicate clearly that moisture has a significant influence 

on the number of cycles to failure. The concrete HPC-UW-U-10 stored under water 

with 5.1% moisture content achieves significantly lower numbers of cycles to failure 

than the HPC-C-U-10 stored in the climate chamber with 4.0% moisture content or 

the dried concrete HPC-D-U-10. At an upper stress level of So = 0.7, the HPC-C 

achieves mean numbers of cycles to failure about more than 10 times higher mean 

numbers of cycles to failure than the HPC-UW, and the HPC-D even 100 times higher 

than the HPC-UW. If the test results of the uniaxial and triaxial tests with 2 Hz are 

compared, it is obvious that the trendlines of the same humidity are parallel to each 

other (Fig. 4b). In both cases, the trendlines of the triaxial load (dotted) are slightly 

to the right of the trendlines of the uniaxial load. This indicates that regardless of the 

moisture content, the results of the triaxial loading lead to nearly the same number 

of cycles to failure if the applied load is related to the normalised stress So. It should 

be noted, that the total fatigue load had to be doubled in the triaxial tests due to the 

doubling of the static compressive strength as a result of the additional confining 

pressure of 20 MPa. The influence of concrete moisture on the number of cycles of 

failure is clearly visible as the comparison of the trendlines of dried concrete (HPC-

D) and wet concrete (HPC-UW) demonstrates. Both the comparison of the number 

of cycles of dry and wet concrete for uniaxial loads (blue and black rectangles) and 

triaxial loads (blue and black stars) show an increase in fatigue resistance at least by 

a factor of 10. Regardless of the type of loading, increasing moisture content in the 

concrete has a negative influence on the number of cycles to failure.

Whether the test frequency has an influence on the number of cycles in the range 

from 2 to 10 Hz is illustrated by the joint representation in Fig. 5. It is initially notice-

able that the results with different test frequencies and the same concrete moisture 

are in the same scatter range compared to the S–N Model Code curve [21]. This 

applies to the individual values in Fig. 5a and can also be assumed for the distance of 

the trendlines compared to the Model Code curve in Fig. 5b. The influence of the test 

frequency on the number of cycles below 10 Hz is therefore considered to be rather 

low, as also found in other work [21, 23]. The influence of moisture has been already 

described in Figs. 3 and 4. It is also clearly visible in this illustration and can be
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Fig. 3 a Number of cycles to failure of HPC-U-10, b Mean values of the number of cycles to 

failure and the corresponding trendlines of HPC-U-10 

Fig. 4 a Number of cycles to failure of HPC-U-2 and HPC-T-2, b Mean values of the number of 

cycles to failure and the corresponding trendlines of HPC-U-2 and HPC-T-2

regarded as overriding effect. The results of the wet samples (blue symbols) achieve 

significantly lower numbers of cycles at both 2 and 10 Hz than the dry samples (black 

symbols).

3.3 Strain Development as a Damage Indicator 

The strain development for concrete shows a characteristic S-shaped curve, which 

can be divided into three damage phases (Fig. 6a) depending on the applied stress 

state and the moisture content [28–30]. In general, strain development, i.e. stiffness 

decrease, is a very good indicator of damage [28]. In order to be able to better 

compare the different tests with each other, the gradient m of the strain in phase II 

was examined and compared (Eq. 6). For this purpose, the strain (∆εo) within 15%
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Fig. 5 a Number of cycles to failure of HPC-U-2 and HPC-U-10, b Mean values of the number of 

cycles to failure and the corresponding trendlines of HPC-U-2 and HPC-U-10

and 75% of the number of cycles to failure ( N ) was analysed. 

grad m(ε0.15−0.75 
o ) = ( 

0.15−0.75 
o 

N 0.15−0 .75 
) (6) 

The runout tests were not evaluated for this purpose. Figure 6b shows the gradients 

from Phase II together with the corresponding load cycles on a double logarithmic 

scale. It can be seen that the scatter range of the calculated gradient m is very small, 

although the tests results were very scattered in the plots used in Figs. 3, 4 and 5.  In  

addition, moisture content seemed to have an influence to a smaller extent. While the 

difference between the HPC-UW-U-10 and the HPC-C-U-10 was barely noticeable, 

the difference to the HPC-D-U-10 was clear. For the same number of cycles to failure, 

the increase in strain per cycle is less for dry concrete than for wet concrete.

Fig. 6 a Schematic strain development and division into three phases, b Gradient of strain in 

damage phase II and the associated trendlines of HPC-U-10 
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3.4 Secant Modulus Es as Damage Indicator 

On the basis of the strain curves at maximum and minimum stress, the modulus of 

elasticity can be determined as the secant modulus (Es)  (Eq  .  7). This curve can also 

be divided into three phases, see Fig. 7a. The development of stiffness in response to 

uniaxial and triaxial stress state and to both moisture contents at a top stress level of 

So = 0.8 is illustrated in Fig. 7a. For the uniaxially loaded sample, the curve of the 

wet concrete runs above the comparison curve of the dry concrete, for the triaxially 

loaded samples it is inverted. In both cases it can be seen, that the stiffness decreases 

∆Es = Es(n = nmax) − Es(n = 1) for wet samples is larger than that for the dried 

samples. It can be observed that the decrease of stiffness for the two tests conducted 

in the triaxial cell (dashed line) is more extensive (∆Es(D) = 11.1 GPa, ∆Es(UW) 

= 11.9 GPa) than for the uniaxial tests (∆Es(D) = 2.3 GPa, ∆Es (UW) = 4.0 GPa ). 

Es = ( 
σo − σu 

εo − εu 
) (7) 

This indicates that the stiffness drops at a much greater rate during the fatigue 

tests. Due to this effect and the well-known effect of large variation in the results of 

concrete fatigue tests, it is difficult to compare the individual tests with each other. 

Because the evaluation of the strain development in Sect. 3.3 was characterised by a 

low scattering, the gradient m of the secant modulus Es in phase II was investigated 

and compared. Therefore, the gradient m of the secant modulus Es was analysed 

within 15 and 75% of the number of cycles to failure, see Eq. 

|m(E0.15−0.75 
s )|  =  |( 

E0.15−0.75 
s 

N 0.15−0.75 
)| (8)

Fig. 7 a Secant modulus Es at stress level So = 0.8 and Su = 0.05 of HPC-U-2 and HPC-T-2, 

b Gradient of secant modulus Es in damage phase II and the associated trendlines of HPC-U-2 and 

HPC-T -2 
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Figure 7b shows the results of the gradients m(Es 
0.15–0.75) of Phase II on a double 

logarithmic scale together with the corresponding number of cycles to failure. It can 

be observed that the gradients m are for each test very close to the calculated trendline, 

although there is a large range in the achieved number of cycles to failure. The results 

show that all four trendlines are almost parallel to each other. A comparison of the 

different types of loading at the same moisture content shows that the trendlines 

of the triaxial loading (dotted) are located above the trendlines of the uniaxial tests 

within one moisture content. From this, it can be concluded that for the same number 

of cycles to failure, the decrease in stiffness per cycle in phase II is greater for triaxial 

loading than for uniaxial loading. Because the results of the dried samples (black) 

have smaller values of the gradient m(Es 
0.15–0.75) than the wet concrete (blue) for the 

same type of loading it can be assumed that dry concrete has a lower loss of stiffness 

per cycle than wet concrete. 

3.5 Temperature Development 

For all samples, the temperature was measured on the surface of the concrete cylinder 

at half of the height of the sample. All samples heated up due to the mechanical 

loading during the fatigue tests. This self-heating is assumed to be a result of the 

internal friction [31]. In [32] it was shown that the temperature evolution is similar 

to the evolution of strains and therefore can be considered as an alternative indi-

cator of damage evolution. It is also shown that moisture has a significant effect on 

the heating rate. It is obvious that temperature effects play a significant role in the 

damage processes in the material’s microstructure and therefore affect the number of 

cycles to failure [31, 33]. Figure 8a shows the temperature increase ∆T = T (nmax) − 

T (n = 0(in K)) plotted over the number of cycles to failure for series HPC-10. The 

effect of moisture content of the sample can be clearly seen. It can be seen that the 

higher the number of cycles to failure achieved, the higher the self-heating of the 

sample. Looking at the trendlines, the trendlines of HPC-UW-U-10 with 5.1% mois-

ture content and the trendline of HPC-C-U-10 with 4.0% moisture content match. 

The gradient of the trendlines is significantly larger than for the dried HPC-D-U-10 

concrete. Temperature increases of more than 30 K are achieved for the wet concrete, 

whereas the maximum temperature increase for the dried concrete is more than 15 K. 

For the HPC-2 series with uniaxial and triaxial loading (Fig. 8b) it can be seen that 

the temperature increases of the wet samples (blue) were higher than those of the dry 

samples (black) for both types of loading. It can be observed that the triaxially-loaded 

samples (stars) heated up significantly more than the uniaxially-loaded samples (rect-

angles). A direct comparison of the load types of the wet samples shows that the 

samples of the HPC-UW-U series heated up by a maximum of approximately 5 K. 

For the same number of load cycles, the temperature increased by more than 25 K 

under triaxial loading conditions, which is 5 times higher than under uniaxial loading 

conditions. Because the thermal conductivity of all components in the triaxial cell 

are significantly better than that of air, it is assumed that the triaxial stress state
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Fig. 8 Increase of the surface temperatures: a tests with a loading frequency of 10 Hz, b tests with 

a loading frequency of 2 Hz 

leads to a significantly higher temperature increase. The results also show that the 

triaxial stress state results in significantly higher temperature increases compared 

to uniaxial loading conditions. However, the temperature increase observed in the 

dried samples is only about three to four times higher, from about 4 K to about 

12–15 K. In general, samples with higher moisture content heated more than those 

with lower moisture content. In addition, the temperature increases were larger for 

triaxial loading scenarios than for uniaxial loading conditions. Temperatures gener-

ally increased with increasing number of cycles to failure. However, an exception 

to this was the case of the dried samples under triaxial loading where no significant 

increase was observed. 

3.6 DMA—Dynamic Mechanical Analysis 

In the following, the linear small-strain mechanical properties of HPC and UHPC are 

characterised in the frequency domain under different conditions, such as frequency-

dependency, static pre-loads, amplitudes, before and after fatigue damage. The exper-

imentally obtained results for Poisson’s ratio and Young’s modulus will be interpreted 

with an effective complex modulus and a loss factor (attenuation). The first test 

conducted using the DMA setup was to investigate the linear visco-elastic regime 

under harmonic (cyclic) loading. In Fig. 9, nine different amplitudes were applied, 

with each test series conducted at two different frequencies: 100 and 1000 Hz. The 

results show no significant change in Young’s modulus and Poisson’s ratio with 

increasing strain amplitude. A small change in Poisson’s ratio with varying ampli-

tude was observed, indicating that Poisson’s ratio remains approximately constant 

with increasing amplitudes. Investigating the effective visco-elastic properties at 

different amplitudes is important to determine a strain regime for the subsequent
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frequency-dependent. Technically, an excitation voltage of the piezoelectric actu-

ator was obtained from the performed amplitude-dependent. In this study, a (to-be 

amplified) voltage of 2.31 V was selected for the frequency-dependent. 

According to Fig. 10, for HPC material, the DMA results show a (normal) disper-

sive behaviour. Young’s modulus increases with higher frequencies. It is interesting 

to note that the effective properties are depending on the applied static pre-stress, 

i.e. Young’s modulus decreases with higher axial compressive stress. This is due to 

the non-linear behaviour observed already in the previously discussed stress–strain 

curves of HPC. In other words, as strain increases, the slope of the stress–strain 

curve reduces, which means that Young’s modulus, decreases as the pre-stress is 

increasing. Consequently, Young’s modulus is lower under higher uniaxial compres-

sive stress states. Additionally, between 400 and 600 Hz, disturbances caused by 

resonance are observed. In contrast to Young’s modulus, Poisson’s ratio shows a 

rather frequency-independent, i.e. non-dispersive behaviour. It should be noted that 

the dispersive behaviour of these mechanical quantities is independent from each 

other. Young’s modulus is a typical modulus while Poisson’s ratio, measured from 

two strain gauges mounted on the surface of the concrete sample, compares longi-

tudinal and transversal harmonic strains. Regarding intrinsic material’s attenuation 

captured by the loss factor, both, the phase angles of Young’s modulus and the one 

of Poisson’s ratio are small which is typical for less-attenuating materials like HPC 

or UHPC.

One of the main goals of this investigation was to simultaneously characterise 

changes in the mechanical properties and material behaviour during fatigue testing.

Fig. 9 Results of HPC based on amplitude-dependent: a1 absolute value of Young’s modulus and 

a2 Young’s modulus loss factor. Amplitude-dependent: b1 absolute value of Poisson’s ratio and b2 

Poisson’s ratio loss factor 
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Fig. 10 Results of HPC based on frequency-dependent: a1 absolute value of Young’s modulus and, 

a2 Young’s modulus loss factor. Frequency-dependent: b1 absolute value of Poisson’s ratio and, b2 

Poisson’s ratio loss factor

As (micro-)fractures develop after several loading cycles in a fatigue test, the mate-

rial’s effective behaviour also changes. DMA with its resolution of displacement 

amplitudes in the single micrometre regime is a very sensitive characterization tech-

nique which allows to measure such small changes of the inherent properties of the 

samples. Therefore, the obtained result could also be understood as the effective “fin-

gerprint” of the material. For instance, in Fig. 11, the results of the UHPC series 9, 

analysed using the DMA method, are presented for both the (virgin) reference state 

and phase 3 of fatigue damage. The results show that in the reference (virgin) state, 

the stiffness of the sample is approximately 47 GPa decreasing to 45 GPa in the third 

phase. The level of intrinsic attenuation, i.e. the related loss factor associated with 

these phases also differs. Poisson’s ratio remained nearly constant before and after the 

fatigue loading test. However, changes in Young’s modulus and damping coefficients 

can indicate alterations in the mechanical properties of concrete and the formation of 

microcracks. Specifically, Young’s modulus decreased by about 5%. Additionally, 

the trendline of the loss factor (attenuation) shifted in relation to Young’s modulus and 

Poisson’s ratio, with the peak of the loss factor (attenuation) curve moving to the left 

in both cases. A leftward shift in the peak suggests an increase in microcracks within 

the concrete sample. Overall, it can be concluded that the highly sensitive DMA 

method effectively identifies decreases in material’s stiffness, the development of 

microcracks, changes in material behaviour under various loads such as frequency-

dependent and pre-loads, and alterations in complex mechanical properties under 

fatigue tests.
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Fig. 11 Changes in the complex mechanical properties of UHPC in the virgin state and the third 

phase of the fatigue test based on: a1 frequency dependence of the absolute value of the complex 

Young’s modulus, a2 attenuation coefficient/loss factor of Young’s modulus, b1 absolute value of 

the complex Poisson’s ratio, and b2 attenuation coefficient/loss factor of Poisson’s ratio 

Next, the UHPC series 9, in the 3rd phase of fatigue, was scanned using µXRCT 

[34, 35] in two different states. In the first state, the samples were scanned in their 

original size, which consisted of disks with a diameter of 60 mm and a height of 

30 mm. As shown in Fig. 12, no microcracks were detected within the samples 

because the voxel size in this scanning mode was 25 µm, while microcracks exist 

on a micrometre scale. In the second state, cylindrical samples with a diameter of 

1/4 = 6.35 mm were randomly extracted from within the disks and scanned with 

a voxel size of 2 µm. According to Fig. 12, microcracks were visible in various 

layers of the µXRCT images. Microcracks are marked in red circles. However, 

these microcracks had not yet developed into a fatigue crack network. This explains 

the small reduction in stiffness, as the macrocracks, which are formed from the 

coalescence of microcracks, had not yet developed.

3.7 High Frequency Fatigue Results 

As results of the high frequency fatigue tests shows in Fig. 13a that the shear failure in 

HPC samples subjected to fatigue testing under loading frequencies ranging from 50 

to 200 Hz. In these HPC samples, the initial crack begins at the top side and propagates 

at an angle of 60°. Due to the brittle nature of the samples, most of the fatigue test 

duration is spent on forming the initial crack. Once the initial crack forms, the crack
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Fig. 12 Image of µXRCT scanning from two UHPC samples in two different scale

growth to complete failure of the sample occurs within a few seconds. Figure 13b 

presents results were arranged according to the number of cycles to failure relative 

to Smax. These results indicate that the number of cycles to failure decreases as the 

loading frequency increases. Consequently, with fewer cycles and higher loading 

frequencies, the time to failure is significantly reduced. At higher frequencies, the 

increased loading frequency allows less time for stress relaxation during individual 

loading cycles, causing cumulative stress effects on the sample. As a result, at lower 

frequencies, there is less residual stress per cycle, while at higher frequencies, the 

stress per cycle increases. The faster accumulation of stress at higher frequencies 

leads to failure in fewer cycles. In other words, as the loading frequency increases, 

the rate of energy input per unit time to the sample also increases. For instance, at a 

loading frequency of 20 Hz, the sample receives 44 J/s, while at 200 Hz, the energy 

rate increases to 450 J/s. This tenfold increase in the energy rate from 20 to 200 Hz 

corresponds to a reduction in the number of cycles to failure by approximately a 

factor of 10. Also, it was observed that as the frequency increases, the temperature
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of the sample also rises during the test. This temperature rise is another reason for 

reducing the loading frequency to delay failure, which aligns well with the findings 

of previous research [18]. Based on these results, the HFFT setup can be effectively 

used for conducting fatigue tests on concretes such as HPC and UHPC for high 

frequency. 

The results of the fatigue tests on UHPC samples from series 9, conducted at 

different test frequencies of 50 Hz and 100 Hz, are presented in Fig. 14.  During  

the fatigue tests, measurements of axial strain, lateral strain, and force were taken 

to assess stiffness reduction and changes in Poisson’s ratio. At a frequency loading 

of 100 Hz, the number of cycles to failure is approximately 140,000, whereas at 

a frequency of 50 Hz, it increases to around 350,000 cycles. The experiment at 

50 Hz took 115 min, while at 100 Hz, it lasted only about 23 min. For the UHPC 

samples, it was found that at a fatigue loading frequency of 50 Hz, the material’s 

behaviour was like that observed almost in classical fatigue tests, behaving as a brittle 

material. Fatigue cracks developed during the third phase, leading to sample failure, 

with properties declining uniformly over time. However, when the fatigue loading 

frequency reaches 100 Hz, the material’s behaviour changed. From the beginning, 

there were significant changes in both axial and lateral strains, causing a sharp reduc-

tion in stiffness right from the first phase of fatigue. This change does not indicate 

a shift from brittle to ductile behaviour; instead, it reflects a change in how micro-

cracks open. At higher frequencies, as microcracks open, their tips are subjected to 

high-frequency loading, which prevents stress relief through relaxation, leading to 

continuous stress increase at the crack tips compared to lower frequencies. Also, the 

rate of crack growth and reduction in mechanical stiffness is affected by changes in 

the test temperature. At a loading frequency of 50 Hz, the sample’s average (surface) 

temperature reaches around 40 °C. In contrast, at a loading frequency of 100 Hz, 

the average temperature of the sample during the fatigue test reaches approximately

Fig. 13 a Final fatigue failure images and b number of cycles to fatigue failure for HPC samples 

under different loading frequencies (from [27], licensed under CC-BY 4.0) 
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Fig. 14 Evolution of axial, lateral strains, Young’s modulus, and Poisson’s ratio in UHPC at high(er) 

loading frequencies of 50 and 100 Hz 

50 °C. This higher temperature accelerates the failure of the sample. Another observa-

tion concerns changes in Poisson’s ratio. At a loading frequency of 50 Hz, Poisson’s 

ratio increases during the fatigue process and decreases just before final failure. This 

is because the axial strain remains relatively constant throughout the test but increases 

near failure, while the lateral strain increases steadily. However, at a frequency of 

100 Hz, Poisson’s ratio behaves differently: it decreases at the start of the test and 

then increases near failure. This occurs because the axial strain increases during the 

fatigue test. 

Overall, increasing the fatigue loading frequency, coupled with an increase in the 

samples’ surface temperature and a reduced relaxation time per cycle, leads to higher 

stress accumulation around microcracks. This significantly reduces the number of 

cycles needed to reach failure in the sample. 

4 Summary and Conclusion 

Based on results obtained from classical compression fatigue tests on concrete 

cylinder samples with a diameter of d = 60 mm, the influence of concrete mois-

ture on the fatigue damage behaviour has been investigated at different frequencies 

and loading scenarios. The investigated HPC was subjected to uniaxial loading at 2 

and 10 Hz, compared to triaxial loading at 2 Hz and a confining pressure of Pc = 

20 MPa. In addition, for reasons of material characterisation, small-format samples
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were examined using various experimental methods. For this purpose, the effective-

ness of DMA and high-frequency fatigue testing setups in characterizing the mechan-

ical behaviour of HPC and UHPC under various loading conditions and during fatigue 

testing has been studied. The results provided important insights into how loading 

frequency affects material stiffness and the formation of microcracks, suggesting that 

mechanical properties can change depending on the frequency. Additionally, a high-

frequency fatigue testing, allowing fatigue tests to be conducted at frequencies much 

higher than the classical range of 1–10 Hz, extending up to 1000 Hz, and providing 

significant enhancements. Since the DMA method is non-destructive and operates 

within a small strain regime, it can be ideally combined with imaging techniques like 

µXRCT to monitor morphological changes during fatigue tests. To summarize, the 

following outcomes were observed: 

• Concrete moisture has a significant effect on the fatigue resistance of concrete. 

Depending on the concrete moisture, the number of cycles to failure can be up to 

100 times lower than for dry concrete at the same loading condition. 
• At a test frequency of 10 Hz, dried concrete achieves higher numbers of cycles 

to failure as pronounced by the S–N curve of the fib Model Code 2010 Concrete 

stored under water achieves lower numbers of cycles to failure. Concrete stored 

in a climate-controlled environment (20 °C, 65% RH) achieves the pronounced 

values. 
• A confining pressure of Pc = 20 MPa has a positive effect on the number of cycles 

to failure of dried concrete. For wet concrete, the number of cycles to failure under 

triaxial loading increased only slightly . 
• It appears that the damaging effect of concrete moisture is a decisive influencing 

parameter for fatigue damage. The test frequency in the range of 2–10 Hz has no 

or only a very small influence on the fatigue damage in relation to the effect of 

concrete moisture. 
• The increase in strain per cycle in damage phase II is less for dried concrete than 

for wet concrete. 
• The loss of stiffness per cycle in phase II is more pronounced for triaxial stress 

states than for uniaxial stress states. 
• The HPC samples heat up considerably due to the mechanical loading during the 

fatigue tests. The wet HPC samples heat up more than the dried samples. 
• Microcracks inside concrete test samples were successfully detected using high-

resolution µXRCT. Fatigue microcracks were monitored by comparing µXRCT 

data with (small) d = 1/4 sample sizes adjusted to achieve the highest voxel 

resolution for observing the initiation of m icrocracks. 
• A high sensitivity visco-elastic characterization of the material’s damage state was 

achieved using the small-strain DMA method. It was shown that damage could be 

clearly detected in the measured values of Young’s modulus through frequency 

sweeps.
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• Young’s modulus and Poisson’s ratio were determined through DMA characteri-

zation during fatigue testing. The sequence of changes in mechanical properties 

from the start to the end of fatigue could serve as an indicator for detecting damage 

and eventual failure in materials. 
• It was found that in HFFT, as the frequency of fatigue loading increases, the 

number of cycles until failure decreases. This is due to the rising temperature of 

the sample and the subsequent accumulation of stress resulting from the decreased 

relaxation time. A significant and linear reduction in stiffness was observed during 

the third phase of fatigue, especially at low frequencies. At higher frequencies, the 

reduction in stiffness was noted to become more pronounced at the initial stage 

of fatigue. 

Associated data is published via the link: https://doi.org/10.18419/DARUS-4458. 
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Abstract This chapter presents results from investigations of the effect of steel 
and carbon microfibres on the degradation and fatigue of high-performance fibre-
reinforced concrete (HPFRC) under monotonic and cyclic loading using experi-
mental and numerical approaches. The experiments included investigations across 
multiple scales, from individual fibres to beams under various loading conditions. 
The addition of microfibre reinforcement has a nonnegligible effect on crack resis-
tance and fatigue life, leading to smaller microcrack widths, limiting the absolute 
values of measured strain, and showing more ductility in phase 3 in the S–N diagram. 
However, the impact of fibres on the overall concrete lifetime remains inconclusive. 
Complementing the experimental work, a computational framework was developed 
to study the mesoscale behaviour of fibre-reinforced concrete in high fidelity. The 
framework was utilized to conduct CT-image-based numerical simulations of fibre-
reinforced concrete specimens, realistically capturing crack initiation mechanisms 
and damage development under compressive loading. It also facilitated the explo-
ration of the influence of different fibre orientation cases on the residual strength 
and unloading/reloading behaviour in fibre-reinforced concrete subjected to cyclic 
tensile loading. By combining experiments with numerical modelling, this research 
provides new insights into the influence of microfibres on the behaviour of HPC 
under monotonic as well as cyclic loading. 
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1 Introduction 

Even minor external mechanical influences can lead to local stresses and, conse-
quently, changes in the microstructure of concrete due to its inhomogeneity. This is 
particularly relevant in the case of cyclic loading. Structural changes in the form of 
microcracks occur even at stresses that are significantly below the static strength of 
the concrete. As the number of load cycles increases, microcracks and the associated 
degradation of the microstructure also increase, which can lead to premature failure 
during cyclic loading [1]. 

Degradation of concrete is associated with microcrack initiation and microcrack 
growth within the concrete matrix. Crack coalescence and widening leads to progres-
sive microcracking and eventually macrocracks, which are critical to the failure 
process. This involves a growing microcrack that forms in the interfacial transition 
zone (ITZ) [2]. According to [3], there exist two hypotheses regarding crack devel-
opment under cyclic compressive loading. One hypothesis suggests that there is a 
failure of the bond between the aggregate and the cement paste matrix, leading to 
crack formation. The second hypothesis posits that pre-existing microcracks and 
their growth due to cyclic loading are responsible for fatigue failure. 

The extent to which microfibres affect the microstructure and fatigue behaviour of 
high-performance concrete is still insufficiently understood. On one hand, fibres are 
attributed with a crack-bridging effect, while on the other hand, they are supposed to 
have a crack-initiating effect within the concrete matrix [4]. Conflicting evidence also 
exists regarding macro steel fibres: some studies report no improvement in fatigue 
resistance [5, 6], while others demonstrate improved fatigue behaviour [7, 8]  or  even  
reduced resistance under cyclic compressive loading [4]. The majority of research 
has focused on steel fibre-reinforced concretes in cyclic flexural and tensile tests, 
showing that fibre effects depend on factors such as fibre geometry, which influences 
load transfer and crack bridging [9–12]. For instance, microfibres are effective in 
controlling microcracks, while longer fibres are suitable for macrocrack control. 
Additionally, using other types of microfibres, such as carbon fibres, can enhance 
crack resistance, fatigue life, and energy absorption [13, 14]. 

While experimental studies have provided valuable insights into the fatigue 
behaviour of fibre-reinforced concretes, computational modelling has emerged as 
a powerful tool to complement these findings. Computational models, such as 
finite element analysis (FEA) and discrete element methods (DEM), can simu-
late the complex microstructural behaviour of concrete under monotonic and cyclic 
loading. In recent decades, substantial progress has been made in the numerical 
modelling of concrete fracture, with continuum damage models effectively capturing 
homogenized behaviour across various loading conditions [15–20]. 

However, accurately modelling concrete behaviour under load, characterized by 
numerous cracks and intricate interactions between microstructural components 
like fibres, aggregates, and the cement matrix, remains a significant challenge. To 
address these complexities, more detailed mesoscale models that explicitly simulate 
microstructure and crack development, though computationally demanding, provide
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valuable insights into fracture mechanics and the influence of fibre reinforcement 
[21–28]. 

This study presents a combined experimental and numerical investigation of high-
performance fibre-reinforced concrete under various cyclic loading conditions. The 
experimental work systematically examines the impact of different fibre types and 
contents on concrete behaviour, supported by sophisticated computational models 
that explicitly resolve the fibre-reinforced concrete mesostructure. In the scope of 
this work, an effort was made to establish a virtual lab that allows for the integration 
of experimental data, such as concrete mesostructure obtained from CT-images, 
into the simulation environment. In this way, added value can be extracted from 
simulations that would be hard or impossible to obtain otherwise. The virtual lab 
enhances the accessibility and relevance of numerical simulations by grounding them 
in experimental data. The capabilities of the developed virtual lab were demonstrated 
by means of participation in numerical benchmarks organized within the Priority 
Programme SPP 2020, as well as in conducting numerical simulations of a number 
of experiments presented in this chapter. This research aims to provide a deeper 
understanding of the mechanisms driving the cracking and fatigue in fibre-reinforced 
concrete. 

2 Materials 

The investigations were carried out on high-performance concrete with and without 
microfibres, see Fig. 1. The reference high-performance concrete HPC (RH1) was 
utilized, as detailed in Sect. 2.1 “Concrete Composition” in the chapter by M. 
Basaldella et al., this volume. The compositions are labelled as follows: high-
performance concrete HPC-08 equals HPC (RH1), with steel fibres HPC-08-SF, 
with carbon fibres HPC-08-C. The number indicate the maximum grain size in the 
composition. The fibre content for the HPC-08-SF was 1 percent by volume and 
for the HPC-08-C 0.5 percent by volume. The content of superplasticizer and stabi-
lizer was retained for the HPC-08-SF. For HPC-08-C, the content was increased 
to improve the workability of the fresh concrete. The fibre properties are shown in 
Table 1.

The mean compressive strengths of the tested specimens were approximately 
110 MPa for HPC-08 and -SF. The compressive strength of HPC-08-C was slightly 
lower at 100 MPa. The centric tensile strength was 6.4 ± 0.5 MPa for the HPC-08 and 
5.8 ± 0.5 MPa for the HPC-08-SF. For the HPC-08 the flexural strength was 4.0 MPa, 
for the HPC-08-SF: 5.0 MPa and the HPC-08-C: 4.4 MPa as mean values. The lower 
flexural strength resulted from different storage conditions of the beams. The storage 
conditions are described in the experiment sections. The reference strengths for the 
cyclic tests were always determined on specimens with the same dimensions and 
boundary conditions as for the fatigue tests.

In addition to the influence of microfibres on fatigue behaviour and material degra-
dation of high-performance concrete, investigations into the influence and presence
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Fig. 1 a Steel fibres, and b carbon fibres (Reproduced from the 20th fib Symposium Proceedings – 
ReConStruct - Resilient Concrete Structures, held in Christchurch from 11–13 November 2024, 
article “Influence of different microfibers on the flexural fatigue characteristics of high-strength 
concrete” page 225—“Fig. 2: steel fibers (left) and carbon fibers (right)” with permission from the 
International Federation for Structural Concrete (fib) [29]) 

Table 1 Properties of the microfibres 

Strength Length Ø Density 

(MPa) (mm) (mm) (kg/dm3) 

Steel (Dramix OL 6/0.16, Bekaert) 2600 6 0.16 7.85 

Carbon (C C6-4.0/240-G100, Sigrafil) 4000 6 0.007 1.80

of aggregate on fatigue behaviour and material degradation were carried out as part 
of the research project. For this purpose, the reference composition was scaled down 
to a high-strength mortar (designated HPC-02) and a hardened cement paste (HPC-
00) by gradually eliminating the aggregate. The results obtained are not part of this 
book chapter but are presented in detail in the PhD thesis of Schäfer [30]. 

3 Computational Modelling of Cracking Behaviour 

in Fibre-Reinforced Concrete 

In this research, a computational model was developed to explicitly resolve the 
mesostructure of fibre-reinforced concrete. A comprehensive exposition of the 
modelling equations and discretization strategies is provided in [22, 31–34], while 
a brief summary is given here. The central component of the computational model 
is a penalty-based zero-thickness interface element with a cohesive-frictional trac-
tion–separation model, accounting for frictional sliding between crack surfaces and 
progressive crack closure. The key kinematic factor driving crack development is the 
crack opening (separation) u , calculated at each integration point of the interface 
element.
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Fig. 2 Components of the cohesive-frictional discrete fracture model including, a residual strength 
evolution, b friction law, c strength envelope, and d components of the partial crack closure model 
(conceptualization, elementary hysteresis, and dependence of closure stress to crack opening) (from 
[31], licensed under CC-BY 4.0) 

Figure 2 illustrates the model’s key components and their dependencies on 
internal variables: a cohesive softening relation for material strength degradation 
during cracking, a frictional law for sliding of crack faces under compression, and a 
cohesive-frictional strength envelope that defines mixed-mode cracking behaviour. 
The final component, a sub-model for imperfect crack closure, models frictional 
sliding between “rough” asperities, essential for capturing the hysteretic cycles 
during cyclic loading. It should be noted that compression failure is not directly 
modelled but results from a combination of tensile and shear cracking. The model’s 
capability to capture compression failure using fundamental assumptions of fracture 
mechanics provides valuable insights into complex fracture processes. 

In Fig. 2, Kc denotes the penalty stiffness, β = fs/ ft is the ratio of shear to tensile 
strength, κ = GF,II/GF ,I is the ratio of mode II to mode I fracture energy, dc(αc) is 
the damage parameter which depends on the maximal experience crack opening αc, 
u

π 
is the crack slip due to asperity sliding in the normal direction, and tπ is the 

crack closure stress. 
In the model, fibres are discretely represented as lines using elastoplastic Timo-

shenko beam elements following J2 plasticity model. The fibres are coupled to the 
finite element mesh representing the cement/mortar matrix through a specially devel-
oped coupling strategy. Figure 3 provides a visual representation of the Timoshenko 
beam element, fibre discretization strategy, and the bond-slip law governing the fibre-
matrix debonding process. The penalty-based bond-slip relation, adapted from [35], 
describes the progressive degradation of the fibre-matrix bond. It is characterized by 
six parameters: τf, τmax, s1, s2, s3, as well as the friction coefficient µ. The bond-slip 
relation is pressure-sensitive, accounting for the pressure p exerted by the fibre on
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Fig. 3 Discrete fibre and bond models: a representation of a fibre element, b illustration of the 
finite element discretization of fibre and matrix mesh, c bond-slip relation (from [31], licensed 
under CC-BY 4.0) 

Fig. 4 Finite elements used for modeling a bulk material, b cracks, and c fibre-matrix bonds (from 
[31], licensed under CC-BY 4.0) 

the matrix during crack bridging, which occurs as the fibre bends significantly during 
pullout (snubbing action). 

Figure 4 summarizes the finite elements used in the computational strategy 
described above to discretize the bulk material, cracks, and fibre-matrix bond 
domains. 

4 Experimental and Numerical Investigations 

This section describes the experimental and numerical investigations conducted in 
the scope of this research. The investigations encompass a wide range of scales 
and loading conditions, providing valuable insights into constitutive behaviour of 
high-performance fibre-reinforced concrete.
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4.1 Fibre Pullout Tests 

First, experimental and numerical fibre pullout tests aimed at characterizing the 
behaviour of fibres as individual components within the complex microstructure of 
fibre-reinforced concretes and mortars are presented. These tests provide means for 
calibration and validation of the developed computational model of discrete fibres, 
which will be used in subsequent numerical simulations at the specimen scale. 

4.1.1 Pullout of Single Inclined Fibre 

The single fibre pullout experiments with an inclination of 45° performed by [36], 
serve to characterize the bond-slip behaviour of fibres used in the HPC-08-SF 
mixture, utilized in experiments on the specimen scale presented in Sect. 4.2 and 
4.3 of this chapter. Since the Dramix OL 6/0.16 fibre used in the concrete mix was 
too short for pullout tests, it was decided to use a single long fibre with the same 
diameter and properties in the pullout tests. 

Test Setup and Material Properties Fig. 5 shows the test setup with dimensions 
and the test rig. During specimen preparation, fibre ends were fixed in the formwork 
that was used to cast two mortar blocks with dimensions 20 × 10 × 8  mm3,  60  mm  
apart. The fibre embedment lengths were 8 mm on both sides.

The steel fibres properties used in the numerical simulation in this section are 
provided in Table 1, while the mortar-steel fibre bond properties identified by 
performing fibre pullout simulation are listed in Table 2.

Fig. 5 Inclined fibre pullout test: a test setup with dimensions, b photo of the testing rig (Repro-
duced from the 16th fib Symposium Proceedings – Concrete Innovations in Materials, Design and 
Structures, held in Krakow from 27–29 May 2019, article “Pull-Out tests of carbon and high-strength 
steel microfibres in a cement-based matrix” page 1882—“Fig. 5: Test set-up for pull-out tests, left: 
for carbon fibre, middle and right: for steel fibre” with permission from the International Federation 
for Structural Concrete (fib) [36]), c comparison of experimental and numerical force–displacement 
curves 
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Table 2 Mortar-steel fibre 
bond parameters used in 
analysis of the inclined fibre 
pullout tests 

Property Unit Mortar-steel fibre bond 

τmax (MPa) 10.0 

τf (MPa) 7.0 

s1 (mm) 0.8 

s2 (mm) 5.0 

s3 (mm) 7.5 

µ (–) 0.6 

Remark The fibre and bond properties determined in this calibration test are used 
in numerical simulations presented in Sects. 4.2 and 4.3. 

Experimental and Numerical Pullout Results The experimental and simulated 
load–displacement response of the inclined fibre pullout test is presented in Fig. 5c. 
As mentioned, the simulation performed in this section serves as a calibration test 
to identify the bond parameters. Optimally, the bond parameter calibration should 
be performed on the pullout tests with 0° inclination and the validation on inclined 
pullout tests. However, using the 0° inclination results was not possible since the 
scatter was too high, and many tests failed very early and at extremely low pullout 
loads. 

4.1.2 Pullout of Group of Fibres 

The numerical analyses of fibre group pullouts performed in this section are a part of 
the numerical benchmark II organized within the Priority Programme SPP 2020 
described in the chapter by J. Storm et al., this volume. In this subsection, the 
fibre scale is studied, and the model performance on ultra-high-performance fibre-
reinforced concrete (UHPFRC) beams subjected to three-point cyclic bending is 
presented in Sect. 3.1 “Discrete Approach for Simulating Fracture in UHPFRC” in 
the chapter by J. Storm et al., this volume. 

Test Setup and Material Properties This subsection briefly summarizes the setup 
and material properties used in fibre group pullout tests studied in this subsection. 
Two sets of fibre group pullout experiments under inclinations of 0° and 45° to the 
free surface were performed in the experimental campaign. Figure 6a illustrates the 
pullout test setup with 0° inclination, and the 45° inclination was set analogously. 
More details on the material and test setup can be found in [37, 38] and in the chapter 
by J.-P. Lanwer et al., this volume, and on numerical modelling in [31].

The elastoplastic material behaviour of steel fibres was characterized by uniaxial 
tension tests performed by [37], and they determined that some material properties 
differ significantly from those reported by fibre producers (see [37] for more details). 
The numerical simulation of a single fibre’s uniaxial tensile behaviour was performed
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Fig. 6 a Fibre group pullout setup according to [37]. b Virtual material characterization: Fibre 
subjected to uniaxial tension. Experimental data from [38]

Table 3 Mortar-steel fibre 
bond properties used in 
analyses of the fibre group 
pullout tests 

Property Unit Mortar-steel fibre bond 

τmax (MPa) 9.0 

τf (MPa) 7.0 

s1 (mm) 0.7 

s2 (mm) 4.8 

s3 (mm) 6.0 

µ (–) 0.4 

to characterize the material behaviour virtually and calibrate fibre material properties. 
The obtained results are presented in Fig. 6b. 

The mortar-steel fibre bond parameter calibration is performed on fibre pullout 
tests with 0° inclination, and the identified bond parameters are listed in Table 3. 

Numerical Simulations The simulations performed in this section serve primarily 
as calibration for the structural cyclic three-point beam bending simulations with 
explicitly modelled fibres performed in the chapter by J. Storm et al., this volume. 
The results shown in Fig. 7 demonstrate that the numerical model can capture the 
experimental behaviour well and replicate the main characteristics of the pullout 
behaviour.

4.2 Cyclic Tensile Fatigue Tests and Crack Opening Tests 

Test Setup The cyclic tensile tests were carried out on prismatic (40× 40× 160 mm3) 
specimens with two notches (5 mm in width, 10 mm in depth) cut in the middle of
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Fig. 7 Comparison between experimentally and numerically obtained pullout force–displacement 
responses: a 0°, and b 45° inclination. The force shown on the ordinate of the diagram is an average 
value carried by a single fibre

the specimens. The notches, introduced on two sides, define the weakest section, 
subsequently the breaking point. The cyclic tensile tests were carried out in a servo-
hydraulic 100 kN tensile testing machine. 

Method In force-controlled fatigue tests, the test specimens were subjected to tensile 
stresses according to sinusoidal load functions with Smax = 0.70 and Smin = 0.35. 
The cyclic tests were stopped after reaching 100,000 cycles. The displacement in 
the static tensile tests was measured by a clip-on-gage, whereas in the cyclic tensile 
tests, the displacements in the predefined breaking points (area of the notch) were 
measured using strain gauges with a length of 20 mm, see Fig. 8a.

To investigate crack closing and re-opening mechanisms, crack opening tests 
were conducted using notched prismatic specimens of the same dimensions as those 
in static and cyclic tests. Displacement transducers the plunger version were used 
to measure strain. The specimen was subjected to monotonic tensile loading until 
the first crack appeared, then unloaded to 10% of tensile strength to measure the 
deformation difference (∆l). Displacement was applied at the specimen’s top end 
until the deformation at the notch reached ∆l, followed by unloading to 10% of tensile 
strength. This process of crack opening and controlled loading continued until a crack 
width of CMOD + 10∆l was reached, with subsequent force-controlled unloading, 
see Fig. 8b  [34]. 

Microscopic Investigations After N = 0, 1, 100, 1000 and 100,000 load cycles, one 
test specimen was chosen, from which the partial samples for microscopic examina-
tions (amount, length, width, and position of the microcracks) were prepared as thick 
sections, see Fig. 8c. On these thick sections an examination field of 35 × 35 mm2 

was plotted. The thick sections were prepared after the specimens were subjected to 
load cycles, so it was possible to inspect the crack evolution [34]. 

Experimental Programme The cyclic tensile tests were carried out on the HPC-08 
and HPC-08-SF in force-controlled fatigue tests with sinusoidal load functions. The
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Fig. 8 a Test setup including the specimen (1), the two adhered test stamps (2), the lower/upper 
clamping in the machine (3), the clip-on-gage (4), strain gauge (5) and displacement transducer in 
plunger version (6), b Loading protocol used for tensile crack opening tests. c Preparation of thick 
sections (from [34], licensed under CC-BY 4.0)

crack opening tests were only conducted on the HPC-08-SF. For further information 
on experiments see also [34]. Above-described investigations also included additional 
cyclic tensile tests on the HPC-02 and HPC-00, which are described detailed in [39]. 

4.2.1 Experimental Analyses of Cyclic Tensile Fatigue Tests 

Strains Fig. 9 shows exemplarily a comparison of the developments of strain at Smax 

= 0.70 and Smin = 0.35 for HPC-08 and HPC-08-SF. The strain of the HPC-08-SF 
grows only marginally in phase I and no noticeable increase in strain can be seen in 
phase II in comparison to the HPC-08. Due to the limited numbers of load cycles in 
the tests, phase III was not reached.

Microscopic Investigations The microscopic analyses showed that the number of 
cracks increased continuously with increasing number of cycles, see [34]. Most 
microcracks initiated in the interfacial transition zone (ITZ) in both HPC-08 and 
HPC-08-SF. In the case of HPC-08 wider and longer cracks and, thus, a larger total 
crack area was found. In HPC-08-SF, more cracks were found, but these cracks 
were smaller and shorter, i.e., more finely distributed. Thus, the total crack area was 
smaller than in case of the HPC-08. It is assumed that the bridging effect between 
the crack faces of the micro steel fibres leads to a finer distribution of microcracks 
under cyclic loading [34].
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Fig. 9 Strain development at Smin and Smax of a HPC-08 and b HPC-08-SF (from [34], licensed 
under CC-BY 4.0)

4.2.2 Experimental and Numerical Analyses of Cyclic Crack-Opening 

Tests 

This section utilizes the experimental virtual lab to investigate the mechanical 
behaviour of HPC-08-SF specimens under cyclic tensile loading. In addition to 
actual experiments, virtual experiments with different fibre orientation realizations 
that could stem from various casting procedures are studied. The fibre orientations 
are systematically varied to produce virtual experiments to investigate the effects 
of fibre orientation on post-peak ductility, and the unloading/reloading behaviour of 
notched prismatic specimens. The actual fibre orientation in the tested specimens is 
unknown. 

Material Properties and Fibre Orientation Samples In numerical simulations, the 
concrete mesostructure, comprising aggregates, pores, and the mortar matrix, is not 
explicitly resolved due to the computational demands of high-resolution simulations 
on specimens of this size. However, fibres are explicitly resolved to consider the 
effects of different fibre orientations. The material properties of HPC-08 used in the 
simulation are listed in Table 4. Concrete properties not determined experimentally 
were adopted according to literature recommendations (see [31]).

The fibre and bond properties were previously determined through single fibre 
pullout tests presented in Sect. 4.1 and are listed in Tables 1 and 2, respectively. 

In this study, four distinct simulations of the notched prismatic specimen were 
performed, each containing fibres sampled according to a different synthetically 
generated orientation distribution. The selected fibre orientation distributions are 
defined through second-order orientation tensors a (see [41, 42]). An orientation 
tensor is a compact tensorial representation of the fibre orientation function, which 
can be easily visualized using ellipsoidal surfaces. It is possible to reconstruct the 
entire fibre orientation function utilizing the procedure described in [31, 43] and 
use it to generate fibre samples with various orientations. The investigated cases 
are shown in Fig. 10, where the left column contains stereographic projections of 
the fibre orientations plotted on a unit hemisphere, the middle column shows the
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Table 4 Concrete (HPC-08) properties used in numerical simulation 

Property Unit Value 

Young’s modulus (E) (MPa) 43,224.4a 

Poisson’s ratio (ν) (–) 0.21a 

Tensile strength ( f t) (MPa) 5.9a 

Shear strength ( f s = βf t) (MPa) 20.6 

Fracture energy (GF) ( Nmm 
mm2 ) 0.133b 

Fracture energy mode II (GF,II = κGF) ( Nmm 
mm2 ) 1.33 

Friction coefficient (µ) (–) 0.7 

Reference closure stress (tπ,ref) (MPa) − 5.9 

Reference crack opening (uπ,ref) (μm) 6.0 

a Experimentally determined 
b Estimated according to CEB-FIP Model Code 90 [40]

ellipsoidal representation of the orientation tensors, and the right column shows the 
actual discrete fibre realizations within the bounding box before the placement of 
fibres into the finite element model.

Experimental and Numerical Results Fig. 11 presents calculated responses of the 
notched prism specimens with four fibre orientation cases described above. On the 
left side of Fig. 11 are the experimentally measured and numerically calculated load– 
displacement curves, and on the right side are the snapshots of the fibres bridging 
the crack surface (in dark grey) at an opening of 0.1 mm, where the crack-bridging 
action of the fibres is the primary contributor to the residual strength of the HPC-08-
SF specimen. Only the fibre elements with the Von-Mises stress in the cross-section 
greater than 40 MPa are shown in the figure.

Figures 11a–d show that once the crack is fully formed, indicated by a significant 
drop in force, fibres contribute to the residual strength. The alignment of fibres 
perpendicularly to the crack surface (Fig. 11a) yields the highest strength and residual 
carrying capacity. As the orientation becomes more isotropic (Figs. 11b–d), both 
peak and residual strengths decrease. The right column also shows that fewer fibres 
engage in crack bridging as their orientation deviates from perpendicular, reducing 
the likelihood of crack-fibre intersection. The 2-2-6 orientation case best matches 
the experimental results, suggesting it closely resembles the actual fibre orientations 
in the tested specimens. For further details on interpreting various fibre orientations, 
see [31]. 

A small hysteresis is observed in both the experiments and simulations, primarily 
due to the residual carrying capacity and energy dissipation from fibres. Figures 11a– 
d indicate that unfavourable fibre orientations result in a slight decrease in unloading 
stiffness and an increase in the area enclosed by hysteresis. Consequently, more 
fibres are inclined to the crack surface and undergo plasticisation in these cases. The
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Fig. 10 Realizations of discrete fibre samples according to four distributions defined by orientation 
tensors: a aligned, b 2-2-6, c 4-2-4, d isotropic. Left column contains stereographic projections of the 
fibre orientations plotted on a unit hemisphere, middle column shows the ellipsoidal representation 
of the orientation tensors, and the right column shows the actual fibre realizations (from [31], 
licensed under CC-BY 4.0)



Effect of Microfibres on the Degradation in High-Performance Concrete … 179

Fig. 11 Notched HPC-08-SF prismatic specimen under cyclic tensile loading. Comparison of load– 
displacement curves (left) and fibre elements actively bridging the crack (right) for the following 
test cases: a aligned; b 2-2-6; c 4-2-4; d isotropic (from [31], licensed under CC-BY 4.0)
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unloading stiffness for the aligned, 2-2-6, and 4-2-4 orientations is somewhat over-
estimated, but the residual (“plastic”) deformation upon unloading aligns reasonably 
well with the experimental data. 

4.3 Cyclic Compressive Fatigue Tests 

Multiple Test Setup The cyclic compressive tests were performed on cylindrical 
specimens with a height of 300 mm and a diameter of 100 mm for the high-
performance concrete with and without microfibres. This means an h/d ratio of 3 
and corresponds to a typical specimen shape for fatigue tests. The slenderness of 
the specimens implies a relatively unimpeded transverse strain in the centre of the 
specimen. 

As cyclic tests are generally subject to a certain degree of scatter and therefore 
repeated tests are needed to ensure the reproducibility of the results, a multiple test 
set-up, shown in Fig. 12, was designed and built. This enables the simultaneous and 
congruent cyclic compressive loading of three test specimens. The test setup consists 
of three rigid steel frames, each equipped with a hydraulic differential cylinder with 
a maximum piston force of 1000 kN (force-controlled). The load is introduced via 
spherical bearing specifically designed for the multiple test setup with connected 
pressure plates [30, 44, 45]. 

Strain Measurement The strains in axial direction were continuously recorded by 
strain gauges with a length of 100 mm. 

Microscopic Investigations After defined load cycles up to 5 million load cycles, 
thick sections were extracted, prepared and used for microscopic examinations 
(amount, length, width, and position of the microcracks). The thick sections were 
prepared with coloured resin (blue) to make the microcracks as visible as possible.

Fig. 12 Multiple test set-up for cyclic compressive tests (a) [30, 44, 45]. b Preparation of thick 
sections from the cylindrical specimens (d/h = 100/300 mm)
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Two thick sections were taken out of the test specimen in the axial direction and an 
examination field of 50 × 50 mm2 was plotted on the thick sections, see Fig. 12b. 

Experimental Programme Tests were conducted on high-performance concrete 
with and without microfibres (steel/carbon). The maximum stress level was varied 
(Smax = 0.45 and 0.70) while the minimum stress level (Smin = 0.10) remained 
constant. The tests used force-controlled sinusoidal load functions with a loading 
frequency of 5 Hz. Two batches per maximum stress level were produced and tested. 
The specimens, tested at around 28 days old, were stored under water until testing, 
resulting in high moisture content during c yclic loading.

Strains At Smax = 0.45, only low strains were observed, as expected, with no fatigue 
failure occurring up to the test stop (N = 5 million), see Fig. 13a. Phase 1 and 
the beginning of phase 2 showed similar characteristics across all compositions. 
Strains in fibre-reinforced concretes were slightly higher than in unreinforced high-
performance concrete, likely due to increased matrix porosity from the fibres. At 
Smax = 0.70, a typical s-shaped curve with its 3 phases can be seen (Fig. 13b). 
Phase 3 of the high-performance fibre-reinforced concretes, especially HPC-08-SF, 
is significantly longer. This can be interpreted as a certain ductility under fatigue 
loading and indicates the failure of the concrete in comparison to a shorter phase 3 
in HPC-08. 

Microscopic Investigations Fig. 14 shows the number of microcracks and total crack 
area at Smax = 0.70, averaged from two thick sections up to just before specimen 
failure. The total crack area was normalized to a test area of 50 × 50 mm2.  An  HPC-
08 specimen was removed after 80 k (log N = 4.9) load cycles, while fibre-reinforced 
concrete specimens were removed after 15 k (log N = 4.2) load cycles, corresponding 
to phase 3. HPC-08 already shows the largest microcrack area in the unloaded state. 
After 1000 cycles and just before failure, its microcrack area is significantly larger 
than that of HPC-08-SF and -C. HPC-08-C has the smallest total crack area, with no 
differences observed after 1000 cycles and just before failure.

HPC-08-C has the highest number of microcracks in the unloaded state. After 1000 
load cycles, HPC-08-SF shows nearly double the microcracks, while HPC-08 sees

Fig. 13 Curves of averaged (n = 3) strains at: a Smax = 0.45 and b Smax = 0.70 [30, 45] 
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Fig. 14 a Number of cracks and b total crack area of HPC-08, -SF and -C at Smax = 0.70 [30, 45]

the greatest increase in number of microcracks in phase 3. Fibre-reinforced concretes 
consistently have smaller total crack areas due to their significantly narrower microc-
rack widths: HPC-08 averages 5–6 µm, HPC-08-SF 3–4 µm, and HPC-08-C 1–2 µm 
(see Fig. 15). Analysis shows that primarily new microcracks of similar width form, 
with no detectable widening of existing microcracks or length extension due to cyclic 
loading, observed for both Smax = 0.70 and Smax = 0.45.

Figure 16a illustrates the development of the number of cracks over loading cycles 
for investigated concretes. At Smax = 0.70, microcracks were oriented approximately 
60–70% vertically (± 45°) and 30–40% horizontally (± 45°), both in the unloaded 
state and after cyclic loading. The percentage of vertically oriented cracks increased 
during cyclic loading, and newly formed cracks showed similar orientations. About 
60–80% of microcracks formed in the interfacial transition zone (ITZ) after cyclic 
loading. At Smax = 0.45, the location of microcracks varied: in HPC-08-C, 30–40% 
were in aggregates, 60–70% in the ITZ, and less than 4% in the cement paste. In 
HPC-08-SF, 40–50% were in the cement paste, 30–40% in the ITZ, and 10–20% in 
aggregates, indicating fibres influence microcrack location at low stress levels [30]. 
Fewer than 5% of cracks were found in the fibre-matrix contact zone, suggesting it 
is not a crack-initiating weak point like the ITZ.

Fig. 15 a Example of a microcrack. b Crack width, and c crack length distributions over number 
of cycles [30] 
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Fig. 16 Number of cracks and total crack area of HPC-08, -SF and -C at Smax = 0.45 [30] 

Figure 16b shows the total crack area development over loading cycles for the 
investigated concretes. At Smax = 0.45, HPC-08-SF exhibits a significantly smaller 
total crack area that remains stable after 1 million cycles, with no further growth 
beyond a certain area. After 5 million cycles, HPC-08-SF’s total crack area is about 
2.5 times smaller than that of HPC-08. HPC-08-C has the smallest total crack area, 
remaining nearly constant after 100 k cycles and not increasing up to 5 million cycles; 
its microcrack area is about 10 times smaller than HPC-08’s after 5 million cycles at 
Smax = 0.45. The width and length of microcracks are similar at both stress levels, 
indicating no influence of stress level on microcrack dimensions [30]. 

Number of Cycles to Failure Fig. 17 shows the mean cycles to failure (n ≥ 14) for 
different microfibres. Fibre-reinforced compositions have similar cycles to failure, 
with log N = 4.13 (HPC-08-SF) and log N = 4.09 (HPC-08-C), indicating no influ-
ence of fibre type or content (HPC-08-SF: 1.0% vol., HPC-08-C: 0.5% vol.). In 
contrast, high-performance concrete without fibres (HPC-08) has a higher number 
of cycles to failure (log N = 4.82). All specimens were stored and tested under the 
same conditions. The reduced cycles to failure in fibre-reinforced concrete are likely 
due to the introduction of fibres, which increase pores and defects, along with high
moisture content.

4.4 Experimental-Virtual Lab: CT-Image-Based Mesoscale 

Analysis of a Cylinder Under Compressive Load 

This section demonstrates the capabilities of the developed virtual lab framework to 
integrate the microstructure of an actual specimen obtained by means of CT-image 
into the simulation environment. 

A cylindrical core (Ø 35.5 mm, height 40 mm) was cut from the central part of 
the top side of a standard HPC-08-SF specimen (Ø 100 mm, height 300 mm) to



184 V. Gudžulić et al.

Fig. 17 Number of cycles to 
failure for HPC-08, -SF an
-C [30, 45]

facilitate CT scanning of its microstructure, as shown in Fig. 18. Details on spec-
imen preparation can be found in [31]. The specimen was then subjected to uniaxial 
compressive loading until failure. The material properties of mesoscale constituents 
are provided in Table 5. The properties that were not determined experimentally, 
were adopted from the literature (see [31, 46, 47]). The fibre and bond properties are 
given in Tables 1 and 2. 

Generation of the Finite Element Model from CT-Image This subsection presents 
the methodology for converting voxel-based CT-image data into a finite element 
model. 

The steps involved in image processing, segmentation, and mesh generation, are 
illustrated in Fig. 19, without delving into the algorithms, see [22].

The image processing performed in this work was done using the Image 
Processing Toolbox in MATLAB® and mesh generation tools used were the

Fig. 18 Three-step cutting procedure to extract the small cylindrical core for CT scanning from 
HPC-08-SF specimen (from [31], licensed under CC-BY 4.0)
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Table 5 Material properties of mesoscale constituents 

Property Unit Aggregates Mortar (HPC-02) ITZa 

Young’s modulus (E) (MPa) 57,500.0b 39,183.0c – 

Poisson’s ratio (ν) (–) 0.18b 0.221c – 

Tensile strength ( f t) (MPa) 14.0 5.9c 5.9 

Shear strength ( f s = 

βf t )
(MPa) 70.0 13.28 13.28 

Fracture energy (GF) (N/mm) 0.05 0.05 0.05 

Fracture energy mode 
II (GF,II = κGF )

(N/mm) 0.25 0.25 0.25 

Friction coefficient 
(µ) 

(–) 0.7 0.7 0.7 

Ref. closure stress 
(tπ,ref) 

(MPa) − 14.0 − 5.9 − 5.9 

Ref. crack opening (u 
π,ref) 

(μm) 6.0 6.0 6.0 

a Due to absence of experimental data, the ITZ properties were assumed same as for mortar matrix 
b Determined according to Mori–Tanaka homogenization scheme (see [31] for details) 
c Experimentally determined

Fig. 19 Stages of generating the computational model from CT-image: a CT-image of an actual 
specimen with an adapted colour scheme for better visualization showing 4 phases: fibres (black), 
aggregates (dark grey), mortar matrix (grey), and air pores (light grey). b Preliminary segmentation 
of the aggregates. c Identification of separate aggregates. d Surface triangulation of individual 
aggregates. e Final tetrahedral mesh with two sets of elements representing aggregates (dark grey) 
and mortar (light grey) [22]

MATLAB® mesher and Gmsh®. Computed tomography (CT) scans of the cylin-
drical core were performed at Bundesanstalt für Materialforschung und -prüfung 
(BAM). Figures 20a and b shows a comparison of the cross-sections of the orig-
inal CT-image and the obtained finite element mesh, indicating the level of resolved 
details. Figure 20c shows the final computational mesh of aggregates (≥ 2 mm) and
fibres.
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Fig. 20 A comparison between the segmented CT-image and the obtained mesh: a X–Z section 
of CT-image cut through the middle of the specimen, b cut through the generated mesoscale finite 
element model, c computational mesh of aggregates and fibres (from [31], licensed under CC-BY 
4.0) 

Experimental and Numerical Results Fig. 21a shows the comparison between the 
experimentally and numerically obtained load–displacement curves, as well as the 
failure patterns. 

Due to surface irregularities, contact between the loading plate and the spec-
imen was gradually established, causing a nonlinear loading path. The experimental 
diagram was shifted by 154 μm to align the intersection of experimental and numer-
ical load–displacement diagrams with the point of where full contact was established. 
The numerical curve shows displacements up to 492 μm, as further convergence could 
not be achieved with the Newton–Raphson strategy. The load–displacement curve 
in Fig. 21 shows good agreement with the experimental curve, resulting from the

Fig. 21 CT-image based mesoscale analysis of HPC-08-SF cylinder under uniaxial compression: 
a comparison of experimental and numerical load–displacement curves; triangles refer to pre-peak, 
peak, and post-peak stages in Fig. 22, b photo of the specimen after test, and c snapshot of the 
fracture pattern in the last converged step of numerical analysis. The deformations in sub-figure, 
c are scaled fivefold (from [31], licensed under CC-BY 4.0) 
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Fig. 22 Vertical cross-sections of the numerical model of the HPSFRC cylinder under uniaxial 
compression at different loading stages: a pre-peak, b peak, and c post-peak. Cracked interface 
elements are painted black for visibility. Fibres are dark yellow. Deformations in pre-peak, peak, 
and post-peak stages are scaled 50-fold, 25-fold, and tenfold, respectively (from [31], licensed under 
CC-BY 4.0) 

complex interactions between mesoscale constituent and damage mechanisms. The 
peak load occurs at a displacement of 230 μm, with a strain of 5.81‰, indicating 
increased ductility due to short steel fibres. 

Figure 21b and c display the experimental and numerical (at the last converged 
step) fracture patterns, showing diagonal crack band formation and significant edge 
spalling. Figures 22a–c show vertical cross-sections of the cylinder at pre-peak, peak, 
and post-peak stages of the numerical simulation, at load levels indicated in Fig. 21. 

Damage initiates with multiple splitting cracks, often in the ITZ, due to deforma-
tion incompatibility between matrix and aggregates, and not ITZ weakness (same 
material properties were selected for the mortar and ITZ). As localization occurs, 
a shear band forms from merging splitting cracks (Fig. 22c), and some aggregates 
fracture, which is characteristic of high-performance concretes. Fibre bridging acti-
vates in larger cracks, leading to debonding and bending processes that slow down 
the crack growth and increase specimen ductility. 

4.5 Cyclic Flexural Tests 

Multiple Test Setup The cyclic tests were performed on beams with the dimensions 
150 × 150 × 700 mm3 (Fig. 23b). The cyclic tests were carried out in a specially 
developed multiple test setup, see Fig. 23a. With this setup, it is possible to test 6 
beams with the same dimensions simultaneously. The setup is controlled via a central 
main hydraulic cylinder, which means that the same oil pressure is always present 
in the six individual test stations, see Fig. 23c. Two hydraulic cylinders apply the 
specified load to the test specimens at each of the six test stations.

Measurement The strains in the tension zone were continuously recorded by a strain 
gauge with a length of 150 mm. The degradation that occurs during cyclic loading
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Fig. 23 a Multiple test setup for the flexural fatigue tests, b schematic test setup, and c individual 
test station (Reproduced from the 20th fib Symposium Proceedings—ReConStruct—Resilient 
Concrete Structures, held in Christchurch from 11–13 November 2024, article “Influence of different 
microfibers on the flexural fatigue characteristics of high-strength concrete” page 225—“Fig. 3: 
Multiple test setup for the flexural fatigue tests (left) and representation of the test beams and 
individual test station (right).“ with permission from the International Federation for Structural 
Concrete (fib) [29])

was recorded using discontinuous ultrasonic (US) running time measurements. The 
dynamic modulus of elasticity can be calculated according to [48] based on the 
measured US running times, considering the density and the Poisson’s ratio of the 
concrete tested. 

Method The experiments were force-controlled, and the load applied as a sinusoidal 
load function with a constant load frequency of 5 Hz. First, the flexural strength was 
determined on at least three specimens of each series with the same dimensions as 
for the fatigue tests. From this, the stress levels Smax = 0.45 and Smax = 0.70 were 
determined. Smin = 0.10 was defined as a constant. The flexural fatigue tests were 
completed after 5 million cycles [29]. 

Experimental Programme Static and cyclic flexural tests were conducted on HPC-
08, -SF and -C. The test specimens were produced in 6 batches. One batch was 
produced for each composition for the stress level Smax = 0.45 and Smax = 0.70. The 
beams were stored under water for up to 7 days and then in laboratory climate (20 
± 5  °C,  65  ± 5% r.h.) for up to 28 days and then tested, see also [29]. 

Strains Fig. 24 shows the strains of the analysed composition as mean values of 5 
tested beams each. At Smax = 0.45 (Fig. 24a), the HPC-08 shows the highest strains
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Fig. 24 Strain-cycle diagram for HPC-08, HPC-08-SF and HPC-08-C at a Smax = 0.45, and b Smax 
= 0.70, as mean values (Reproduced from the 20th fib Symposium Proceedings—ReConStruct— 
Resilient Concrete Structures, held in Christchurch from 11–13 November 2024, article “Influence 
of different microfibers on the flexural fatigue characteristics of high-strength concrete” page 229— 
“Fig. 7: Strain-cycle (S–N) diagram for HPC-08, HPC-08-SF and HPC-08-C at stress level Smax 
= 0.45 (a) and stress level Smax = 0.70 (b) as mean values of five tested beams” with permission 
from the International Federation for Structural Concrete (fib) [29]) 

and the strain of HPC-08 grew faster and showed a more significant increase in phase 
I of damage evolution. Comparatively, the strain of HPC-08C only grew marginally 
in phase I, and in phase II there was no noticeable increase in strain. The HPC-08-SF 
is in between but shows a more significant increase in strain in Phase II compared 
to the HPC-08-C. HPC-08 shows a steady increase in strain in phase II of damage 
evolution. 

Due to the limited numbers of load cycles, phase III was not reached. At Smax = 

0.70 (Fig. 24b) the expansions of the HPC-08 and HPC-08-SF come closer together. 
However, the HPC-08 also exhibits the greatest strains at Smax = 0.70. The HPC-
08-C clearly shows low strains. The carbon fibres reduce the strains in the high-
performance concrete most ef ficient.

Relative Dynamic Modulus of Elasticity Fig. 25 shows the development of the 
relative dynamic modulus of elasticity determined via the US measurements in the 
tensile zone. A significant drop in stiffness already occurs in the early phase of cyclic 
loading. While this initial drop in the beams at a stress level of Smax = 0.45 takes 
place within the first 500,000 load cycles (see Fig. 25a), the beams with a stress 
level of Smax = 0.70 suffer a much faster drop in stiffness within the first 100,000 
cycles (Fig. 25b). After an initial decrease in stiffness (phase I), the development of 
stiffness stabilizes in phase II. The HPC-08 (4.3%) and HPC-08-SF (4.8%) exhibit 
the largest drop in stiffness.

At 2.5%, the HPC-08-C showed only half as great a decrease in the relative 
dynamic E-modulus. The tests at a stress level of Smax = 0.70 showed a decrease in 
stiffness of 10.4% (HPC-08), 10.5% (HPC-08-SF) and 5.5% (HPC-08-C) and thus 
similar proportions to Smax = 0.45. The HPC-08 and HPC-08-SF show a comparable
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Fig. 25 Relative dynamic E-modulus at stress level, a Smax = 0.45, and b Smax = 0.70

stiffness decrease after 5 million load cycles at both stress levels and the HPC-08-C 
showed the lowest. 

5 Conclusion 

This work investigated the effects of steel and carbon microfibres over a wide range 
of experimental scenarios. In the scope of this work, a sophisticated computational 
model was developed and used to establish a virtual lab that facilitated the integration 
of synthetic or actual experimental data into the numerical simulation environment, 
complementing the experiments, especially in aspects that are hard or impossible to 
measure. 

The investigations conducted in this research range from single fibre- to structural-
element scales and offer valuable insights into interactions between individual 
constituents in high-performance concrete subjected to monotonic and cyclic loads. 
The experiments were supported by numerical simulations on each scale. The 
presented research has shown that the effect of fibre reinforcement on fatigue life-
time is non-negligible. Although, no definitive answer could be reached on whether 
adding fibres benefits or detriments fatigue resistance in cyclic tensile and flexural 
tests, many noteworthy findings emerged from this research. The key findings are 
summarized as follows. 

Cyclic Tensile Tests The fatigue tests revealed that HPC-08-SF specimens exhib-
ited a lower rate of strain increase, with strain stagnating after about 10,000 cycles, 
unlike the HPC-08 specimens. Microscopic analyses showed a continuous increase in 
number of cracks during cyclic loading. HPC-08 exhibited wider and longer cracks, 
leading to a larger total crack area, whereas HPC-08-SF displayed more numerous 
yet smaller and shorter cracks, resulting in a reduced total crack area. Displacement-
controlled crack opening tests assessed the post-cracking behaviour of HPC-08-SF. 
Results indicated that adding short steel fibres did not substantially affect tensile 
strength but significantly enhanced ductility. The unloading stiffness after cracking



Effect of Microfibres on the Degradation in High-Performance Concrete … 191

was slightly lower than the initial stiffness but remained stable throughout the exper-
iment, even for larger crack openings [34]. The cyclic tensile crack-opening virtual 
experiments showed that fibre orientation significantly impacts residual strength. 
The analysed virtual scenarios demonstrated that as the fibre orientation progresses 
from perfectly aligned to isotropic, fewer fibres get activated in the crack-bridging 
processes, and the specimens show reduced residual strength. 

Cyclic Compressive Tests At a stress level of Smax = 0.45, low strains were observed, 
and no fatigue failure occurred by the end of the test. At Smax = 0.70, a charac-
teristic S-shaped curve with three phases appeared. Phase 3 was notably longer for 
high-performance fibre-reinforced concretes, particularly for HPC-08-SF, indicating 
greater ductility under fatigue loading compared to the shorter phase 3 observed 
in HPC-08. Fibre-reinforced concretes consistently showed lower total microcrack 
surface areas. The evaluation revealed no widening or extension of existing microc-
racks due to cyclic loading; degradation was characterized by the formation of new 
microcracks at both stress levels. At Smax = 0.70, most microcracks formed in the 
ITZ. At Smax = 0.45, this varied by fibre type, with very few cracks (< 5%) found in 
the fibre contact zone, indicating it is not a weak point like the ITZ. HPC-08-SF and
-C exhibited fewer cycles to failure than HPC-08, as the addition of fibres increases 
number of pores and defects in the structure, which, along with high moisture content, 
can further reduce the number of cycles to failure.

Experimental-Virtual Lab The mesoscale analysis of the cylindrical specimen 
under compressive loading demonstrated the capabilities of CT-based mesostructure 
modelling. The numerical results emerging from the complex interactions between 
fibres, aggregates, and the mortar demonstrated a good agreement with experimental 
data. It was found that the cracks initiated in the ITZ region were due to defor-
mation incompatibility, even though the material properties were assumed to be 
the same as those in the mortar matrix. The analysis emphasizes the importance 
of resolving mesostructure features to accurately capture the crack initiation and 
fracture processes that govern the behaviour of fibre-reinforced concrete. 

Cyclic Flexural Tests The addition of fibres effectively limited strain at both investi-
gated stress levels, with carbon fibres proving to be the most effective. At both stress 
levels (Smax = 0.45 and 0.70), the reduction in stiffness (relative dynamic modulus of 
elasticity) for HPC-08-C was only about half that of HPC-08 and HPC-08-SF. This 
smaller decrease in stiffness in HPC-08-C is attributed to less microcrack develop-
ment. The developed numerical framework was not used for the high-cycle fatigue 
flexural experiments due to the significant computational intensity required to resolve 
the detailed fibre-reinforced concrete microstructure. Nevertheless, the model was 
successfully applied in numerical benchmark II of the Priority Programme SPP 2020, 
simulating cyclic three-point bending experiments (see the chapter by J. Storm et al., 
this volume), demonstrating a good agreement with experimental results. 

The results and models developed in this research serve as a valuable link between 
experimental and numerical research, and also contribute to a better understanding of
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high-performance concrete behaviour. Utilizing the experimental–numerical frame-
work, future work will focus on developing scale-bridging models to simulate 
fibre-reinforced concrete under fatigue loading at the structural level. 
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Abstract This contribution aims to describe and model the fatigue behaviour of 
steel fibre-reinforced concretes under bending loading by combining experimental 
and numerical approaches on different scales. Initially, single fibre pull-out tests were 
conducted with different fibre types and inclinations, both with and without hooked-
ends. Based on the results, an ellipsoidal unit cell is constructed to simulate the 
material behaviour in preferred fibre orientation. Then, low- and high-cycle bending 
tests on notched beams with varying fibre contents and compressive strengths were 
performed. It is shown that the deterioration development in these tests progresses 
similarly regarding load-levels and loading history. However, significant differences 
in deterioration development occurred between the compressive strengths and fibre 
contents tested. A phenomenological material model for the beam tests is constructed 
which is not only capable to predict the load to crack-mouth-opening behaviour for 
different steel fibre contents, but also the deterioration in terms of residual stiffness for 
low-cycle tests. Finally, the results suggest the conclusion that deformation controlled 
low-cycle tests are a suitable means to estimate high-cycle fatigue behaviour. Further-
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approaches. 
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1 Introduction 

Concrete is one of the most widely used materials in civil engineering construction. 
In recent decades, the growing demand for higher strength and durability has driven 
the development of high-performance concrete (HPC) and ultra-high-performance 
concrete (UHPC). However, as the material’s strength increases, its ductility tends to 
decrease. Consequently, the investigation of concrete’s fatigue behaviour becomes 
crucial. For example, the use of these concretes in structures such as bridges and 
precast wind turbine towers requires high resistance to fatigue-induced degradation. 
In general, the design of components using the extremely brittle HPCs is not feasible 
without adding fibres. The complex composition of HPC and UHPC, along with the 
mechanical and physical properties of their components and the interactions between 
them, plays a critical role in determining their overall material behaviour. 

This contribution focuses on the quantification of the effects of different types and 
contents of steel fibres on the damage process at the mesoscale. It aims to develop 
a phenomenological material model that numerically represents the fibres within 
the concrete matrix. The influence of fibre reinforcement under different cyclic load 
scenarios is analysed experimentally in order to understand the damage mechanisms 
taking place on different scales. Here, experimental data is used to develop and cali-
brate a phenomenological material model, enabling realistic and accurate predictions 
of deterioration in fibre-reinforced HPC, particularly under cyclic loading conditions. 

To be able to investigate damage development in cracked sections, three different 
types of tests were performed. On the mesoscale, pull-out behaviour of single steel 
fibres was investigated. For the macroscale, deformation-controlled low-cycle tests 
and force-controlled high-cycle tests were conducted. Here, the effects of different 
loading histories were looked into. The results suggest that different damage indi-
cators are firstly applicable to differentiate damage development with respect to the 
fibre content. Secondly, the indicators are suitable to quantitatively describe damage 
development in low-cycle tests and transfer it to time consuming high-cycle tests. 

On this basis, a systematic step-by-step approach was used for the development, 
calibration, and validation of a phenomenological material model. The first step 
involved the numerical calibration of a micro-mechanical model based on the load-
displacement characteristics observed in single-fibre pull-out tests. Subsequently, the 
calibrated macro-mechanical model is used to analyse the macroscopic behaviour of 
ellipsoidal representative volume elements (RVEs) of both pure HPC and reinforced 
HPC through virtual experiments. Subsequently, the efficiency of the phenomenolog-
ical material model is evaluated by comparing the macroscopic responses obtained 
from the virtual experiments and from macroscopic boundary value problems (BVPs) 
under similar loading conditions. In the next step, two distinct continuous step-
wise linearly approximated degradation functions were implemented to model the 
asymmetric tension–compression behaviour of HPC. The accuracy of the numerical 
model is validated by analysing the stiffness degradation in HPC beams with varying 
fibre contents and orientations, characterised by the orientation distribution function 
(ODF), and comparing the numerical results with experimental data.
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Table 1 Concrete and fibres, overview 

HPCa UHPCa 

Concrete compressive strength 110 N/mm2 160 N/mm2 

Steel fibres type Bekaert 3D 65/60 
Hooked-end macro fibres 

Stratec Weidacon FM 0.19/13 
Smooth micro fibres 

Fibre contents 0/23/57/115 kg/m3 

0/0.3/0.75/1.5 vol.-% 
0/57/115 kg/m3 

0/0.75/1.5 vol.-% 

aInformation regarding the composition can be found in Sect. 2.1 “Concrete Composition” in chapter 
by M. Basaldella et al., this volume 

2 Materials and Concrete Compositions 

The experiments described here were performed on one high-strength and one ultra-
high-strength concrete mix. Both were the reference concretes of the SPP 2020 as 
defined in Sect. 2.1 “Concrete Composition” in the chapter by M. Basaldella et al., 
this volume. Furthermore, two different types of fibres were used. Depending on the 
maximum grain size, hooked-end macro steel fibres with a length of 60 mm and 
a diameter of 0.92 mm were chosen for the HPC. For the UHPC, smooth micro 
steel fibres with a length of 13 mm and a diameter of 0.19 mm were applied. The 
contents of steel fibres were also varied in a wide range as can be seen in Table 1. 
The investigations focused on the change in mechanical fatigue properties due to 
the addition of steel fibres. The fibres were kindly provided by Bekaert and Stratec, 
respectively. 

3 Single Fibre Pull-Out Test—Characterization 

and Modelling 

3.1 Experimental Characterization 

The basic approach was to experimentally analyse the behaviour of high-performance 
concretes with steel fibres on several levels and to describe it, focusing on the 
usability for the calibration of numerical models. The lowest level of investiga-
tion was the behaviour of individual fibres, which were quasi-statically pulled out of 
the concrete matrix under a range of boundary conditions such as embedded length 
and different inclinations. For comprehensive descriptions of the various parameters, 
such as embedded length and fibre inclination, and test results, see [1–3]. 

For the experimental evaluation of the load-bearing behaviour of the macro fibres, 
Fig. 1a shows the force-slip curve of fibres embedded vertically 20 mm (or approx-
imately one third of the fibre length) into the concrete matrix as an example. As 
depicted, experiments were conducted on specimens with cut end hooks in addition 
to pull-out tests on hooked-end fibres. This approach enables an evaluation in terms

https://doi.org/10.1007/978-3-032-19394-0_2
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Fig. 1 Force-slip curves of vertically embedded a macro fibres with hooked-ends (blue) and cut 
end hooks (red) in HPC, cf. [1], and b straight micro fibres in UHPC 

of the load-bearing behaviour prior to and after the overcoming of the adhesive fibre-
matrix bond at about 0.05 to 0.1 mm of slip. Subsequent to this point the mechanical 
end anchorage is activated, leading to an increase in maximum force for hooked-end 
fibres. 

In principle, it becomes apparent that the maximum pull-out forces of the hooked-
end macro fibres were only reached at slips of 0.6–0.8 mm. Given that this range is 
only relevant for the ultimate limit state of structural components and also represents 
extremely large damage values for modelling purposes, the force-slip development up 
to this point is of particular interest. The embedded fibre length has a greater overall 
influence on the force-slip curve before the maximum pull-out force is reached than 
at higher slip values. This is discussed in more detail in [4]. The test results were 
used as basis for a comparative study between several modelling approaches within 
the SPP 2020, see [5]. 

Figure 1b depicts the mean force-slip curve and standard deviation for micro fibres 
embedded vertically 4–6 mm into the concrete. For these specimens, comparable 
force-slip curves in terms of residual forces were reached during pull-out despite 
larger scattering of individual test results. The maximum pull-out forces for the 
micro fibres reached about 20 N, approximately a tenth of the values of the macro 
fibres. However, a larger number of fibres is present in concretes with micro fibres. 

3.2 Phase-Field Model for Fracture in Fibre-Reinforced HPC 

This section presents the formulation of the micro-mechanical model, which is cali-
brated based on experimental results from the single fibre pull-out tests. Virtual 
experiments are then conducted using the calibrated parameters, serving as the foun-
dational basis for the development of a phenomenological material model. For the
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small strain elastic–plastic phase-field approximation of fracture the displacement 
field u(x, t ) and the phase-field parameter q, are considered, cf. [6]. The phase-field 
parameter q ∈ [0, 1 ] characterizing undamaged q = 0 and the fully damaged q = 1 
state of the material governs the regularised crack surface l(q), i.e., 

l(q) = ∫
B 

γ (q, ∇q)dv with γ (q, ∇q) = 
1 
2l q

2 + 
l
2 ∇q 2, (1) 

using the crack surface density function per unit volume of the solid γ (q, ∇ q).  The  
gradient of phase-field parameter q is denoted as ∇q, l is a length scale parameter. 

The free energy function ψ is constructed as, 

ψ(ε, εp,  α,  q, ∇q) = ψep(εe,  α,  q) + ψc − g(q, m)ψc + 2ψc

ζ
lγ (q,∇q), (2) 

which depends on the specific critical fracture energy ψc, the equivalent plastic 
strain α, the degradation function g(q, m) = (1 − q)m. The parameters m and ζ 
control the speed of damage evolution and the stress softening in the post critical 
region, respectively, cf. [5, 7–10]. Elastic strain tensor εe depends on the plastic 
strain tensor εp and the total strain tensor ε. The relation is defined as εe := ε − ε

p. 
An elastic energy ψe and a plastic energy ψp are parts of the elastic–plastic energy 
function ψep, which reads 

ψep(εe) = ψe(εe) + ψp(α). (3) 

Therein, the elastic energy function ψe 

ψe(εe, q) = g(q, m)ψe+ 

0 (εe) + ψe−
0 (εe), (4) 

additively split using a positive part ψe+ 

0 (εe ) and a negative part ψe− 

0 (εe ) of the 
reference energy function ψe 

0 (ε
e),  cf.  [11], i.e. 

ψe+ 

0 (εe ) = κ tr εe 2 
+/2 + µ| devεe |2 and ψe− 

0 (εe) = κ tr[εe] 2
−/2, (5) 

which depend on the shear modulus µ and the bulk modulus κ . Macaulay’s notation 
describes the function x ± = 1/2(x ± | x|). The considered plastic energy ψp reads 

ψp (α) = g(q, m)ψ
p 
0 (α) where ψp 

0 (α) = y0α + 1
2hα

2, (6) 

where y0 and h denote the yield stress and hardening parameter, respectively. 
The energy density function ψ is reformulated as 

ψ = (1 − q)m ψe+ 

0 + ψ
p 
0 − ψc + ψe− 

0 + ψc + 2 ψ
c 

ζ 
l[ 1 2l q

2 + l
2 ||∇q||2]. (7) 

The equation of the stress tensor is
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σ := (1 − q)m κ trεe 
+I + 2µdevεe 

σ 
+ 

0 

+ κ trεe 
−I 

σ
−
0

,
(8) 

where positive σ 
+ 

0 and negative σ 
− 

0 are used as parts of the effective stress tensor 
σ 0 = σ 

+ 

0 + σ
−
0 . The second-order identity tensor is denoted by the symbol I.  The  

value of the parameter m = 2 is chosen in formulating the governing equation for 
the phase-field parameter, which is 

q − l2 Div ∇q − (1 − q)H = 0. (9) 

This choice ensures that the phase-field parameter q is bounded within the interval 
q ∈ [0, 1 ]. The irreversibility of fracture is ensured by a local history field H, i.e., 

H := max 
t̃∈[0,t] 

H0 x, ̃t ≥ 0 where H0 = ζ 
ψe+ 

0 (εe) 

ψc + 
ψ

p 
0 (α )

ψc − 1 . (10) 

The quantity H0 is a dimensionless crack driving state function. For the loading– 
unloading process an update of the local history field at the time tn+1 is given as 

H = 
H0,n+1 

H0,n 

for H0,n+1 > H0,n ,

otherwise.
(11) 

To capture the distinct behaviour of concrete in tension and in compression, two 
different critical fracture energies are considered: ψc 

t for tension and ψ
c 
c for compres-

sion. They are differentiated based on the sign of the first invariant of the strain tensor, 
i.e. 

ψc = ψc 
t 

ψc 
c 

for tr ε ≥ 0 ,
otherwise.

(12) 

The Drucker-Prager yield criterion, which accurately predicts the nonlinear 
behaviour of concrete in tension and compression, cf. [12], is used and it reads 

φ σ 0,  κp = 
1√
2
||devσ 0|| + βptrσ 0 − (y0 + hα). (13) 

For βp = 0, the von Mises yield criterion, see [12], can be used to capture the 
nonlinear behaviour of steel fibres. The presented model is implemented in the frame-
work of the Finite Element Method. The staggered scheme documented in [6] and 
an adopted algorithm used in [13] are used to solve the weak forms of the balance of 
linear momentum using the stress tensor, see Eq. 8, and the governing equation for 
phase-field parameter, see Eq. 9, with incrementally decoupled updates, for details 
see [14, 15]. The implemented integration algorithm for the Drucker-Prager plasticity 
and the consistent elasto-plastic tangent moduli are documented in [14].
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3.3 Numerical Simulations of Single Steel Fibre Pull-Out 

Tests 

The fibre pull-out tests are simulated numerically to analyse the influence of the single 
embedded fibre on the material behaviour of HPC. In this procedure, calibration and 
validation of the presented numerical model in the Sect. 3.2 is done by comparing 
the numerical with experimental data taken from [1]. 

The boundary value problem which is based on the experimental pull-out test 
setup, taken from [5, 15],  is  shown  in  Fi  g. 2. The material parameters of steel fibres 
and HPC are taken from [1, 10]. The pull-out test with a fibre embedded length of 
lf = 20mmwas simulated to calibrate the material parameters for the interface zone, 
see orange area shown in the Fig. 2. For the validation of the numerical model, a steel-
fibre pull-out test with an embedded length of lf = 30mm was simulated using the 
calibrated parameters. The numerical results, i.e. load–displacement diagrams and 
the distributions plots are shown in Fig. 3. The validation shows a good agreement 
with the experimental data. The efficiency and limitations of the presented model are 
discussed in-depth in [5, 15] (Fig. 4). 

Fig. 2 Boundary value problem for steel-fibre pull-out tests based on the experimental assembly, 
taken from [5, 15]. All dimensions are in mm
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Fig. 3 Comparison of load–displacement diagrams of simulations with the experimental averaged 
curves and the bands characterizing the scattering of the experimental results, taken from [11], 
a lf = 20mm and b lf = 30mm embedded length, cf. [5, 15] 

Fig. 4 Simulation results of steel fibre pull-out test for lf = 20mm: stresses σy (in GPa), equivalent 
plastic strains α and phase-field parameter q in a, c, e at the displacement of ut = 0.08 mm and b, 
d, f at the displacement of ut = 0. 8 mm, respectively, cf. [5, 15] 

3.4 Virtual-Lab Based on Ellipsoidal Unit Cell Calculation 

The single-scale microscopic simulations of virtual experiments were conducted 
using the micro-mechanical model of fracture based on the phase-field approach, 
presented in Sect. 3.2. Six different virtual experiments, each varying in boundary 
conditions, are simulated. These virtual experiments were based on an ellipsoidal 
unit cell of HPC, which includes the resolution of fibres and serves as a represen-
tative volume element (RVE), as illustrated in Fig. 5a. The ellipsoidal RVE, which 
characterises the material behaviour along the preferred fibre direction, is constructed 
with the consideration that fibres occupy 0.3% of the total volume of the unit cell, 
corresponding to a fibre content of 23 kg/m3 in reinforced HPC, see [16–18]. The 
heterogeneity in the concrete matrix is accounted for by applying random numer-
ical perturbations of up to 20% to the material parameters of the HPC matrix, as 
detailed in [15, 19, 20]. A macroscopic homogeneous strain state is considered and 
applied to the microscopic boundary value problem based on the ellipsoidal RVE, see
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Fig. 5 Virtual experiment I: uniaxial tensile test without transverse stresses, a boundary value 
problem (RVE), b comparison of macroscopic stress–strain characteristic using pure and reinforced 
ellipsoidal RVE without perturbation and with 20% perturbation (from [15], licensed under CC-BY 
4.0) 

Figs. 5a, b. The macroscopic quantities are determined using the volumetric averages 
of the microscopic quantities over the RVE and plotted to study the effective material 
behaviour of fibre-reinforced HPC, see Fig. 5c. Details on the construction of the 
RVE and the numerical homogenization procedure are documented in [15]. 

Figure 5 and 6 illustrate an exemplary boundary value problem and the simula-
tion results of the virtual experiment, which considers a uniaxial tensile test along 
preferred fibre direction with vanishing transverse stresses (only σ 22 = 0). Four 
simulations were conducted using different types of ellipsoidal RVEs: ellipsoidal 
RVEs of pure HPC with and without perturbation and ellipsoidal RVEs of reinforced 
HPC with and without perturbation of HPC parameters. For more details for all types 
of the virtual experiments, see [15].

4 Bending Beam Tests—Damage Evolution in Low-Cycle 

Fatigue 

4.1 Setup and Procedure of Experiments 

Based on the calibration of the numerical model for the ellipsoidal RVE and the 
simulation of the pull-out behaviour of individual fibres, the investigation of larger 
structures follows. Initially, quasi-static flexural tensile swelling tests were carried 
out on notched three-point bending beams in deformation control.
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Fig. 6 Virtual experiment I: uniaxial tensile test without transverse stresses using ellipsoidal RVE 
of reinforced HPC, a–d HPC parameters without perturbation at σ 22 = 0.00450 GPa and e–h with 
20% perturbation at σ 22 = 0.00417 GPa: distribution of a, e microscopic stress σ22 in GPa, b, 
f microscopic equivalent plastic strain α and microscopic phase-field parameter σ22 c, g cross-
sectional view and d, h front view at macroscopic strain ε22 = 0.175 0 /00 (from [15], licensed under 
CC-BY 4.0)

All tests were conducted on HPC and UHPC bending beams with dimensions of 
150 × 150 × 700 mm. As described in Sect. 2, the HPC beams contained 0/23/57/ 
115 kg/m3 macro steel fibres, equivalent to 0/0.3/0.75/1.5% by volume. The UHPC 
beams were tested with 0/57/115 kg/m3 of micro steel fibres, representing 0/0.75/ 
1.5% by volume. 

The test procedure, which was based on EN 14651 [21], was augmented by 
unloading–reloading cycles in order to be able to comprehensively describe the 
changes in residual material properties during the transition of the material from the 
uncracked to the cracked state and the subsequent activation of the fibre load-bearing 
capacity. The test setup and procedure are shown schematically in Fig. 7.

To ensure clear data for both the behaviour of the concrete matrix before and after 
the formation and opening of the macro crack and the associated redistribution of 
tensile forces to the steel fibres, the first 0.05 mm of crack opening were investigated 
with a particularly fine resolution of one unloading cycle every 0.01 mm of crack 
growth. For the investigation of the behaviour with very large crack openings of up 
to 4 mm, an additional influence due to too many unloading cycles was to be avoided. 
Therefore, once a crack opening of 0.05 mm was reached, larger increases in crack 
openings were applied before starting the next unloading cycle.
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Fig. 7 Schematic depiction of a the test set-up according to EN 14651 [21]  (from  [4], licensed 
under CC-BY 4.0) and b test procedure with unloading cycles

4.2 Damage Indicators—Definition and Discussion 

One major objective of this research was to identify and validate suitable macro-
scopic damage indicators in order to describe and subsequently model the damage 
process. This allows for a more accurate description of the degradation of the mate-
rial properties, in addition to modelling only the envelope curve. As presented in [4] 
and [22], several indicators are comprehensively taken into account for this purpose, 
as illustrated in Fig. 8. 

The main indicators analysed for the i-th load cycle are the plastic fraction of the 
crack opening CMODpl,i, the residual stiffness si and the damage energy Wpl,i.  All  
indicators are set as functions depending on the total crack opening CMODtot at the 
point of unloading. The results demonstrate that all damage indicators are suitable for 
resolving differences in degradation behaviour as functions of fibre content. Out of 
these indicators, the residual stiffness proved particularly suitable for calibration of 
numerical models. As the secant modulus si of any given hysteresis loop i it equates 
to

Fig. 8 Definition of damage indicators a plastic fraction of crack-mouth opening displacement 
CMODpl, b residual stiffness s and c damage energy Wpl, depicted for the second unloading cycle 
(from [4], licensed under CC-BY 4.0) 
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si =
Fi 

CMODtot,i − CMODpl,i 
, (14) 

where Fi corresponds to the difference between the load at the unloading point and 
the minimum load of the unloading cycle. In addition, for the numerical modelling, 
a dimensionless relative damage value is derived from the stiffness by normalization 
to the initial stiffness s0, i.e. 

qi = 
s0 − si 

s 0
. (15) 

The direct formulation of a general damage parameter for the numerical approach 
rendered stiffness a widely employed damage indicator. In addition, while the data 
shows considerable scatter, as is usual for such tests, the stiffness development 
provides good selectivity between different types of concrete and fibre contents. 
The results can also be transferred to the behaviour of the concretes in high-cycle 
fatigue tests, which is further discussed in Sect. 6.1. Figure 9 shows an example of 
the development of stiffness in HPC depending on the fibre content. 

Several different phases can be identified in the stiffness curve. The first load 
cycle provides the initial stiffness, which is approx. 1500 kN/mm for the HPC 
specimens, regardless of the fibre content. This constant stiffness at the beginning 
can be explained by the constant stiffness of the concrete matrix for all concrete 
compositions. The effects of fibres become relevant after the initiation of the crack. 
Starting from a crack opening of approx. 0.02 mm, the concrete matrix begins to 
degrade rapidly as the fibres start to be activated. Up to a crack opening of about 
0.1 mm, the progression arranges according to the fibre content. Generally, higher 
fibre contents lead to higher residual stiffness. For larger crack openings from approx. 
1 mm onwards, this behaviour weakens and the individual curves converge again. 
Strain-hardening behaviour is observable for both HPC and UHPC for all specimens 
with a fibre content of 57 and 115 kg/m3 after reaching the limit of proportionality.

Fig. 9 Development of residual stiffness, HPC: a zoomed view of initial crack formation and 
b view of development for large crack openings, (adapted from [4], licensed under BY-CC 4.0) 
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4.3 Phenomenological Material Model for Fibre-Reinforced 

HPC 

4.3.1 Constitutive Framework 

To represent the heterogeneity in the steel fibre-reinforced HPC, an additive structure 
of a macroscopic stored energy function per unit volume ψ is formulated using energy 
functions ψHPC for the HPC phase and ψF for the embedded fibres, i.e., 

ψ = vHPCψHPC 
ε, εp,HPC, q, ∇q,  αHPC + vFψF

ε,M, αF . (16) 

As observed in the experiments, fracture occurs only in the HPC phase, which 
is described by the phase-field parameter q ∈ [0, 1 ]. The volume fraction vHPC of 
the HPC phase and the volume fraction vF of fibres are conserved by the condition 
vHPC = 1 − v F. The total macroscopic strain tensor ε contains the elastic strains 
ε
e,HPC and the plastic strains εp,HPC in HPC phase, i.e. εe,HPC := ε − ε

p,HPC.  An  
energy functionψHPC for the HPC phase is constructed using the Eqs. 1 and 2,  cf.  [4, 
14, 15], 

ψHPC = g ψ
e+,HPC 
0 + ψ

p,HPC 
0 − ψc,HPC + ψ

e−,HPC 
0 + ψc,HPC + 

2ψcl 

ζ 
γ (q,∇q),

(17) 

where specific critical fracture energy ψc,HPC > 0 controls the crack threshold in 
the HPC phase. Therein, the positive ψe+,HPC 

0 ε
e,HPC and negative ψe−,HPC 

0 ε
e,HPC 

reference elastic energy functions are, respectively, 

ψ
e+,HPC 
0 ε

e,HPC = κ tr εe,HPC 2 
+/2 + µ| devεe,HPC |2, 

ψ
e−,HPC 
0 ε

e,HPC = κ tr εe,HPC 2
−/2,

(18) 

formulated using the Lamé coefficient µ and the bulk modulus κ for the HPC phase 
and the Macaulay’s notation, i.e. x ± = 1/2(x ± | x|). A plastic energy ψp,HPC, 
which depends on the equivalent plastic strain αHPC, yield stress yHPC 0 and hardening 
parameter hHPC for HPC phase, reads 

ψp,HPC αHPC = g(q)[yHPC 0 αHPC + 
1 
2 h

HPC αHPC)2 . (19)
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An energy function ψF is constructed using the total strain tensor eF = ε : M for 
fibres. It reads. 

ψF 
ε, M, ep,F ,  αF = ψe,F 

ε, M, ep,F + ψp,F αF where ee,F = eF − ep,F.

(20) 

wherein ee,F and ep,F are the one-dimensional elastic and plastic strains along the 
fibre direction, respectively. Here, the structural tensor M := a ⊗ a is used, cf. [23], 
which facilitates the description of the behaviour of the embedded steel fibre aligned 
in the preferred direction a with ||a|| = 1,  see  [15]. An elastic energy function ψe,F 

and a plastic energy function ψp,F for fibres are, respectively, 

ψe,F 
ε, M, ep,F = 

1 

2 
EF eF − ep,F 

2 
, and ψp,F αF = yF 0 α

F + 
1 

2 
hF αF 2

, (21) 

where the elastic moduli EF, initial yield stress yF 0 , equivalent plastic strain α
F and 

hardening parameter hF for fibres are considered. The total stress tensor is computed 
using Eq. 16, i.e. 

σ := vHPCσ 
HPC + vFσ F. (22) 

The stress tensor σ 
HPC for the HPC phase is formulated as 

σ 
HPC = g(q) trσ 

+,HPC 
0 I + devσ 

HPC 
0 

σ 
+,HPC 
0 

+ trσ 
+,HPC 
0 I 

σ
−,HPC
0

,
(23) 

using the given quantities, i.e. tr σ 
+,HPC 
0 = κ trεe,HPC 

+, devσ 
HPC 
0 = 2µ de vεe,HPC,

and tr σ 
−,HPC 
0 = κ tr εe,HPC

−. Therein, σ 
HPC 
0 = σ 

+,HPC 
0 + σ

−,HPC
0 is the effective 

stress tensor for the HPC phase. The fibre phase stress tensor σ 
F is formulated as 

σ 
F := σ 

F a ⊗ a with σ 
F = EF eF − ep,F . (24) 

The governing equation for the phase-field parameter q is computed similarly as 
in Eq. 9. It reads 

q − l2 Div (∇q) − (1 − q)HHPC = 0, (25) 

using a local history field HHPC with a dimensionless crack driving state function 
HHPC 

0 for the HPC phase, i.e.
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H
HPC := max 

s∈[0,t] 
H

HPC 
0 (x, t) ≥ 0 with HHPC 

0 = ζ 
ψ

e+,HPC 
0 + ψ

p,HPC 
0 

ψ c,HPC
− 1 .

(26) 

The Drucker-Prager yield criterion is used to describe the non-linear behaviour 
in the HPC phase. The yield criterion φHPC 

p and a plastic potential φHPC 
n are given, 

see [12], as 

φHPC 
p = 

1
√
2 

devσ 
HPC 
0 − βptrσ 

HPC 
0 − yHPC 0 − hHPCαHPC, (27) 

and φHPC 
n = 

1
√
2 

devσ 
HPC 
0 − βntrσ

HPC
0 , (28) 

where βp and βn are the material parameters. The one-dimensional von Mises yield 
criterion is used to capture non-linear behaviour along the preferred fibre direction, 
cf. [24, 25], i.e. 

φF σ 
F ,  κF 

p = σ 
F − κF 

p with κF 
p := ∂αF ψp,F = yF0 + hFαF. (29) 

Note that in the described formulation of the phenomenological material model, 
plastic flow occurs independently in both the HPC phase and the fibres. For the details 
on the overall consistent elasto-plastic tangent modulus, algorithm integration for 
both used plasticity criteria, and implementation of the presented formulation in the 
framework of the Finite Element Method, please refer to [14, 15]. 

4.3.2 Calibration and Validation Using Unit Cell Calculations 

The phenomenological material model is calibrated by conducting single-scale simu-
lations of the macroscopic boundary value problems (BVPs) based on a cuboid 
made of both pure and reinforced HPC. In these simulations, the same homogeneous 
boundary conditions applied to the RVE for virtual experiments, see Sect. 3.4,  are  
used. For details on all types of macroscopic BVPs, please refer to [15]. To achieve 
a fibre content of 23 kg/m3 in the reinforced HPC, a volume fraction of vF = 0. 003
is chosen for the cuboid.



210 G. Gebuhr et al.

Fig. 10 Phenomenological material model applied to a macroscopic BVP—uniaxial tensile test 
with vanishing transverse stresses, b–d HPC parameters without perturbation at σ 22 = 0.00435GPa 
and e–h with 20% perturbation at σ 22 = 0.00432 GPa: distribution of (e) perturbation parameter 
λpert, b, f total stress σ22 in GPa, c, g equivalent plastic strain αHPC in HPC phase and d, h phase-
field parameter q in HPC phase, at macroscopic strain ε22 = 0.1750 / 00 (from [15], licensed under 
CC-BY 4.0) 

The preferred fibre direction a within the cuboid, which is aligned parallel to 
the y-axis, the material parameters for HPC phase and fibre and considered hetero-
geneity using 20% perturbations of HPC parameters are maintained consistent with 
that in the RVE, as shown in Fig. 10a. The boundary conditions and the geometry of 
a cuboid used for the simulations of the macroscopic BVP for a uniaxial tensile test 
with vanishing transverse stresses are shown in Fig. 10a. The resulting macroscopic 
stress–strain characteristics obtained from simulations of virtual experiments and 
macroscopic BVPs are compared for calibration and validation of the phenomeno-
logical material model, see Fig. 11a and b. Figure 10 shows the simulation results of 
macroscopic BVP using cuboid of reinforced HPC with and without perturbation of 
HPC parameters, for details see [15, 20].
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Fig. 11 Macroscopic BVP—uniaxial tensile test with vanishing transverse stresses: comparison 
of macroscopic stress–strain characteristic to results of virtual experiment, shown in Fig. 5,  using  
ellipsoidal RVE, a without perturbation and b with 20% perturbation of HPC parameters (from 
[15], licensed under CC-BY 4.0) 

5 Modelling of Failure Behaviour of HPCs During 

Low-Cycle Fatigue 

To understand and further model the influence of fibres added in the HPC, the three-
point bending beam tests at low-cycles were simulated using the phenomenological 
material model presented in Sect. 4.3. Two different continuous step-wise linearly 
approximated degradation functions for HPC in tension g+(q) and in compres-
sion g+(q), introduced in [14], are further implemented to model the distinct 
tension–compression failure behaviour of concrete. 

The support points used for the interpolation of these degradation functions are 
calibrated by simulating the uniaxial tensile and compression tests as well as the 
three-point bending beam test for pure HPC, corresponding simulation results are 
documented in [14]. The initial guess of the value of the phase-field parameter q 
for the particular loading–unloading cycle determined using the measured residual 
stiffness in the experiments of the three-point bending test. This approach is explained 
in more detail in [4] and [14]. The geometry and the boundary conditions used for the 
three-point bending beam test with an example of a superimposed ODF are designed 
as per the European Standard EN 14651, see Fig. 7. 

To understand the influence of fibres on failure behaviour of HPC, the three-point 
bending beam tests at low-cycle for reinforced HPC with different fibre distributions 
and contents were simulated. At first, the reinforced HPC beams with three different 
fibre contents of 23/57/115 kg/m3 and the preferred fibre direction along x-axis 
corresponding to the beam axis were used for the simulations. Figure 12 shows the 
results of a three-point bending beam test at low-cycle of reinforced HPC with fibre 
content of 23 kg/m3 and a preferred fibre direction along the x-axis.

The results are validated by comparing the degradation of stiffness, see Sect. 4.2 
for the calculation, at each loading cycle in the numerical and experimental load-
CMOD curves, see Fig. 12h. The results show good agreement with the experimental 
data, but the crack bridging effect could not be captured efficiently.
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Fig. 12 Three-point bending beam test at low-cycle of fibre-reinforced HPC with fibre content 
of 23 kg/m3 and a preferred fibre direction along x-axis: distribution of stresses σx (in GPa) in 
x-direction, the equivalent plastic strain αHPC for HPC phase and the phase-field parameter q for 
HPC phase in a, c, e at CMOD = 0.0374 mm and in b, d, f at CMOD = 0.136 mm, respectively. 
Comparison of experimental data and simulated results: g load-CMOD diagram and h calculated 
and interpolated residual stiffness-CMOD diagram, taken from [4, 26, 27]

To incorporate different distributions and orientations of fibres, ODF using 5 and 
24 preferred orientations lying in the x–y plane are constructed and implemented, 
see Fig. 13a and b, for details see [4, 26, 27].

The experimental load-CMOD curves, represented by the grey scatter bands, are 
compared with the numerical load-CMOD curves obtained from simulations of both 
a pure HPC beam and a fibre-reinforced HPC beam. These simulations consider 
various fibre distributions with fibre contents of 23 kg/m3, 57 kg/m3 and 115 kg/m3, 
as  shown  in  Fi  g. 14a–c. Figure 14d demonstrates the effect of increasing fibre content, 
which results in an increase in additional stiffness for the simulations considering a 
preferred fibre orientation along the x-axis.
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Fig. 13 Three-point bending beam cyclic test: orientation distribution functions (ODFs) for the 
reinforced steel fibres: a 5 preferred orientations between the values of angle β,  i.e  . −10◦ to 10◦ 

and b 24 preferred orientations the values of angle β,  i.e  .−90◦ to 90◦ (nearly isotropic), taken from 
[4, 26, 27]

Fig. 14 Comparison of load-CMOD diagram for experimental data and simulation results: Three-
point bending beam test of fibre-reinforced HPC with fibre content of a 23 kg/m3, b 57 kg/m3, 
c 115 kg/m3 and d comparison of results using different fibre contents, taken from [4, 26, 27]
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6 High-Cycle Fatigue and Lifetime Prediction of Bending 

Beams 

6.1 Damage Indicator Transfer Between Low-

and High-Cycle 

Based on the indicators for damage development in low-cycle tests described in 
Sect. 4.2, their transferability to high-cycle fatigue tests was analysed. It was further-
more investigated whether the development of damage indicators in low-cycle and 
high-cycle is quantitatively comparable. Test specimens and test set-up corresponded 
to the previously described low-cycle tests. Various combinations of upper and lower 
load levels were applied for fatigue testing. Both test series with constant (single 
block) load levels and the influence of different load sequences, i.e. successive loads 
with different upper and lower load levels, were investigated. In the context of this 
chapter, results presented in [28] will be discussed in particular. Due to the qualita-
tively comparable results of the UHPC samples to HPC samples with regard to all 
damage indicators analysed, this contribution focuses on results of HPC samples. 

Figure 15a and b provide a schematic overview of the analogy between the defini-
tions of damage indicators for low-cycle tests presented in Sect. 4.2 and high-cycle 
tests. It has to be noted that the load levels are referred to the initial crack-force Finit. 
This means that for specimen containing super-critical fibre amounts, i.e. showing 
strain hardening behaviour after the initiation of the macro-crack, the load levels can 
exceed 100%. The overall good correlation in the CMOD-dependent development 
of the residual stiffness as shown exemplarily in Fig. 16 implies that the fatigue 
tests, which are by far more demanding in terms of both testing time and simulation 
complexity, can be well described using quasi-static low-cycle tests. While all indi-
cators described show good selectivity with regard to the fibre content when applied 
to high-cycle tests, the development of residual stiffness in particular proves to be 
promising for a data-driven degradation description due to this correlation. 

Fig. 15 Concept of transferability of damage indicators CMOD plastic CMODpl,i , residual stiff-
ness (si) and damage energy Wpl,i between a low-cycle and b high-cycle fatigue tests, reproduced 
from [28] (page 1328, Fig. 1)
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Fig. 16 Comparison of residual stiffness (si) as damage indicator in low-cycle (circles) and high-
cycle (lines) tests, exemplarily for HPC specimens with 57 kg/m3 fibres; a zoomed view of initial 
crack formation and b view of development for large crack openings 

For the stiffness development, the magnitude of effects such as load level or 
loading history is much smaller compared to the influence of the fibre contents 
on the fatigue curve. This also applies to the influence of upper and lower load 
levels on the general degradation curve, both when applied unchanging as well as 
consecutively altered in block-wise testing. To illustrate this, Fig. 17a and b show 
the influence of different constant upper load levels applied as single block as well 
as tests with a block-wise increasing upper load level. Figure 17c and d give an 
exemplary comparison of the stiffness development of HPC specimens depending 
on the fibre content. Both depictions are described in more detail in [28].

As illustrated Fig. 17, the influence of the upper load level, both constant and 
increasing in blocks, is superseded by the influence of the fibres. In [28], it is shown 
that this is the case for all damage indicators discussed above as well as for HPC 
and UHPC. Fibre-free reference specimens reached a CMOD of approx. 0.05 mm 
and then failed immediately after the formation of the macro-crack. HPC specimens 
with a fibre content of 23 kg/m3, which showed strain-softening behaviour in the 
previously described low-cycle tests, also failed at crack openings of about 0.1 to 
0.15 mm. Generally, the shape of the curve is well comparable to the curve of fibre-
free specimens. The difference in overall fatigue life for specimens with 23 kg/m3 

is due to the upper load level being coupled to the initial crack load Finit from low-
cycle tests, which meant that larger crack openings could not be achieved in force-
controlled high-cycle tests. The basic characteristics for all tests shown correspond 
to the behaviour described in Sect. 4.2 for quasi-static low-cycle tests. Especially for 
the range from 0.05 to approx. 1 mm crack opening, where the initial crack forms 
and load bearing mechanism changes from the matrix to the fibre, there is a clear 
differentiation of the development of residual stiffness according to fibre content.
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Fig. 17 Comparison of the influence of a, b upper load level and c, d fibre content on residual 
stiffness development (si); a, c zoomed view of initial crack formation and b, d view of development 
for large crack openings, reproduced from [28] (page 1329–1330, Figs. 4 and 5)

6.2 Secondary Creep Phase Analysis 

While it is possible to carry out a limited number of load cycles experimentally 
in reasonable time, as in the case of the low-cycle tests described in Sect. 4.2, 
considerable computing time must be allocated for their simulation, depending on 
the complexity of the numerical model used. Although high-cycle tests can still be 
realised experimentally, they can no longer be explicitly simulated cycle by cycle. 
This results in a need for approaches to reduce computational effort. A possible basis 
for such a reduction are cycle jump approaches, as described e.g. in [29]. 

Although the representation of the CMOD to stiffness analogy considered in the 
previous Sect. 6.1 enables transferability between low-cycle and high-cycle tests, 
direct information on the number of load cycles up to fatigue is not included. Espe-
cially for long-term fatigue tests with low stress levels as well as run-out specimens 
which did not fail, it is important to know when the test has reached fatigue phase 
II, or secondary creep phase, as displayed in Fig. 18. This phase is known to provide 
a linear increase in damage per load cycle. Its gradient is furthermore known to be 
correlated to the number of cycles to failure, see e.g. [30]. 

Figure 18a schematically shows the well-known S-shaped three-phase progression 
of fatigue damage development to final failure. While the first and third phases are 
non-linear, the progression of damage development in phase II is approximately 
linear. In fatigue tests, this second phase accounts for between 70 and up to 90% 
of the total number of cycles, depending e.g. on the compressive strength of the 
concrete, see [31].
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Fig. 18 Secondary creep phase analysis of stiffness deterioration rate s as a generalised schematic 
depiction, results for b HPC and c UHPC in high-cycle fatigue tests comprising different loading 
histories, cf. [32, 33] 

Since the damage accumulation per cycle is constant in this range, areas of 
the curve can be extrapolated with reasonable precision. This results in enormous 
possible savings potential in the simulation of explicit load cycles. 

In [32, 33], an approach is outlined that enables fatigue phase II to be identified 
even in ongoing high-cycle fatigue tests without knowing the point of final failure. 
The algorithm has been continuously developed since then in order to further improve 
the forecasting capacities. 

Based on this, a comparison of the stiffness development in the secondary creep 
phase for HPC and UHPC samples as taken from [33] is shown in Fig. 18b and c 
respectively. Each point displayed indicates the gradient of the second creep phase, 
either of a single-stage test or one loading block in a multi-stage test. In addition, 
confidence ellipses are given as two-dimensional representations of the standard 
deviation of the tests. Only tests or blocks of tests with residual stiffness values 
lower than 500 kN/mm at the start of the secondary creep phase are included. From 
a structure-oriented perspective, this starting residual stiffness means that a macro 
crack is fully initiated and thus only the deterioration of fibre capacity as load-bearing 
mechanism is displayed. Additionally, tests that did not reach a stable secondary creep 
phase, i.e. due to imminent failure are excluded as well. Due to these limitations, no 
samples with 0 or 23 kg/m3 fibres are included here, as their load-bearing capacity 
in the high-cycle tests is not sufficient to withstand at residual stiffnesses of less than 
500 kN/mm over longer periods of time.
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Evidently, an increased fibre content facilitates higher loading levels at a consis-
tent degradation rate. This corresponds to the higher residual stiffness reported in 
Sect. 6.2. In addition, the applicable load levels for UHPC appear to be higher and the 
associated secondary creep rates lower compared to HPC. This is due to the difference 
in mass per individual fibre between the macro fibres used in HPC with a diameter of 
0.92 mm and the micro fibres used in UHPC with a diameter of 0.19 mm. This means 
that the number of fibres bridging the crack and providing load-bearing capacity is 
significantly higher for UHPC. A quantitative differentiation of different loading 
histories using statistical approaches does not lead to noticeably different results. 
Therefore, the depiction represents all tests, including many different loading histo-
ries. This fact also explains parts of the scatter that is visible in Fig. 18. However, 
the results provide a possibility to predict the gradient of deterioration depending on 
the load level. 

6.3 Definition of a Stiffness-Based Failure Criterion 

for Lifetime Prediction 

As shown, the residual stiffness exhibits comparable degradation rates with respect to 
CMOD between high-cycle fatigue and low-cycle tests for comparable fibre contents, 
independent of upper load levels applied. This correlation allows the definition of 
a boundary criterion for the prediction of failure based on stiffness degradation. By 
comparing the residual stiffness observed during fatigue tests with stiffness degrada-
tion curves derived from low-cycle tests, it is possible to formulate a failure criterion 
that incorporates both, the residual stiffness at the final low-cycle load cycles and the 
corresponding relative load level at that stage. This approach is graphically outlined 
in the following Fig. 19. 

Despite the scattering, there is a failure limit threshold for the stiffness achievable 
in fatigue up to failure for each fibre content. This threshold is found to be between 
50 kN/mm and 100 kN/mm, provided the load-bearing capacity being high enough to 
reach this level in force-controlled fatigue tests. Here, this is particularly the case for 
concrete mixtures with high fibre contents exhibiting strain hardening behaviour. Due 
to the tests being run in a force-controlled manner, specimen with concrete mixtures 
with low fibre contents resulting in strain softening behaviour reach the envelope of 
the quasi-static tests shortly after crack initiation and thus fail in a few load cycles. 
Still, the envelop curves derived from the stiffness degradation in low-cycle tests can 
serve as failure criterion. 

In Fig. 19, hollow markers represent residual stiffnesses in deformation controlled 
low-cycle tests, whereas filled markers represent failure in force-controlled high-
cycle tests. The dashed lines indicate the stiffness-based failure curve derived from 
low-cycle tests (comparable to the stiffness degradation as displayed in Fig. 16. 
Failure of high-cycle fatigue tests lines up well at this given line. Furthermore, 
the solid red lines in Fig. 19) exemplarily show successive single load-steps of a
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Fig. 19 Phase II stiffness degradation for an exemplary HPC specimen with 115 kg/m3 fibres 
subjected to a 95% and b 125% of Finit and c a global failure criterion based on multiple low- and 
high-cycle tests 

multi-step high-cycle fatigue tests with block-wise increasing upper load level. The 
development of stiffness of two load levels is shown in detail in the left part of 
Fig. 19. As could be expected, the lower load level of 95% of the first-crack load 
Finit shows a higher residual stiffness of about 525 kN/mm and a smaller gradient of 
stiffness degradation in fatigue phase II compared to the higher load level of 125% 
of the first-crack load. The gradients of the secondary creep phase correlates directly 
with the number of load cycles to failure. Here, the damage gradient in the second 
phase changes from − 2.2 kN/mm per 104 load cycles at 95% of Finit to −4.0 kN/ 
mm per 104 load cycles at 125%. These gradients can finally be extrapolated against 
the stiffness-based failure curves derived from the low-cycle tests. Combining the 
findings presented in here and in Sect. 6.2, suitable lengths for cycle jumps based on 
experimental data can be derived, which can be used to reduce numerical effort in 
high-cycle simulations. 

7 Conclusions 

This chapter presents a summary of the principal findings of a comprehensive study 
on a scale-bridging methodology to combine short term experiments and numerical 
models to predict high-cycle fatigue of HPC and UHPC.
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Initially, a combination of extensively tested and calibrated parameters from fibre 
pull-out tests, along with the virtual experiments based on the ellipsoidal RVEs 
incorporating structural heterogeneity, are used to achieve a realistic representation of 
steel fibre-reinforced HPC in the preferred fibre direction. These simulations results 
are used to develop and calibrate the phenomenological material model through the 
simulations of macroscopic BVPs. 

At the macroscale, flexural beam tests were conducted and simulated using a 
phenomenological material model to further analyse the material behaviour. Both 
experimental and numerical approaches were designed to characterise and model the 
degradation in fatigue, taking into account different concretes, i.e. HPC and UHPC, 
as well as different types and quantities of steel fibres. It is shown, that different 
damage indicators are firstly applicable to differentiate damage development with 
respect to the fibre content. Secondly, the indicators are suitable to quantitatively 
describe damage development in quasi-static low-cycle tests while being transferable 
to time consuming high-cycle tests. However, focus is put on the residual stiffness 
as it is easily applicable to calibrate the numerical models when normalised into a 
dimensionless damage parameter. 

For the phenomenological material model on the macroscale, an additive formu-
lation of energy functions and the ODF for the fibres allows for the simulation 
of failure in both plain and fibre-reinforced HPC across different fibre contents, 
distributions and orientations with minimal adjustments. Moreover, the introduc-
tion of two distinct step-wise linear degradation functions enables precise control 
over stress degradation, based on the damage parameter’s evolution, allowing for 
an accurate representation of the degradation behaviour of cracked sections in HPC 
and UHPC. Based on this, comparisons between experimental and numerical load-
CMOD curves for the three-point bending beam tests at low-cycles with varying fibre 
contents further confirm the model’s ability to replicate experimental responses—not 
only the load-CMOD curve, but also stiffness degradation in unloading–reloading 
cycles. 

Regarding high-cycle fatigue, it is shown that the fibre content significantly affects 
the stiffness degradation function. In contrast, the upper load level and different 
histories of block-wise loading does not affect damage development to a statistically 
significant level. These statements do apply for HPC, UHPC and the types and 
contents of fibres tested. 

A general procedure based on the experimental results is outlined to determine 
the onset of the linear secondary creep phase based solely on the previous cycles. 
Having in mind that the gradient of deterioration in the linear phase II correlates to the 
number of cycles to failure, this approach facilitates accurate failure prediction and 
can be used to implement cycle-jumping techniques in numerical models generally. 
Having further in mind that damage development in low-cycle fatigue and high-cycle 
fatigue are quantitatively comparable, a degradation curve for stiffness reduction 
can be derived from low-cycle tests. This curve can be used as a failure criterion 
against which damage development in high-cycle fatigue can be calculated to predict 
either damage accumulation for a given number of cycles (cycle-jump) or to predict 
final failure. Future research should incorporate full 3D simulations of failure and
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realistic fibre distributions, which are crucial for advancing a more comprehensive 
understanding of the material’s behaviour. Additionally, the next step is to elaborate 
the ability of the presented numerical model to simulate high cycle fatigue tests of 
reinforced HPC using the cycle jump technique. 
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Abstract Given the increasing demand for sustainable and lightweight concrete 

structures, the application of ultra-high-performance concrete (UHPC) has gained 

significant relevance. However, in contrast to static loading conditions, cyclic loads 

are more prevalent in real-world scenarios. Despite the superior mechanical prop-

erties of UHPC, it may exhibit a different resistance to cyclic loading. Conse-

quently, this study focuses on both experimental and numerical analyses to investigate 

the primary mechanisms responsible for crack initiation at the meso-, micro-, and 

nanoscale. Following mechanical fatigue testing, microstructural alterations were 

characterized using scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). To extend these findings to the mesoscale, a novel rheolog-

ical model was developed. The results suggest that fatigue damage originates from 

nanoscale transformations of ettringite, combined with a densification of the cementi-

tious matrix. Moreover, an increased content of unhydrated cement clinker within the 

matrix enhances fatigue resistance. At the mesoscale, stress concentrations around 
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1 Introduction 

Cement-based structures such as bridges or the foundations of wind turbines are 

more frequently subjected to cyclic than static loads and, thus, to fatigue-related 

damage. Under cyclic loading, these structures will undergo plastic deformation, 

even though the peak loads applied are below the short-term strength measured under 

quasi-static conditions. As advanced materials like ultra-high-performance concrete 

(UHPC) are increasingly utilised, current research is concentrating on identifying 

the primary factors responsible for crack initiation. UHPC is a highly brittle material 

with a dense, high-strength composition. Its remarkable mechanical performance is 

achieved through the application of the maximum packing density theory [1, 2], high 

strength aggregates, the use of silica fume and an extremely low water-to-cement ratio 

(w/c). Due to the low w/c ratio, the degree of cement hydration in UHPC is relatively 

low, around 30%, meaning that the remaining unhydrated cement contributes as a 

physical filler. Additionally, the pozzolanic activity of silica fume promoting the 

formation of calcium silicate hydrate (C-S-H) enhances the interfacial transition 

zone (ITZ) and reduces porosity within the binder matrix [3, 4]. Consequently, crack 

initiation from pores or weaker ITZ regions, common in ordinary concrete, is less 

likely to occur in UHPC. Recent studies have focused on identifying inhomogeneities 

that play a role in crack initiation, particularly under cyclic loading. 

For several decades, scanning electron microscopy (SEM) and transmission elec-

tron microscopy (TEM) have been used to study cementitious materials [5–9], but the 

influence of fatigue on the microstructure, especially in the binder phase, has received 

little attention. In this work, an investigation of microstructural changes down to 

the nanoscale is aimed by utilizing SEM and scanning TEM, with lamella samples 

prepared through focused ion beam (FIB) techniques. While energy-dispersive X-

ray spectroscopy (EDS) has historically been applied to cement-based materials 

to analyse the local chemical composition of the binder phase [10–12], its use is 

extended to identifying nanoscale objects. 

On the numerical side, the bonded-particle model (BPM) was used, an extension 

of the discrete element method (DEM), where particles are connected by solid bonds 

[13, 14]. This approach allows for the modelling of both porous [15] and coherent 

material structures, incorporating single or multiple components. The mechanical 

behaviour of the material is represented through models for particle interaction and 

solid bonds. The flexibility to adjust or break these bonds during the simulation 

enables the representation of local structural changes or material fracture. While BPM 

has been increasingly applied to plain concrete analysis in 2D and 3D simulations 

of static loading [16–22], its application to UHPC remains unexplored, and only a 

few studies have adapted it to cyclic loading scenarios [23–25]. 

This chapter aims to demonstrate the combined application of experimental and 

numerical methods to refine and validate a novel fatigue model for UHPC. By iden-

tifying critical weaknesses in the microstructure, a contribution is hoped to be made 

to the development of cementitious materials with enhanced resistance to fatigue.
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The first part focuses on the mechanical characterization, providing an overview 

of the materials and their properties. This is followed by a detailed examination 

of fatigue-damaged samples using SEM and TEM techniques, presented in Sect. 3. 

Subsequently, the numerical framework is introduced, where a new rheological model 

for fatigue analysis is developed and explained. Building on this, the results of the 

low-cycle and high-cycle fatigue simulations are discussed in detail. Finally, the 

paper concludes with a summary of the key findings and the main conclusions drawn 

from the study. 

2 Mechanical Characterisation 

2.1 Specimen Preparation 

The main experimental investigations are based on cylindrical test specimens with the 

dimensions h/d = 180/60 mm, made from the UHPC reference material called “RU1” 

and described in Sect. 2.1 “Concrete Composition” in the chapter by M. Basaldella 

et al., this volume. Based on the RU1 mixture, additional binder specimens were 

produced in which the aggregate (H33 quartz sand) was omitted. In addition, UHPC 

specimens with supplementary basalt and granite (5/8 mm, Glensanda granite and 

Oelberg basalt) were produced as part of exploratory tests. The added amounts were 

set to 10 vol.-% and 30 vol.-%. It is important to note that this involved a pure addition 

of the rock materials rather than a replacement of the H33 aggregate. The volume 

proportions of all original RU1 components were reduced accordingly to maintain 

the ratio of the starting materials. To avoid influences from different particle size 

distributions of the additional aggregates, the individual grading curves were also 

aligned. This allowed a direct comparison of the specimens. In subsequent sections, 

these specimens will be abbreviated as “BAS10/BAS30” and “GRA10/GRA30”. All 

specimens were stripped after 24 h and then stored in water until a minimum age 

of 56 d, since the compressive strength of UHPC still increases considerably after 

a standard hydration time of 28 d [26]. This procedure ensures a high degree of 

hydration and a nearly constant compressive strength. 

2.2 Static Compression Tests 

To investigate the mechanical behaviour of UHPC, binder and specimens with addi-

tional coarse aggregate, uniaxial static compression tests were carried out. The 

compression tests were carried out strain-controlled with a load speed of 0.2 mm/ 

min on three specimens of each material. Three high-precision inductive displace-

ment transducers were used to capture the longitudinal strain during testing with a 

sampling rate of 30 Hz. The mean values of the mechanical properties are shown in
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Table 1 Mechanical 

properties of UHPC, binder 

with additional coarse 

aggregate (from [27], licensed 

under CC-BY 4.0) 

Material Strength (MPa) Young’s modulus (GPa) 

UHPC 196.8 ± 3.1 48.0 ± 1.0 

Binder 164.6 ± 7.1 38.6 ± 2.0 

BAS10 176.5 ± 8.5 51.8 ± 1.0 

BAS30 169.8 ± 9.0 56.5 ± 1.1 

GRA10 153.7 ± 5.0 47.1 ± 1.0 

GRA30 151.6 ± 8.2 48.1 ± 1.0 

Table 1. Both the strength and stiffness of the binder specimens are lower than for 

UHPC specimens, while the breakage strain is higher. This is related to the missing 

aggregate grains in the mixture. 

The additional coarse aggregate (basalt and granite) leads to a reduction in static 

strength, but results in an increase in stiffness. This can be explained by its different 

grain sizes. While H33 aggregates range from 0.125 mm to 0.5 mm and contribute 

to the optimized packing density of UHPC, the coarse aggregate has a grain size 

between 5 mm and 8 mm, introducing voids into the finely tuned reference material. 

Another aspect is the potential weakening of the interfacial transition zone between 

the coarse aggregate and the surrounding binder. This weakening could be due to 

the reduced amount of cement and microsilica relative to the surface area of the 

aggregate, which may lead to a decrease in overall strength. 

2.3 Cyclic Compression Tests 

After static tests, uniaxial cyclic compression tests were carried out force-controlled 

with a triangular load regime at 1 Hz. The upper and lower load level (Su, Sl) corre-

sponded to 80% and 5%, respectively, of the mean value of the static strength 

at a minimum age of 56 d, while the longitudinal strain was measured by three 

high-precision inductive displacement transducers with a sampling rate of 30 Hz. 

All concrete mixtures show a significant scatter in the number of load cycles until 

failure. Additionally, it is evident that, on average, the binder specimens exhibit the 

highest fatigue resistance after UHPC, as shown in Fig. 1. Considering the binder 

mixture as the common basis for all compositions, it is observed that any addition 

of aggregate resulted in a reduction of cycles to failure. In this context, both the type 

and size of the aggregate appear to be crucial. For the H33 quartz aggregate, which 

consists of single crystals with a maximum grain size of 0.5 mm, it represents a 

very fine aggregate and was incorporated into the packing density optimization. This 

suggests that the quartz is fully embedded in the binder matrix, preventing unplanned 

defects due to a locally insufficient amount of hydrated binder. Nonetheless, the 

addition of H33 could result in variable force redistribution within the structure, 

leading to a more heterogeneous stress distribution due to differing local stiffnesses
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Fig. 1 Comparative 

representation of the number 

of cycles to failure of all 

analyzed UHPC mixtures. 

Small symbols = individual 

values, large symbols = 

mean values (from [27], 

licensed under CC-BY 4.0) 
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between the binder and aggregate. However, H33 remains a beneficial aggregate due 

to its single crystalline nature, which lacks internal grain boundaries that could act 

as additional weaknesses during fatigue. Although the high strength and stiffness of 

such single crystals contribute to increased static strength in UHPC, they may also 

induce adverse effects under cyclic loading. 

In addition to the fatigue tests performed until specimen failure, phase-specific 

tests were also conducted. The primary goal was to generate various fatigue states 

(phases I-III) within the cylinders, which were subsequently used for microscopic 

examinations. Fatigue stages I and II were approximated at predefined cycle numbers. 

Phase III tests were generated using a strain criterion based on all available tests. 

Regarding the influence of coarse aggregate, the negative effects on the number 

of load cycles sustained are intensified by the increased aggregate size. On the one 

hand, this results in a markedly more heterogeneous stress distribution within the 

concrete matrix. On the other hand, a reduced proportion of cement and microsilica 

relative to the surface area of the aggregate may lead to a higher incidence of voids 

around the aggregate particles. Additionally, from a mineralogical point of view, 

the used aggregates are of different types. Basalt is characterized by its fine grain 

size and appears macroscopically uniform, whereas granite consists of fewer, larger 

crystals on the millimetre scale, resulting in a macroscopically more heterogeneous 

texture. This could potentially explain why the GRA30 mixture especially exhibits, 

on average, lower fatigue resistance. 

All tested mixtures exhibit a fatigue behaviour characteristic of concrete under 

cyclic loading, displaying an S-shaped fatigue curve. This curve is defined by micro-

crack growth in phase I, continued by crack propagation in phase II, and unstable 

crack growth with significant strain increases leading to ultimate failure in phase III. 

The curves shown in Fig. 2 represent typical damage progressions for the various 

mixtures, with strain plotted against the relative number of load cycles (S-N curves). 

Additionally, phase transitions at 3% and 97% of the specimen lifetime, as identi-

fied in the literature, are indicated as vertical lines. A good agreement among all
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Fig. 2 Exemplary illustration of S-N curves for binder, UHPC, GRA30 and BAS30 (from [27], 

licensed under CC-BY 4.0) 

mixtures is observed for the phase I-II transition, while for the phase II-III transition, 

the binder and UHPC mixtures show an even shorter phase III. This is likely due 

to the very fine-grained reference composition, which exhibits crack growth at very 

small scales up to failure, resulting in minimal macroscopic strain accumulation. 

The varying levels of strain are attributable to the mechanical properties of the 

respective compositions and correspond to the values obtained from static tests. 

Notably, the GRA30 mixture exhibits an earlier onset of strain increase. Such devia-

tions in the strain curve have been frequently observed for both GRA30 and GRA10. 

Initially, this might suggest a displacement issue with the measurement equip-

ment, a known problem with inductive displacement transducers during cyclic tests. 

However, this effect is observed in many curves, with varying degrees of prominence. 

Additionally, displacement measurement equipment typically results in significant 

deviations that render the entire measurement immediately invalid, which is not the 

case here. This observation may be related to the aforementioned coarseness of the 

granite. 

3 Electron Microscopy Investigations 

3.1 Sample Preparation 

As suggested previously, specimens from various stages of fatigue were investigated 

on the micro- and nanometre scale using a variety of methods of electron microscopy, 

among other techniques.
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Fig. 3 a SEM image of a damaged UHPC sample with cracks caused by shrinkage or fatigue, 

b Reflected light microscope image of an undamaged UHPC sample (from [27], licensed under 

CC-BY 4.0) 

In the case of pristine specimens or specimens in early stages of fatigue damage, 

platelets of ca. 1 cm × 1  cm  × 0.3 cm were cut from the original cylinders. In the case 

of after-failure specimens, suitable fragments of a comparable size were selected. 

These were finely ground with silicon nitride grinding papers of various grain sizes 

down to 8.4 µm (FEPA P2500 grit) to ensure flat and smooth surfaces for electron 

microscopy investig ations.

Scanning electron microscopy was utilized for a general characterization of the 

whole sample surface, especially concerning finding suitable sites to extract and 

prepare samples for transmission electron microscopy (TEM). Backscattered elec-

trons (BSE) were primarily used for image formation because their intensity corre-

lates with the mean atomic number of atoms present in individual sample regions. A 

quick classification of sample regions and the components of the material is possible. 

The aggregate as well as the quartz powder, both consisting of pure silicon dioxide, 

appear dark, the cement paste matrix mainly consisting of C-S-H phase appears 

bright, while unhydrated residual cement clinker appears very bright. Cracks as well 

as small compaction pores appear almost completely black because practically no 

BSE can escape from them (see Fig. 3a). A comparative image of reflected light 

microscopy is shown in Fig. 3b. 

3.2 Investigation of Aggregates, Unhydrated Cement Clinker, 

and the Interfacial Transition Zone Using Scanning 

Electron Microscopy 

SEM survey images display that the quartz sand aggregate H33 consists entirely 

of single-crystalline, crack-free individual quartz grains, regardless of the stage of 

fatigue damage. The common hypothesis of the aggregate being the preferred site of
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Fig. 4 a SEM–EDX overview of the interface between aggregate and binder, b Line scans of Si 

and Ca concentration with a length of 50 µm  [28]. Reprinted with permission from Rybczynski, S., 

Dosta, M., Schaan, G., Ritter, M., Schmidt-Döhl, F. (2020), Structural Concrete, 23(1), 548–563. 

Published under CC BY-NC-ND 4.0. © 2020 John Wiley & Sons Ltd. 

crack initiation in UHPC due to the high strength of the cement paste matrix cannot 

be corroborated in the case of fine-grained, high-strength aggregate. 

In addition, energy-dispersive X-ray spectroscopy (EDS) in SEM was employed 

to characterize the interfacial transition zone (ITZ) of aggregate grains (see Fig. 4). In 

ordinary concrete, platelet-shaped calcium hydroxide crystals preferentially agglom-

erate in the neighbourhood of coarse aggregate grains, decreasing the strength of the 

affected region [29]. 

In UHPC samples, however, higher concentrations of calcium in the neighbour-

hood of H33 aggregate grains could not be observed. Any possible concentration 

gradient is greatly outweighed by local maxima or minima due to unhydrated cement 

clinker or quartz powder grains, respectively. It can be concluded that any amount 

of calcium hydroxide formed intermediately will quickly react with silica fume to 

form C-S-H phases, compensating for any loss of strength in the ITZ. 

In addition to the EDX analyses, an image segmentation analysis of the binder 

matrix components was conducted using SEM data and employing filters from [30] 

and algorithms from [31]. The aim of this investigation was to explore a potential 

correlation between the lifetime of a specimen and its content of unhydrated cement. 

The study involved examining fragments from three UHPC and three binder speci-

mens, each with varying load cycles until failure. BSE-SEM images are processed 

in a multi-step method described in [32]. 

The fraction of unhydrated cement clinker in the cement paste matrix can be 

determined and correlated with the final lifetime of the specimen, showing a posi-

tive correlation. This applies to the reference mixture of UHPC as well as, to a lesser
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Fig. 5 a Correlation between the proportion of unhydrated cement clinker and the load cycles 

until failure for three UHPC and binder specimens each, b two-dimensional conceptual model of 

the blocking effect of unhydrated cement particles in the transverse direction (from [27], licensed 

under CC-BY 4.0) 

extent, to a pure binder mixture without H33 aggregate (see Fig. 5a). Due to the low w/ 

c value of UHPC, numerous unhydrated clinker grains remain in the concrete and can 

be considered a fine-grained, high-strength additive. Regarding the mentioned posi-

tive correlation, it can be hypothesized that the higher content of unhydrated cement 

contributes to an increase in strength, which would, in turn, reduce the stress level on 

the specimens during fatigue loading. Conversely, unhydrated cement particles may 

act to inhibit internal transverse tensile stresses at the microscale, ultimately resulting 

in less damage to the structure in the transverse direction. Figure 5b illustrates this 

conceptual model. 

3.3 Characterization of Microstructural Changes Caused 

by Fatigue Damage 

Platelets of 10 µm × 10 µm × 1.5 µm were extracted from suitable sites around 

the interface of aggregate and cement paste using Focused Ion Beam techniques 

(FIB). These platelets were thinned to a thickness of 0.1 µm to ensure electron 

transparency for TEM investigations. Material structures on a subnanometer scale 

can be resolved and imaged using TEM due to the higher energy of incident electrons 

compared to SEM and the usage of ultrathin samples. High-Angle Annular Dark-

Field (HAADF) imaging was primarily used which, like BSE imaging in SEM, is 

based on the scattering of electrons. Thus, it exhibits mass-thickness contrast: sample 

regions that are thin or porous or that contain a large fraction of light elements appear 

dark and vice versa.
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In samples from pristine specimens, the C-S-H phases exhibit a fibrous, loosely 

packed morphology with distinct porosity that has been established in literature for 

decades [9]. Starting at the early onset of fatigue, the C-S-H phases are compacted 

and thus appear brighter relative to non-porous components surrounding them, such 

as quartz powder or silica fume than in pristine samples (see Fig. 6). 

Additionally, objects with dark image contrast form in the compacted cement 

paste matrix. Independent of the stage of fatigue damage, they have a size of ca. 

200 nm × 30 nm; with progressing fatigue damage, their number rises and the 

contrast difference relative to the surrounding material increases. Dark image contrast 

indicates that these structural changes either consist of a material with low mean 

atomic number or simply constitute hollows in the material. 

Upon long-term electron irradiation of the sample, the structural changes often 

either increase or decrease in size due to the energy transferred from the electron

Fig. 6 HAADF-STEM micrographs of C-S-H phases in various stages of UHPC fatigue. a Pristine 

sample; b stage I fatigue; c stage II fatigue; d stage III fatigue. Scale markers are 200 nm [33]. 

Reprinted with permission from Schaan et al., © 2020 John Wiley & Sons Ltd. 
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Fig. 7 a HAADF-STEM micrograph maps in the neighbourhood of a nanocrack in after-failure 

UHPC RU1. b EDS elemental distribution map of aluminium; c EDS elemental distribution map 

of sulphur. Scale markers are 500 nm (from [32], licensed under CC-BY 4.0) 

beam. Chemical analysis using energy-dispersive X-ray spectroscopy (EDS) shows 

strongly increased concentrations of aluminium and sulphur in the vicinity of struc-

tural changes. This tendency is especially strong in the neighbourhood of nanocracks 

(see Fig. 7). 

In combination, these phenomena—needle-like shape, tendency to dissolve or 

crystallize upon changing environmental parameters, high content of aluminium and 

sulphur—indicate a relation with the formation or transformation of ettringite on the 

nanoscale. Ettringite (Ca6Al2(SO4)3(OH)12.  26  H2O), as a reaction product of the 

cement phase C3A  (3  CaO.  Al2O3) and sulphate carrier, plays a crucial role in the 

early stages of cement paste hardening. A delayed formation of ettringite after the 

hardening of the material, however, can result in e xpansion phenomena or damage

[34, 35]. 

To minimize or completely inhibit ettringite transformation, a variation of the 

UHPC reference mixture using a sulphate-resistant SR0 portland cement instead 

of the original SR3 cement was produced. While the SR0 cement only has a C3A 

content of 0.86% - compared to 2.61% in the SR3 cement -, its C4(A,F) content 

is considerably higher at 19.09% compared to 14.46%. The deciding factor is the 

content of Al2O3 equivalent, which is only slightly lower in the SR0 cement at 3.71% 

compared to 4.02%. 

The mean static compressive strength of specimens fabricated using SR0 

compared is ca. 25% lower than using the reference mixture at ca. 150 MPa; the 

mean lifetime during cyclic loading experiments is comparable at 7206 load cycles. 

TEM investigations display a formation of structural changes and nanocracks even 

in samples fabricated using SR0 cement (see Fig. 8). Like in SR3 cement specimens, 

the neighbourhood of structural changes and nanocracks exhibits significantly higher 

concentration of aluminium and sulphur, indicating the presence of ettringite. At the 

same time, the concentration of iron, which can substitute for aluminium in ettringite, 

is increased as well in these regions.

Using a highly sulphate-resistant cement with low C3A content does not immedi-

ately result in the inhibition of nanoscale ettringite transformation and an increase in
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Fig. 8 a HAADF-STEM micrograph in the neighbourhood of a nanocrack in after failure UHPC 

fabricated with SR0 cement. b EDS elemental distribution map of aluminium; c EDS elemental 

distribution map of sulphur. Scale markers are 200 nm

lifetime during cyclic loading experiments. It might be necessary to utilize a specially 

designed cement with a very low content of Al2O3 equivalent, which will likely affect 

the hardening of the fresh concrete considerably. 

4 Numerical Investigations 

Numerical simulations were conducted using the bonded-particle model (BPM) 

within the open-source discrete element method (DEM) framework MUSEN [36], 

which is available for download from [41]. The computations were performed on a 

system equipped with an Intel Xeon Gold 5118 CPU and an NVIDIA A100 GPU, 

utilizing GPU-based force calculations and motion integration for enhanced perfor-

mance. Generally, DEM models granular materials as assemblies of individual parti-

cles, governed by Newton’s second law and interacting through specific contact 

models [37]. Modern advancements in DEM have expanded its application to non-

spherical particles and multiphase flow modelling [38]. BPM extends DEM by 

connecting particles with solid bonds [13, 14], allowing for the simulation of cohe-

sive material structures and internal fracturing processes. Key interactions include 

interparticle contacts, particle-wall contacts, and forces within solid bonds. 

4.1 Contact Models and Structural UHPC Model 

Given the nearly ideal elastic behaviour of UHPC and binder materials, elastic-

based models were used for all three interaction types. A linear elastic model was 

utilized for interparticle interactions, while the Hertz-Mindlin model was applied for 

particle-wall contacts. A detailed description of these models can be found in [27]. 

For the bond model, a newly developed approach was implemented, incorporating
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Fig. 9 Bond response in different load modes: a Compression; b tension; c shear (from [32], 

licensed under CC-BY 4.0) 

both elastic and plastic deformations along with fatigue-induced damage. The funda-

mental equations governing the purely elastic components, which are also applicable 

in our model, can be found in [13]. 

Assuming that concrete typically fails due to internal transverse tensile stresses, 

the primary fatigue damage mechanisms were integrated into the tensile response of 

the model formulation. To capture fatigue degradation resulting from shear stresses, 

a fatigue damage component was also incorporated in shear mode. Fig. 9 illustrates 

the rheological formulations for each of the three loading conditions. A detailed 

description of the model equations can be found in [32]. 

In the case of fatigue loading, crack propagation occurs across multiple scales and 

does not necessarily result in plastic deformation. Therefore, modelling fatigue degra-

dation solely through plastic behaviour is insufficient. Instead, crack growth occurs 

concurrently at the meso, micro, and nanoscale, and this multiscale phenomenon 

must be taken into account. To represent this behaviour on the mesoscale, a fatigue 

damage criterion was introduced, where the bond diameter progressively reduces as 

fatigue damage accumulates. This approach allows the representation of micro- and 

nanoscale crack formation without requiring the immediate breakage or removal of 

the bond from the simulation. Fig. 10 illustrates the relationship between small-scale 

damage mechanisms and their mesoscale implementation in the bond model.

In the numerical investigation of UHPC’s fatigue behaviour, a three-phase struc-

tural model was employed, incorporating two particle types (binder and aggregate) 

and three bond types (binder–binder, binder–aggregate, and aggregate–aggregate). 

These bonds correspond to the primary phases of concrete (binder, interfacial transi-

tion zone (ITZ), and aggregate), facilitating a detailed analysis of the UHPC structure. 

The modelled dimensions represent a real concrete volume of around h/d = 6/2 mm, 

as detailed in [28]. To account for realistic non-spherical shapes of aggregate grains, 

reconstructed 3D models from X-ray computed tomography (µCT) were used. 

SEM investigations did not reveal a notably weaker ITZ, likely due to the opti-

mized packing density of the UHPC composition. Consequently, ITZ and binder 

bond parameters were assumed to be identical, simplifying the calibration process to 

the binder and aggregate phases. Calibration of binder parameters relied on uniaxial



238 S. Rybczynski et al.

Fig. 10 Bond damage caused by a small-scale crack and its implementation: a Undamaged bond 

connection of two primary particles; b A fatigue crack manifests in a reduction of the load-bearing 

cross-cut of a meso bond; c Representation of a resulting fatigue crack in the simulation (from [32], 

licensed under CC-BY 4.0)

compression test results from Table 1, focusing on static simulations. Since exper-

imental cracks did not penetrate individual grains, only the aggregate stiffness was 

calibrated, with bond strength set to an infinite value. Aggregate parameter calibration 

was performed on cylindrical specimens under uniaxial compression. 

Generally, calibration involved a gradient-based trial and error approach, iter-

ating with different parameters to minimize discrepancies between experimental 

and numerical results. The slope of the stress-strain curve was used to fine-tune 

Young’s modulus of the bonds, while bond strength parameters were adjusted based 

on macroscopic fracture strength. Initial parameter estimates were derived using a 

linearization technique, specifically the direct stiffness method, as detailed in [39]. 

A detailed description of the algorithms used for structural generation and the whole 

calibration process can be found in [28]. 

4.2 Explicit Low-Cycle Fatigue Simulations 

In the case of low-cycle simulations, each loading and unloading cycle is explic-

itly computed. Given that these simulations are computationally and temporally 

intensive, taking approximately 22 hours per cycle, the structural UHPC model was 

slightly scaled down. The reduced model can represent dimensions of approximately 

h/d = 4.2/1.4 mm relative to a real laboratory specimen.
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Fig. 11 Macroscopic fatigue simulation results of UHPC using the proposed bond formulation: 

a Hysteresis loops obtained from fatigue simulations for UHPC and binder; b Comparison of mean 

S-N curve from UHPC simulations with experiments (from [32], licensed under CC-BY 4.0) 

Both the binder and UHPC simulations exhibit the main characteristics of 

decreasing stiffness and increasing strain over the material’s lifetime, as shown 

in Fig. 11a. Furthermore, the typical S-shaped fatigue behaviour aligns well with 

the range of experimental fatigue tests, validating the model as representative and 

suitable for further analysis of fatigue-induced damage (see Fig. 11b). 

To identify potential crack initiation areas, the average stresses on the binder 

particles over the material’s lifetime were analysed. This qualitative analysis was 

conducted for various fatigue stages (N = 1; N/Nf = 0.3, 0.6, 0.9) at the upper 

load level, as shown in Fig. 12. The results indicated that, in the first cycle, higher-

stress regions of the UHPC binder predominantly concentrate around the aggregate, 

while areas with less aggregate are subjected to lower stress. The stress peaks around 

the aggregate particles promote localized material degradation, which, despite the 

optimized interfacial transition zone (represented in the model by identical bond 

parameters used for the binder), was identified as a crack-initiating factor.

Further analysis of the higher-stress zones revealed significant propagation of 

stress concentrations into the surrounding matrix with increasing load cycles. This 

propagation can be attributed to recurring stress peaks, which initially damage or 

break directly adjacent bonds upon first loading. Since the material bridges between 

aggregate and matrix, such as C-S-H phases, vary in length, this leads to activa-

tion or redistribution of forces to more distant bonds. These bonds, which initially 

contributed less to the matrix-aggregate interaction, become activated due to the 

damage. 

The pronounced material degradation around the aggregate particles was further 

investigated through a quantitative analysis of broken bonds. The analysis revealed 

that significant damage to the interfacial transition zone occurs particularly during 

phase I of fatigue, until a first equilibrium state of initial damage is reached, as 

shown in Fig. 13a and c. This primary damage is followed by uniform damage 

growth, which leads to a noticeable increase in bond failure at around 75-80% of the 

material’s lifetime. This occurs even though macroscopic strain amplitudes do not
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Fig. 12 Visualization of stresses on primary binder particles at the upper load level at different 

fatigue stages; stresses are analysed in the loading direction (from [32], licensed under CC-BY 4.0)

yet show signs of imminent fracture or increasing damage, as depicted in Fig. 13b 

and d. This observation suggests that the ITZ plays a critical role in initiating the 

final, unstable damage growth characteristic of phase III.

4.3 Cycle-Jump Method and High-Cycle Fatigue Simulations 

The Cycle-Jump Method represents an approach that facilitates extended calcula-

tion processes through partial simulations. In traditional DEM/BPM simulations, 

the movements and interactions of individual particles are explicitly computed in 

small, discrete time steps as described and used for the low-cycle fatigue simulations. 

However, simulating a large number of macroscopic cycles is impractical due to the 

extensive computational time and storage requirements. The Cycle-Jump Method 

addresses this by reducing the number of cycles simulated explicitly. It achieves this 

by extrapolating the fatigue damage for each bond to a later time point, which is then 

used as the basis for further explicit calculations. This approach allows a reduction 

in simulation time without significantly impacting the overall system behaviour. The 

developed Cycle-Jump algorithm is based on the analysis and extrapolation of all 

bond states at defined simulation points, and is detailed with reference to the flowchart 

presented in Fig. 14. A detailed description of all algorithms, the calibration process 

and the equations underlying the Cycle-Jump Method can be found in [27].

Given the consistency achieved between explicit and extrapolated simulations, the 

parameter set for the cycle-jump method is considered representative. To account for 

the scattering observed in experimental fatigue tests, REM investigations into the
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Fig. 13 Exemplary representation of the S-N curves with the corresponding proportions of defects 

for two low-cycle simulations (N= 152 and N =129). The initial increase in the curves is highlighted 

in red (from [27], licensed under CC-BY 4.0)

effect of unhydrated cement on the fatigue behaviour of UHPC were utilized (see 

Fig. 5a). These investigations indicate that an increased content of unhydrated cement 

clinker positively impacts the load cycles endured in experimental fatigue tests. 

In the simulation, a varying proportion of unhydrated cement clinker is represented 

by implementing partial deactivation of fatigue damage for a specific part of bonds. 

This approach aims to replicate the mentioned blocking effect of unhydrated cement 

clinker (see the conceptual model at Fig. 5b). A random allocation algorithm is used 

to assign different proportions to bonds. The resulting load cycle counts from 152 to 

16,362 cycles. The individual values are available in [27]. However, an increase in the 

fraction of non-fatigue-prone bonds is associated with a rise in the number of load 

cycles the material can withstand. This variation highlights less of a quantitative 

relationship with unhydrated cement clinker and more of a qualitative correlation 

with the model concept shown in Fig. 5b. 

It should be noted that the fatigue process involves a complex interaction of various 

damage mechanisms and cannot be reduced to a single factor. Nevertheless, it can be 

demonstrated that improving fatigue resistance occurs when individual bonds are less 

susceptible to fatigue due to blocking effects. A comparison of the experimentally 

observed scattering in UHPC lifetime with simulation results further reveals parallels 

in the range of variability (see Fig. 15).
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Fig. 14 Flowchart of the developed Cycle-Jump algorithm (from [27], licensed under CC-BY 4.0)

Fig. 15 Comparison of 

experimental fatigue tests on 

UHPC with high-cycle 

fatigue simulations featuring 

varying proportions of 

fatigue-prone bonds (from 

[27], licensed under CC-BY 

4.0) 

1.00E+02 1.00E+03 1.00E+04 1.00E+05 

Log N 

UHPC - Experiment 

UHPC - Simulation 

Building on the insights from the explicit low-cycle simulations, a comprehensive 

investigation of material degradation was conducted through a quantitative analysis 

of broken binder and ITZ bonds. Two high-cycle simulations are presented as repre-

sentative examples: one with N = 16,362 cycles (Fig. 16a, b) and another with N 

= 8885 cycles (Fig. 16c and d). The x-axis is scaled to separately display both the 

cycle jumps and the explicit simulation segments, ensuring a clearer representation.
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Fig. 16 a, c S-N curves and b, c corresponding relative defects for two high-cycle simulations (N 

= 16,362 and N = 8885) (from [27], licensed under CC-BY 4.0) 

It is consistently observed that, in phase I of high-cycle fatigue, significant damage 

occurs in the ITZ until an initial equilibrium state is reached. This primary damage is 

followed by uniform and minimal damage growth in phase II. Unlike the low-cycle 

simulations, no definitive conclusion can be drawn about whether a rise in damage 

occurs at 80% of the total cycles due to the extrapolation phase. However, high-

cycle simulations suggest that similar damage patterns develop within the structure, 

with stress peaks and the newly mapped distribution of fatigue-prone bonds having a 

significant impact on the number of load cycles the material can withstand. Addition-

ally, the increasingly shorter jump distances indicate that fatigue damage intensifies 

with prolonged loading duration, suggesting that the extent of damage increases in 

parallel with the duration and intensity of local stress.
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5 Conclusion 

This chapter provides a comprehensive experimental and numerical investigation into 

the fatigue behaviour of ultra-high-performance concrete, employing both scanning 

and transmission electron microscopy alongside a newly developed bond formulation 

and cycle-jump technique. Structural inhomogeneities, such as local stiffness vari-

ations and ettringite transformation, are identified as potential factors contributing 

to crack initiation. Similar to these inhomogeneities, material degradation occurs 

across multiple scales—meso, micro, and nano. 

The key findings from this study are as follows:

• Microscopic analysis confirmed that fatigue-induced damage extends to the 

nanoscale, where ettringite undergoes a constant local crystallization and disso-

lution. Therefore, to accurately simulate degradation mechanisms under cyclic 

loading, nanoscale changes must be considered, even when modelling at the 

mesoscale. The use of sulphate-resistant cement (SR) with low or no calcium 

aluminate content could not mitigate delayed ettringite formation.
• A higher proportion of unhydrated cement clinker within the binder matrix 

enhances local strength caused by a blocking effect, resulting in an extended 

fatigue life of the specimens under cyclic loading.
• Stress concentrations due to significant stiffness variations lead to increased degra-

dation in the binder surrounding aggregate particles during fatigue. This promotes 

crack initiation within the interfacial transition zone and encourages crack prop-

agation into the surrounding matrix. Reducing the stiffness of the aggregate and 

employing finer particles could reduce localized stress peaks and improve fatigue 

resistance. 
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Influence of Load-Induced Temperature 
Fields on the Fatigue Behaviour of UHPC 
Subjected to High Frequency 
Compression Loading 

Silke Scheerer, Melchior Thieme, and Ngoc Linh Tran 

Abstract An experimental study on load-induced temperature fields generated in 
cyclic compression tests was carried out to close an existing knowledge gap on the 
material behaviour of ultra-high-performance concrete (UHPC). The main result of 
the experimental part is an analytical model with which the misleading influence 
of specimen heating on the results of such fatigue tests can be eliminated. The 
theoretical work was based on the microplane model M4 for concrete. The model was 
calibrated on laboratory tests on the investigated UHPC. The results of the numerical 
simulations confirmed the influence of temperature on the fatigue strength. 

Keywords Ultra-high-performance concrete (UHPC) · Temperature fields ·
Cyclic compression test · Analytical model 

1 Intension 

Saving resources and reducing CO2 emissions are two of the most important chal-
lenges of our time. Construction-related emissions are a significant proportion of 
global emissions of greenhouse gases [1]. In order to reduce the amount of concrete, 
components must be designed according to the force flow and materials should be 
adapted to specific requirements. This results, for example, in (i) customized special
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concretes whose properties have often not yet been researched in every detail, and 
(ii) in lightweight, filigree structures, which are often exposed to higher fatigue loads 
than massive, conventional steel-reinforced concrete structures. 

Ultra-high-performance concretes (UHPCs) are predestined for the realization of 
filigree structures. However, studies on their fatigue behaviour under high-frequency 
compression loading, see for instance [2–6], led to the hypothesis that load-induced 
temperature fields have a non-negligible influence on their damage process and the 
fatigue strength determined in experiments. Temperature increases in the range of 
20–50 K are no exception. Particularly for UHPC, systematic investigations into the 
effect of load-induced temperature fields on the degradation of concrete under fatigue 
loading were still outstanding and, therefore, the focus of the research presented here. 
In parallel, research on the heating behaviour of high-performance concrete (HPC) 
and grouted concrete was carried out in [7, 8] and in the chapter by H. Madadi et al., 
this volume, but without overlaps. 

Regarding material modelling, there was a deficit of appropriate material models 
for concrete due to the complex mechanical behaviour of cohesive friction material. In 
particular, load-induced temperature stresses and their effects on the damage process 
and fatigue strength could not yet be modelled sufficiently well. The microplane 
concept by Bažant et al. [9] was considered to have great potential for realistically 
capturing the diverse mechanical phenomena. For the numerical investigations, this 
approach served as the basis for the development of a new material model to describe 
the fatigue behaviour of UHPC under high-frequency compression loading. 

2 Experimental Investigations 

2.1 Materials, Specimen Manufacturing and Test Programme 

The experimental results presented below were published in more detail in [10–17] 
and in Melchior Thieme’s (neé Deutscher) doctoral dissertation [18]. 

Materials The reference material of the Priority Programme SPP 2020—UHPC 
1—and a similarly composed UHPC with a larger maximum grain size—UHPC 2— 
were selected for the main tests. Table 1 gives an overview of the mixtures and of basic 
material values for both UHPC. For more details see [18] and Sect. 2.1 “Concrete 
Composition” in the chapter by M. Basaldella et al., this volume. Additional tests 
were carried out on a high-performance concrete (HPC), a normal-strength concrete 
(NC), and a high-strength mortar. However, the compositions and results regarding 
these three materials are not a central part of this report and will be only mentioned 
in passing.

Specimens The concrete cylinders for the cyclic compression tests had a height 
h of 180 mm and a diameter d of 60 mm and, therefore, a slenderness ratio of d/h = 

1/3. This geometry allows good comparability with other research results (including 
tests for creating Wöhler curves of fib Model Code 2010 [19]).
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Table 1 Composition and 
standard strength parameters 
of UHPCs 1/2, for more 
details see for instance [18] 

UHPC 1 UHPC 2 

Components in kg/m3 

CEM I 52,5R - SR3 (na) 759 667 

Microsilica (powder) 169 182 

Quarz flour W12 | W3 198 | – 333 | 134 

Fine sand H33 971 363 

Basalt 2/8 – 612 

Water 188 162 

Superplasticizer 24 23 

Water-binder (w/b) ratio 0.20 0.19 

Characteristics of hardened concrete in MPa (mean values from 
three specimens each) 

Compressive strength f cm 
a 162.7 167.2 

Elastic modulus Ecm 
a 47,000 50,500 

Reference compressive strength f cm,90 
b 184.5 196.5 

Reprinted from [18], published under CC-BY-NC-ND 4.0, with 
permission from Melchior Thieme 
aDetermined on 28 days old cylindrical specimens (height h = 

300 mm, diameter d = 150 mm), bDetermined on 90 days old 
cylindrical specimens (height h = 180 mm, diameter d = 60 mm)

The specimens were manufactured and tested in the Otto Mohr Laboratory of 
TU Dresden, with the exception of the HPC specimens, which were produced and 
tested within the SPP 2020 project of Steeb/Garrecht (see the chapter by H. Madadi 
et al., this volume). Using five formwork panels each consisting of nine 200 mm long 
plastic pipes, Fig. 1a), 45 specimens were produced per batch. Four batches were 
concreted for UHPC 1, and one batch each for the other concretes and the mortar. 
After concreting, the specimens remained covered in the formwork for 24 h. Further 
storage was carried out according to [20] in a water bath until the 7th day and then in a 
climatic chamber at 20 °C and a relative humidity of 65% until further processing and 
testing. The storage conditions were modified only for selected supplementary tests. 
Before the load tests, the specimens were sawn to the required length of 180 mm.

Test programme The aim was to detect the heating effect primarily in UHPC 
and to identify the influence of different parameters on test-related load-induced 
specimen heating. For this purpose, mainly the concrete composition and age, the 
load range and the frequency f p were varied in the cyclic compression tests (Table 2) 
on three cylinders for each test configuration. Minimum and maximum stress levels 
Sc,min and Sc,max were defined as a percentage of the static compressive strength f cm 

of the tested reference specimens.
Supplementary cyclic compression tests on HPC, NC, and mortar specimens were 

carried out. Also, deviating storage or test conditions—for example prevention of 
drying out or cooling, compression tests at different temperatures—were taken into
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Fig. 1 Specimens for cyclic tests: a formwork, b arrangement of temperature sensors (configuration 
1), c UHPC specimen with applied temperature measurement sensors before the cyclic test (photos: 
Melchior Thieme, graphic: Silke Scheerer)

Table 2 Overview of main tests on UHPCs conducted in the project; more details are given, e.g., 
in [18] 

Material Minimum 
stress level 
Sc,min [–] 

Maximum 
stress level 
Sc,max [–] 

Frequency f p in 
Hz 

Specimen age 
in d 

Number of 
specimens [–] 

UHPC 1 0.1 0.7 3 | 7.5 | 10 | 12.5 
|  20  |  2  5  |  3  0

28 … 206 12 × 3 

0.6 | 0.8 3  |  10  |  20 89 … 177 6 × 3 

0.65 | 0.75 10 91 … 140 2 × 3 

0.05 0.65 | 0.7 | 
0.75 

10 93 … 120 4 × 3 

0.15 0.65 | 0.7 | 
0.75 

10 111 … 143 3 × 3 

UHPC 2 0.1 0.6 3  |  10  |  20 93 … 216 9 × 3 

0.7 91 … 210 

0.8 92 … 210 

Reprinted from [18], published under CC-BY-NC-ND 4.0, with permission from Melchior Thieme

account. In addition, the influence of pre-damage of test specimens on the fatigue 
behaviour was considered. Selected tests were conducted at the Versuchstechnische 
Einrichtung (VTE) of Bauhaus-Universität Weimar (test parameters: Sc,min = 0.1, 
Sc,max = 0.7, f p = 10, 20, 30 Hz). In addition, some results of MPA Stuttgart were 
also included in the e valuation. 

2.2 Test Conduction, Measuring Devices and Data 

Evaluation 

The cyclic tests were carried out in servo-hydraulic testing machines. At the begin-
ning, the scheduled mean stress level Sc,M was applied. Then, the sinusoidal cyclic
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loading between the maximum and minimum stress level was started from this stress 
level. The cyclic load was applied until the specimen failed or until two million load 
cycles (LC) were applied. Specimens without failure up to this number of load cycles 
(so-called ‘runout specimens’) were finally subjected to a static compressive strength 
test. 

During the fatigue tests, the applied force and frequency, the machine path, the 
specimen temperature at several positions, the temperature of surrounding and of the 
load application plates as well as specimen’s strains were continuously recorded. 

Three measurement configurations were used for the three tests per parameter 
combination [10]: 

• during every test: temperature on three positions on the specimen’s surface 
(Fig. 1b), 

• configuration 1: temperature in the specimen centre, 
• configuration 2: strains in vertical direction (three strain gauges evenly distributed 

around the circumference at half sample height), 
• configuration 3: strains in vertical and circumferential direction (with one cross-

like strain gauge at half sample height). 

The temperature difference was the most interesting information for the evalua-
tion. The test durations varied greatly depending on the parameter combination and 
could last up to several days. The fluctuating ambient temperature during a test was 
subtracted from the temperature measured on the specimens. To reduce the amount 
of data, only every 10th recorded dataset was considered. 

An important characteristic value is the temperature rate or heating rate. It indi-
cates the amount of temperature change generated during one load cycle or a certain 
time interval. It was calculated by deriving the raw data of the temperature curve. 
Due to the noise of the measured values, the derivation sometimes resulted in large 
scatter, which is why the data were smoothed using a moving average as a function 
of the load frequency f p. Trend lines were generated from the smoothed data for 
further evaluation, details are given in [18]. 

2.3 Test Results 

Temperature development in the specimen Non-uniform heating of specimens 
during cyclic compression tests has been reported for instance in [8, 21, 22]. The 
recorded temperature is usually highest at about half the height (inside) the spec-
imen or at the point of fatigue failure, which was confirmed in our tests. Figure 2a 
shows a typical temperature development of cyclic loaded specimen, measured at 
four different positions. The specimen temperature increases steadily until specimen 
failure. Considering the varying slope, the shape of the curve is basically similar to 
the typical three-phase progression of strain increase over the number of load cycles: 
strong strain increase in phase I (microcrack formation, stress redistribution), phase 
II with moderate curve increase (stable crack growth), and phase III with rapidly
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Fig. 2 Examples for specimen heating during cyclic compression tests (Sc,min/Sc,max = 0.1/0.7, 
f p = 10 Hz): temperature change at the surface and inside of a specimen a with d/h = 60 mm/ 
180 mm and b with d/h = 100 mm/300 mm, c temperature gradient curves at 25 and 100% of the test 
duration (specimen with d/h = 100 mm/300 mm) (based on [18], published under CC-BY-NC-ND 
4.0, with permission from Melchior Thieme, modified) 

increasing degradation until failure. The heating is significantly greater halfway up 
the specimen than near to the upper and lower edges. 

The gradient between the specimen’s surface and its centre is also clearly visible. 
To determine the gradient more precisely, an additional temperature sensor was 
embedded at the quarter point of the cross-section in a larger cylinder with d/h = 

100/300 mm. The recorded non-linear course of the temperature field inside the 
specimen is shown in Fig. 2c. More details can be found in [18]. 

Parameter study In the following, only an excerpt of the whole parameter study 
is presented. For more details see [10, 13, 14, 16, 18]. The influence of the maximum 
stress level Sc,max, the frequency f p, and of the concrete’s maximum grain size on the 
fatigue strength was researched by 30 fatigue tests. The minimum stress level Sc,min 

was set to 0.1. Nine UHPC 1 specimens each were tested at three different maximum 
load levels Sc,max = 0.6, 0.7, 0.8 at three frequencies f p = 3, 10, 20 Hz. The diagrams 
in Fig. 3 show the heating at the specimens’ surface at half the specimen height 
over the test duration (represented by the number of load cycles). For the runout 
specimens, there is an interruption on the x-axis from around 200,000 load cycles to 
just before the upper limit of 2 million LC.

A temperature increase was recorded in every test, but the characteristics of the 
curves indicate a strong dependency on the test conditions. The diagram in Fig. 3a 
shows results for the 3 Hz tests. With increasing Sc,max, the maximum temperature 
reached and the slope of the curves increased. At 0.6 Sc,max, a maximum temperature 
difference of 2 to 5 K was recorded which remained constant until termination after 
applying 2 million LC without specimen failure. Specimens tested with Sc,max = 0.7 
showed a maximum temperature increase of 8 K after 20,000 to 25,000 load cycles. 
Then, the temperature remained almost constant until a small decrease was observed 
shortly before the end of the tests. One of the three tested cylinders did not withstand 
2 million LC. At a load level of 0.8 Sc,max, the samples failed while the temperature 
continued to rise. In two of three cases, the curves show a nearly linear slope until an 
early specimen failure. With rising frequency (see Fig. 3b and c), the load-induced
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Fig. 3 Temperature development of UHPC 1 specimens for Sc,min = 0.1, three different maximum 
stress levels Sc,max = 0.6, 0.7, and 0.8, and three load frequencies f p = 3, 10, and 20 Hz ( published 
in [10], licensed under CC-BY 4.0, modified)

heating of the specimens increased, and, in general, the specimens failed after less 
load cycles. The series with Sc,max = 0.6 and f p = 20 Hz shows a special feature. In 
two of three tests, the temperature increased over 500,000 LC and dropped then by 
about 12 K. From 1.25 to 2 million load cycles, the temperature remained constant. 
One specimen failed after 180,000 LC. 

To research the influence of the maximum grain size, UHPC 2 cylinders were 
tested with Sc,min/Sc,max = 0.1/0.7 and f p = 10 Hz [10]. All specimens failed during 
the load-induced heating process. The generated temperatures were similar for both 
UHPC. However, the temperature increase-load cycle curves of UHPC 1 (1 mm 
maximum grain size) always showed a steeper rise and therefore a lower number of 
endured LC than the curves determined for UHPC 2 (8 mm maximum grain size). 

For the visualization of the heating up speed in regard of the number of LC or 
time, the heating rate is shown in Fig. 4. The displayed curves belong to the test 
specimens that reached the middle temperature value of the respective parameter 
combination. The fastest heating rate of 10−3 K/LC, Fig. 4a, was recorded during 
the 3 Hz test directly after the beginning of the cyclic loading. Compared to the 
other configurations, at 3 Hz the amount of applied load per LC was the highest. 
Consequently, more damage-inducing energy was introduced into the specimen, 
resulting in a higher heating per cycle. The temperature increase decreased rapidly 
afterwards. After 1500 and 4150 LC, the 10 Hz and the 20 Hz curves were crossed, 
respective. The heating speed has already halved after only 0.25% of the total number 
of applied LC. After 75,000 LC (less than 4% of the total number of LC), no further 
heating up was recorded.

In the 10 Hz test, the temperature development was again most at the beginning, 
but 20% less than for the 3 Hz specimen. The curve also dropped, but remained clearly 
above zero. The temperature generation never came to a standstill. After about 2/3 
of the test duration, the heating speed increased again and reached nearly the level 
from the beginning at the point of failure. Based on Fig. 4b, the heating rate and the 
strain rate development can be related to each other. The highest heating rates were 
recorded in the phases I and III when increased deterioration takes place. In phase II



256 S. Scheerer et al.

Fig. 4 Temperature development of UHPC 1 specimens tested with Sc,min/Sc,max = 0.1/0.7; 
a heating per LC for the three load frequencies of 3, 10, and 20 Hz, b relation between heating rate 
and temperature difference, c heating up per second ([10, 13], licensed under CC-BY 4.0, modified)

with continuous widening of cracks, the temperature generation almost stopped as 
no real (micro-)structural changes occurred. In the 20 Hz test, the observed heating 
rate did not fall below the value at the beginning of the cyclic loading. Shortly before 
failure, the highest heating rate was recorded with 0.76 · 10−3 K/LC. In Fig. 4c, 
the heating rate is displayed over time. The curves’ characteristics are similar to the 
curves in Fig. 4a. A high frequency f p results in a high and small frequency in a low 
heating rate but without direct proportionality between the two values. 

To summarize that part of the study, it can be pointed out, that all three discussed 
parameters – frequency f p, maximum load level Sc,max and maximum grain size – 
influence significantly the load-induced temperature rise. Whereas the maximum 
temperature reached depends strongly on the frequency, the other two parameters 
mainly influence the heating rate. Table 3 shows the summarized results for the 
various influencing parameters.

Special investigations into the heating process and effects on the mechanical 

properties Some supplementary tests mainly on UHPC 1 specimens were carried 
out to improve knowledge of the heating process itself, for instance regarding the 
influence of an insulation or a pre-damage on temperature release and increase. 
The basic configuration was f p = 10 Hz, and Sc,min/Sc.max = 0.1/0.7. Measurement 
configuration 1 was used [13, 16, 17]. The study required several consecutive loading 
scenarios for individual specimens. At first, three specimens (1 T, 2 T, and 3 T) were 
heated up in an oven to 50 °C, then clamped in the test machine between the steel load 
introduction plates, analogous to the fatigue tests, for recording the cooling. Due to 
the direct contact to the steel, fastest cooling was observed at top and bottom of the 
cylinders. At a 4th specimen (4 T), insulation layers were placed between concrete 
and steel plates. Now, all sensors recorded cooling in the same magnitude and speed. 

Next, specimens 1 T–3 T were cyclic loaded to temperature increases of 15, 25, 
and 30 K, respectively. The different required numbers of LC resulted in different 
pre-damage grades. Then, cooling was recorded again, showing very similar results, 
Fig. 5a, but no systematic change in heat dissipation due to previous damage. 
The temperature release changed depending on the temperature difference to the
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Table 3 Summary of parameter study with effect of increasing the respective parameter; more 
details are given in [18] 

Increasing  

parameter 

Load cycles 

until failure 

Temperature rate Maximum temperature 

difference 

Load range 

Sc,max  Strongly 

decreases 

Decreases Increase up to ~0.7, then de-

crease due to premature failure 

Sc,min Increases Decreases Decreases 

Sc,M Decreases Constant Decreases a 

Frequency fp Decreases Constant at the beginning 

of the test, then increasing 

Increases up to 20 Hz with de-

creasing frequency influence 

Maximum 

grain size 

Decreases 

(temperature-

dependent) 

Decreases Decreases 

Compressive 

strength 

No influence Increases (primarily dependent on packing density, not on 

strength) 

Pre-damage – b Increases, temperature re-

lease is not affected 

– b 

Specimen age 

≤ 90 d Increases Decreases Decreases 

> 90 d Constant Constant Constant 
a dependent on number of LC until failure, b not specified because of insufficient data 

Reprinted from [18], published under CC-BY-NC-ND 4.0, with permission from Melchior Thieme

surrounding. The number of load cycles had no influence. The relationship between 
temperature release rate T rate and absolute specimen temperature T is was linear. 

Finally, the specimens 1 T–3 T were cyclically loaded until failure to assess 
changes in temperature increases depending on pre-damage. It was observed that a

Fig. 5 a Cooling of UHPC 1 specimens after different pre-damage scenarios (with 25.29 °C as 
mean ambient temperature T surr during the lab tests), b comparison of measured and calculated 
temperature development and c heating rate (data published in [16], modified) 
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longer cyclic preload and, thus, a higher heating of the specimen in a first loading 
phase (after specimen cooling) led to a significantly higher heating rate during 
renewed fatigue loading. The reason for this can be assumed to be the higher pre-
damage in the concrete and, thus, the greater existing internal friction potential. If 
the temperature release is independent of the degree of damage, the heating up of a 
specimen can be calculated fictitiously as if cooling not takes place, resulting in a 
temperature rate without cooling. By integrating this rate over the load cycles, the 
summarized temperature generated over the test duration is obtained. This algorithm 
was applied to all UHPC 1 tests. Figure 5b shows examples of the temperatures 
generated without cooling, and Fig. 5c the corresponding heating rates. Basically, 
the heating rate increased over the entire course of the experiments, and the temper-
ature increase was disproportionately high. The measured decrease of the slope of 
the temperature curves was therefore only generated by the simultaneous increase in 
temperature release. 

It is interesting that the measured temperature curves of the 3 Hz tests did not 
show any significant heating. So, the actual heating is frequency-independent, only 
the possible cooling per LC during slower tests prevented strong heating. For the 
experimentally verification of this hypothesis, tests were carried out at 3 Hz and 
Sc,min/Sc.max = 0.1/0.7 on thermally insulated specimens. Figure 6a  and  b  allow  a  
comparison. The insulated specimens warmed up steadily by 23.2 K on average until 
failure. Without insulation, the temperature difference in the concrete was always 
below 10 K, and there was no failure within 2 million LC. The insulated specimens 
failed at ~ 50,000 LC. The calculated temperatures were not reached, as cooling took 
place via the steel plates. 

To research the aspect of the temperature-dependent compressive strength, another 
supplementary test series was conducted on UHPC 1 and HPC specimens together 
with the SPP 2020 project of Steeb/Garrecht (see the chapter by H. Madadi et al., this 
volume) [17]. Strength losses on NC or HPC specimens are well documented, see for 
example [23], but knowledge on UHPC was not available so far. For UHPC 1, Fig. 7 
shows a decrease of the uniaxial strength with increasing specimen temperature. A 
trend line and expected values for NC and HPC according to fib MC 2010 [19]  are  
added.

Fig. 6 a Insulated 
specimen, b heat 
development of UHPC 1 
specimens without and with 
thermal insulation ( f p = 

3  Hz,  Sc,min/Sc.max = 0.1/0.7) 
(published in [16], modified) 
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Fig. 7 

Temperature-dependent 
relative static compressive 
strength of UHPC 1 (data 
published in [15], licensed 
under CC-BY 4.0, modified) 

3 Analytical Model 

The aim of the developing of an analytical model was to use temperature measurement 
data to subsequently correct results from laboratory tests with regard to a possible 
temperature-induced influence on fatigue strength [15]. This intension differed from 
previous approaches [7, 8]. The concept does not generate any significant additional 
effort in test execution and does not contain any strict limitations on test speed. 

The basic idea was to relate the temperature-dependent static compressive strength 
to the fatigue curves. Based on the linear equation for the strength loss (Fig. 7), the 
related compressive strength, which changes (continuously) as a function of the 
observed concrete heating, can be determined for the fatigue tests (examples are 
displayed in Fig. 8a). Figure 8b shows the resulting change of the load range for 
the selected tests. The minimum stress level Sc,min remains almost constant. The 
maximum stress level Sc,max and the stress amplitude increased up to 10% when a 
high temperature increase was recorded. This increases the temperature rate and can 
also cause an earlier failure. 

Fig. 8 a Decreasing concrete compressive strengths in fatigue tests dependent on the specimen 
heating occurred, b load range change during the cyclic tests as a function of temperature (data 
published in [15], licensed under CC-BY 4.0, modified)
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Results with changing maximum stress levels Sc.max cannot be included in Wöhler 
diagrams. So, it was necessary to determine a constant load range, which causes an 
equivalent fatigue damage determinable solely with a measured maximum tempera-
ture value. All fixed material parameters are included in the temperature-dependent 
strength reduction or the different maximum temperature reached. It is therefore 
sufficient to consider the initial load range in addition to Tmax. In the tests, Tmax was 
generally reached directly before failure or test termination. However, the curves in 
Fig. 8b show that the resulting maximum stress cycles max ∆Sc(T ) are only degres-
sive for load ranges up to 55% and exhibit the maximum value over a long time. With 
higher load ranges, Tmax is only reached immediately before failure, and the associ-
ated load range is only present over a comparably short duration. Therefore, a correc-
tion value βcor was added to consider this temporal dimension of Tmax.  The  lower  
limit of 1.0 ensures that the calculated temperature does not exceed the measured 
one. Finally, the corrected maximum stress level Sc,max,cor(T ) can be calculated as 
follo ws: 

Sc,max,cor(T ) = Sc,max + 

Sc,max 

fc(Tmax)/fcm 
− Sc,max 

1 + 10 · ( βcor − 1 )
(1) 

with : 
fc(Tmax) 

fcm 
= 1.0718 − 0.0029 · Tmax 

βcor = 
Sc,max − Sc,min 

0.55
≥ 1. 0

The method was applied to all UHPC 1 tests and resulted in an adjustment as 
shown in Fig. 9 for different minimum stress levels of Sc,min. Regardless of the load 
range, the values with strong heating that laid originally below the Wöhler curve are 
corrected, as the maximum stress and load range changed the most during the tests. 

Fig. 9 Effect of the temperature-dependent correction of the load range on the mapping of the 
test values in S–N diagrams (tests on UHPC 1 with different levels of Sc,min)  (  [15], licensed under 
CC-BY 4.0, modified)
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The method was also applied to test results on HPC from the SPP 2020 project 
of Steeb/Garrecht (see the chapter by H. Madadi et al., this volume) [18] with very 
good results. 

For all verifications carried out, the temperature correction resulted in values 
approaching the Wöhler curves according to fib MC 2010. An overestimation by the 
analytical method can be ruled out, because the achieved LC numbers in the tests 
on specimens without significant heating ( f p = 1 to 3 Hz) were higher than the 
corrected values at the same load range. 

The proposed analytical method enables material testing at high frequencies with 
the common test procedure and independent of concrete strength or composition. 
Results of previous tests can be corrected retrospectively. 

4 Numerical Investigations 

The aim of the numerical investigations carried out at TU Darmstadt was to explain 
the influencing parameters obtained from the experimental work and to identify 
further influencing parameters, for example the size effect. The numerical approach 
used for the simulation of the fatigue behaviour of concrete is based on the macro 
level, in which only a few parameters are required. It is assumed that the heating 
resulting from cyclic loading significantly influences the damage process in UHPC. 
On the one hand, the temperature gradient causes residual stresses in the concrete 
and local stress increases, which lead to a lower fatigue strength of the specimen. On 
the other hand, the absolute temperature influences the concrete properties [8]. 

In particular, a degradation of the mechanical properties is to be expected. A 
thermo-mechanically coupled model was developed and implemented in the FE 
environment ATENA Science version 5.4.1q (Cervenka Company) for the analysis 
of the behaviour of concrete under cyclic compression loading with consideration of 
load-induced temperature fields. The calculation was carried out in a closed process 
with a thermal and a mechanical module. The results generated in one module are 
the input parameters for the analysis with the other. For the calibration of the model, 
the recalculation of the tests, and for further investigations, a constant element size 
was selected in order to eliminate its possible influence on the results. The element 
size was selected in the order of magnitude of the maximum aggregate size, but 
not larger than 10% of the diameter of the cylinder specimens. In this project, a 
maximum element size of 6 mm was used for both cylinders with diameters of 
60 mm and 150 mm. 

4.1 Mechanism of Heat Generation 

Concrete under load shows elastic and plastic strains. The load-induced heat as a type 
of dissipation energy is caused by plastic work in the concrete. This was confirmed
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experimentally, whereby the rate of heat generation correlated very well with the 
development of plastic concrete strain in three phases (see Fig. 4b). The plastic 
strains occur in the weak points of the concrete specimen, one part in the contact zone 
between binder and aggregates (interfacial transition zone, ITZ) and another part in 
the binder. The crack distribution is mainly determined by the size of the aggregates, 
see for example [24]. The working hypothesis was that the heat is generated by 
internal friction between binder and aggregates (ITZ). The heat generated increases 
when the total area of the cracks in the concrete and the friction path increase. The 
latter corresponds to a larger stress range. By analysing the area of the contact zone 
as a function of the grain diameter D (in mm), the energy conversion fraction of the 
plastic work in concrete βD can be formulated according to Eq. (2), where β1 is the 
reference value corresponding to the energy conversion ratio into heat for a concrete 
with a grain diameter D = 1 mm. A detailed formulation can be found in [25]. 

βD= 
β1 

D 
(2) 

In concrete, the aggregates generally correspond to a specific grading curve. 
Therefore, the equivalent grain diameter Def should be used, see Eq. (3). Here, va,Di 
is the relative volume of the aggregates with the diameter Di in the concrete. 

1 

Def 

= 

n 

i=1 

va,Di 

D i 
(3) 

Equation (2) was confirmed by test results for HPC taken from [5]  in  [26]. For 
the investigated UHPC 1, Eq. (3) was used to determine Def. The comparison of 
concretes with different maximum grain diameters resulted in a heat generation rate 
twice as high for UHPC 1 with Dmax = 1  mm  (Def = 0.8 mm) as for UHPC 2 with 
Dmax = 8  mm  (Def = 1.6 mm). This calculation result was confirmed by the tests 
presented in Sect. 2. 

Based on the test results [27], the heat generation rate q̇v without regard to cooling 
can be described as a function of the acting stress σ and the plastic strain rate ε̇p as 
follows: 

q̇v=C · 
σ · ε̇ p 

D 
(4) 

Here, C (in mm) is an empirical parameter that is constant for a specific concrete, 
which is determined by comparing the enclosed area of the experimentally recorded 
hysteresis of the stress–strain curve, Fig. 10a, and the calculated thermal energy. 
C has a value of 220 for the investigated concretes and for predominantly normal 
stresses, which was the case in our tests. In general, C can be determined separately 
for each stress and distortion component in the microplane model. It should be noted 
that the enclosed areas of the measured hysteresis of the stress–strain curves of 
UHPC 1 and UHPC 2 were almost the same, but the two concretes showed different
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Fig. 10 a Hysteresis of a stress–strain curve and b numerical results of the heating in a concrete 
body due to cyclic compression load 

heat generation due to the different equivalent grain diameters, see [18]. With the 
presented description of the heat generation rate, the development of the temperature 
in a concrete body was simulated. The numerical recalculation of tests, see Fig. 10b 
for specimen UHPC 1–80-20b, showed very good agreement. 

4.2 Material Model to Describe the Fatigue Behaviour 

and Influence of a Load-Induced Temperature Field 

The M4 microplane model developed by Bažant et al. [9] and already calibrated 
for NCs [28] was initially used to describe the fatigue behaviour of the investigated 
concretes. The M4 model was calibrated based on the static and cyclic laboratory 
tests on UHPC. The results of the fatigue tests were used to determine the critical 
uniaxial concrete strain in the failure state [26], which was also used to calibrate the 
model. Due to the very high expected numbers of load cycles, the damage rate in 
the numerical simulation was adjusted using a variant of the jump cycle technique 
to reduce the calculation time. Here, the interval of plastic strain was selected and 
the corresponding equivalent heat generation rate for a representative hysteresis was 
calculated according to Eq. (4). This approach is suitable since the decisive impact 
on the fatigue strength in the given case is the restraint effect due to load-induced 
temperature fields. Calculation results after calibration of the material model for 
UHPC under static and cyclic loads are shown in Fig. 11.

The simulation results of the fatigue behaviour of UHPC under consideration of 
load-induced temperature fields confirmed the influence of temperature on the fatigue 
strength. For the fatigue tests carried out in the laboratory with 60/180 mm cylinders, 
a load range Sc,min/Sc,max = 0.1/0.7 and a frequency f P = 10 Hz, the simulation 
showed a decrease in the total number of load cycles of around 5% compared to 
the case without considering a temperature field, which corresponds to a very low 
load frequency (see Fig. 12a). For cylinder specimens with a larger diameter, the 
difference was significantly greater. In the steady state, it can be deduced from [25], 
that the difference between internal and external temperature can be mapped with a
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Fig. 11 Calibration of the material model for UHPC 1; a static and b numerical cyclic loading

quadratic function of the diameter of the concrete cylinder. The temperature gradient 
determines the residual stresses in the concrete specimens and thus the concrete 
fatigue strength. According to the numerical calculations, the reduction in the service 
life of a cylinder with d = 150 mm due to load-induced temperature will be around 
16%. 

The variation of the concrete compressive strength strongly influences the fatigue 
strength, especially at high compression loads. Figure 12b shows an example of a 
cylinder with d/h = 60/180 mm, constant absolute load amplitudes σc,o and σc,u 
and varying concrete compressive strength. This explains the large scatter of fatigue 
strength of concrete under cyclic loadings. 

The calculation model can explain the source of the load-induced temperature 
and its influence on the concrete fatigue behaviour well, as well as the influencing 
parameters, like, for instance, the grain size or the duration of a load cycle. The 
model can be extended in order taking into account other influencing parameters 
such as moisture and pores in the concrete, or other types of concrete, for example 
fibre-reinforced concretes.

Fig. 12 Influence of load-induced temperature fields on the fatigue strength; variation of a spec-
imen size (N0 

*: LC until failure without consideration of a temperature field) and b of concrete 
compressive strength 



Influence of Load-Induced Temperature Fields on the Fatigue Behaviour … 265

5 Conclusions 

A comprehensive parameter study provided an overview of the key factors influencing 
the heating process of UHPC specimens in cyclic compression tests. The concrete’s 
fatigue strength is primarily dependent on the maximum stress level Sc,max and the 
heating per load cycle. The test speed and, therefore indirectly the load frequency, 
only influences the heating by determining the time period which is available for 
temperature dissipation during the relief phase of a load cycle. In cyclic compression 
tests in the laboratory, the heating up of a specimen results in a reduction of the 
number of load cycles until failure. This aspect as a result of the test conditions can 
be eliminated from the determined values using the proposed analytical model. 

Based on the M4 microplane model by Bažant et al. [9], a thermo-mechanically 
coupled model with the introduction of mechanism of heat generation in concrete 
due to repeated loading was developed and implemented in the FE environment 
ATENA for simulating the behaviour of UHPC under cyclic compression loading. 
The calculation showed good agreement with the test results and is suitable to perform 
extended parameter studies. 
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Degradation Processes 
in Ultra-High-Performance 
Fibre-Reinforced Concrete (UHPFRC) 
Under Cyclic Tensile Loading 

Jan-Paul Lanwer and Martin Empelmann 

Abstract The contribution contains the results of a fundamental investigation 
strategy to reveal the degradation processes of ultra-high-performance fibre-
reinforced concrete (UHPFRC). First, the degradation of plain fibres and UHPC 
is investigated, followed by investigations of bond between fibres and UHPC. Final 
tests were conducted under cyclic loading with a 3D fibre distribution. The results 
show that fibres rupture in cyclic loaded UHPFRC. This was supported by experi-
mental data of pullout tests and large-scale beam tests. The fibre rupture did occur 
for fibres that show a fibre alignment. 

Keywords Ultra high performance · Fibre Reinforced Concrete · Post cracking 
tensile strength · Fatigue under tensile loading 

1 Introduction 

Modern structures demand high-performance materials efficiently utilizing its 
mechanical properties. UHPFRC is excelling in durability and mechanics. While 
plain UHPC is prone to brittle failure, added fibres give UHPFRC a post-crack 
tensile strength. This could lead in lessening the need for intricate bar installation. 

Building with UHPFRC, elements tend to possess a slimmer and lighter profile 
compared to parts manufactured from conventional concrete [1]. The reduced dead 
weight or a less favourable cyclic load-to-dead weight ratio leads to heightened 
susceptibility to fatigue. As a result, special consideration must be given to cyclic 
behaviour. Presently, research of UHPFRC is primarily focussed on the macroscale 
[2–5] involving UHPFRC with 3D fibre distribution. Initial findings suggest that the 
fibres within UHPFRC exhibit a notable resistance to cyclic loading. However, due to
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limited data available, the precise course of load-bearing behaviour for fibres within 
UHPFRC components under cyclic loading remains unclear. 

2 Experimental Investigations 

2.1 Structure of the Test Programme 

Figure 1 shows the experimental programme. 

Fig. 1 Consecutively structured test programme and loading situations (see [6], licensed under 
CC-BY 4.0)
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The programme is systematically graded containing experimental investigations 
in a range of small-scale specimens and large-scale demonstrators. All test series 
(with the exception of the pullout tests on individual fibres) were carried out under 
quasi-static and cyclic tensile loading. All tests under cyclic loading were carried 
out with a constant load-time function as single-stage tests. Selected specimens were 
also tested under dual-stage cyclic loading to capture the sequence effect. The tests 
under quasi-static load were also used as reference tests and to determine the input 
values for the tests under cyclic loading. 

2.2 Bare Steel Fibre and Plain UHPC 

The experimental programme of the bare steel fibre contained 15 monotonic and 
26 cyclic loaded tensile tests. The test programme of the plain UHPC contained 
12 monotonic tests and 13 cyclic loaded tensile tests. From both programmes, the 
material properties (tensile and compressive strength, young’s modulus) of the steel 
fibre and the UHPC has been determined. Furthermore, S/N-approaches for both 
materials had been set up. Detailed information for both materials were published in 
[6–8]. 

In addition to the above-mentioned tests, the influences of a higher loading 
frequency were investigated for the plain UHPC and a dual-stage loading was inves-
tigated for both, the plain UHPC and the bare steel fibre. Figure 2 shows the S/ 
N-curve of the plain UHPC with results of testing with a frequency of 4.0 Hz and 
approx. 50 Hz. An arrow pointing to the right implies that no failure of the specimen 
occurred. 

Fig. 2 Influence of loading frequency for plain UHPC under tensile loading
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a b  

Fig. 3 Influence of dual-stage loading on plain UHPC: a Increasing load amplitude and 
b decreasing load amplitude 

The S/N-diagram shows that a higher loading frequency causes higher numbers of 
load cycles to failure for plain UHPC. However, a significant scatter can be observed 
for the test results. 

Figure 3 shows the influence of a dual-stage loading on the fatigue behaviour of 
plain UHPC regarding an increasing and a decreasing load amplitude. The goal was 
to provoke a failure after both loading stages in high-cycle-fatigue (HCF), i.e. after 
at least 1,000,000 load cycles. That is why the upper load levels were calculated to 
0.64 for stage one and 0.70 for stage two, respectively vice versa. 

The upper load levels were taken from the S/N-curve in Fig. 2. The pre damages 
were selected to 25% (0.25), 50% (0.50) and 75% (0.75) in the first stage of the 
cyclic loading (N1). It is assumed that the damages could be added according to the 
linear damage accumulation hypotheses of Palmgren and Miner (black line) [9, 10]. 
N1/N 

f 
1 stands for the damage of the specimen in the first stage of cyclic loading (see 

above mentioned pre damages 0.25, 0.50 and 0.75) according to the linear damage 
accumulation hypotheses of Palmgren and Miner. N2/N 

f 
2 stands for the additional 

damage in the second stage of cyclic loading. 
The results from dual-stage testing under cyclic loading (N2) show high scattering 

in the number of cycles to failure. However, the mean values of the results show the 
same behaviour for increasing and decreasing load amplitude. With a pre damage 
of 25%, the total damage is mostly under 100%, i.e. dual-stage loading could result 
in an adverse influence on the fatigue behaviour of plain UHPC. Regarding the pre 
damages of 50% and 75% the total damage is above 100% resulting in a favourable 
fatigue behaviour. 

Besides the plain UHPC, the steel fibre was tested under dual-stage cyclic tensile 
loading. The testing machine did not allow high testing frequencies (approx. 1.0 Hz, 
see [6]), so the failure should occur before 1,000,000 load cycles, i.e. in low-cycle-
fatigue (LCF). The pre damage was also defined at 25%, 50% and 75%. The load
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a b  

Fig. 4 Influence of dual-stage loading on bare steel fibres: a Increasing load amplitude and 
b decreasing load amplitude 

amplitudes were 0.60 and 0.80, resp. vice versa. Figure 4 shows the results from 
dual-stage cyclic tensile testing. 

The fatigue behaviour of the bare steel fibre (mean values) with an increasing 
load amplitude shows that a small pre damage results in a total damage smaller than 
100%. For a pre damage of 50% and 75% in the first loading stage, the total damage 
scatters around 100%. Despite high scattering, it could be assumed that a decreasing 
load amplitude has a positive influence on the fatigue behaviour of the bare steel 
fibre. 

2.3 Pullout Tests 

The experimental programme was thoughtfully designed to encompass various fibre 
orientations. Five angles and two embedment depths were investigated. The angles 
were spaced by 15° intervals, excluding 15° due to production challenges (90° equals 
straight pullout). 

Initially, three load amplitudes were planned, but testing limitations necessi-
tated adjustments. Inertia-related issues arose at higher frequencies, affecting load 
accuracy. The load amplitude was thus determined from measurement data. 

For run-outs (N > 100, 000 ) at a load amplitude level, the next higher level 
was not explored. If failure occurred before 100,000 cycles, the load amplitude was 
lowered. Table 1 lists the programme of the pullout tests.

The manufacturing process of the specimens and the test set up is described in 
detail in [6] and should not be repeated in this contribution anymore. The load cycles 
and the related load amplitude are inserted into an S/N-diagram. Figure 5 shows the 
S/N-diagram with regression line for every fibre orientation.
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Table 1 Test programme of pullout tests 

Series Number 
[–] 

Orientation 
[°] 

Planned embedded length [mm] Related load amplitude [–] 

VM30 19 30 3.25/6.50 0.12 to 0.76 

VM45 17 45 3.25/6.50 

VM60 20 60 3.25/6.50 

VM75 14 75 3.25/6.50 

VM90 14 90 3.25/6.50

Fig. 5 S/N-diagram with regression lines for every fibre orientation 

Figure 5 shows that the fatigue behaviour of embedded fibres depends on the 
orientation of the fibres. The lower the orientation angle is the lower are the 
endured number of load cycles. The regression lines in Fig. 5 could be expressed 
mathematically by the general Eq. 1: 

f 
st =  −A · lnN + B (1) 

A and B are parameters that should be related to the orientation of the fibres. The 
correlation between the orientation angle α and the parameters A and B are shown 
in Eq. 2. 

A =  −0.07 · lnα + 0.34 

B =  −0.28 · lnα + 2.05 (2)
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Inserting the Equations for parameter A and B into Eq. 1 results in a parametric 
S/N-curve for embedded high-strength micro steel fibres in UHPC given in Eq. 3. 

f 
st = (0.07 · lnα − 0.34) · lnNult + (−0.28 · lnα + 2.05) (3) 

After the test execution, it was observed that fibre rupture occurred. The rupturing 
occurred at pullout tests where the fibres were inclined compared to the loading 
direction. Samples, where the fibres were orientated parallel to the loading direction 
(90°) showed no fibre rupture. Therefore, the fibre rupture must have come from the 
inclination of the fibre. When an inclined fibre is pulled out of the concrete, the fibre 
is redirected. The redirection of the fibre causes an additional bending stress σB on 
the one side of the fibre and a reducing tensile stress on the other side of the fibre. 
The background of the additional strength is shown in Fig. 6. 

Therefore, the local tensile stress in the fibre is higher at the redirection point than 
in the other parts of the fibre. Since the additional bending stress is present at the 
upper and bottom load level, only the level of the load amplitude and not the load 
amplitude itself would be increased. Therefore, another assumption is necessary. It 
is assumed that there is no bending stress present at the bottom load level, i.e. the 
mandrel diameter in Fig. 7 (red circle) is infinite. This assumption allows adding the 
whole additional bending stress to the load amplitude of the fibre. 

Fig. 6 Theoretical background for fibre rupture at inclined fibre pullout 

Fig. 7 Comparison of experimental and theoretical load cycles
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a b c d  

Fig. 8 SEM images of the steel fibre (from [6], licensed under CC-BY 4.0): a as provided, b and 
c after monotonic pullout and d after cyclic pullout 

The background of the calculation of the additional bending stress is in [11]. 
According to [7], a bar steel fibre showed no failure under 1,000,000 load cycles, 
when the load amplitude did not exceed 178.8 N/mm2. An embedded fibre with an 
orientation of 30° reached 8136 load cycles at a load amplitude of 178.8 N/mm2.  The  
local maximum tensile stress when considering the additional bending stresses was 
956.3 N/mm2. Implementing this load amplitude into the S/N-curve for the bar steel 
fibre, the number of load cycles was 8042, which was similar to the load cycles of 
the embedded fibre. Figure 7 shows the comparison between the experimental and 
theoretical determination of the load cycles, while considering the bending stresses. 

The fibre had been investigated with modern measuring techniques like a scanning 
electron microscope (SEM). The images serve to understand what happens with the 
fibre if it is pulled out of the concrete under monotonic and cyclic loading. Figure 8 
shows SEM images of fibres provided by the manufacturer and pulled out under 
monotonic and cyclic loading. 

Figure 8a shows the surface of the fibre in a condition as it was provided by 
the manufacturer. Although, the surface has a brass coating, it is not smooth. Small 
grooves are noticeable in longitudinal and transversal direction. What is underneath 
shows Fig. 8b. The grooves are deeper than expected and might have been hidden 
by the brass coating. Figure 8c shows a fibre that was pulled out of the UHPC 
under monotonic loading. Concrete components are located on the surface of the 
fibre mostly next to the grooves. A micro interlocking is possible. In Fig. 8d, the 
UHPC particles are mainly in the grooves. The cyclic loading may have caused a 
movement of the particles into the grooves. It is assumed that the movement also 
caused an abrasion of the particles so that an effective micro interlocking is not 
possible anymore. 

2.4 Uniaxial Tensile Tests on UHPFRC 

The test programme includes direct (uniaxial) tensile tests on so-called bones, also 
referred to as convex-concave specimens in the literature. Two test series have been 
produced and tested, one under monotonically increasing loading, and the other under 
cyclic loading. The test series differ in fibre content. On the one hand a moderate
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steel fibre content of 100 kg/m3 (1.25% by volume) and on the other hand, a high 
steel fibre content of 200 kg/m3 (2.50% by volume) were tested. Table 2 shows the 
test programme for the UHPFRC. 

The upper and lower loads were determined based on three previous reference 
tensile tests (see Fig. 9). The upper loads, or amplitudes, were selected in 20% 
increments to provide a general indication of the load bearing behaviour under cyclic 
loading and to provide an S/N-line if necessary. The bottom load level was set at a 
constant 10% of the ultimate load of the reference tests. 

The stress–strain curves initially increase linearly and the load bearing behaviour 
is determined by the UHPC matrix. The specimen is uncracked. When the uni-axial 
tensile strength of the concrete matrix is exceeded, the UHPC matrix cracks and the 
micro steel fibres are activated. 

At a steel fibre content of 100 kg/m3 (Test series VZS1), a plateau appears initially 
in the curve. The tensile stress remains almost constant within this plateau as defor-
mation increases (0.20 mm to 0.75 mm). Multiple cracks form due to fibre activa-
tion, leading to secondary cracks if fibre stress surpasses the UHPC matrix strength. 
Similar behaviour is seen with a steel fibre content of 200 kg/m3. The load can 
slightly increase after reaching the concrete matrix strength. Afterwards the curves 
drop nearly nonlinearly. Despite twice the fibre content, VZS1 and VZS2 series show 
similar maximum tensile stress due to fibre interactions. The UHPC matrix’s tensile 
strength matches almost the post-crack strength. No significant stress change occurs 
during the transition to cracked state. 

Figure 10 shows the results of the cyclic loaded tensile tests on UHPFRC with a 
3D-fibre distribution.

Table 2 Test programme of uniaxial tensile tests 

Series Number [–] Fibre content [Vol.%] Upper load level [–] Bottom load level [–] 

VZ1 9 1.25 0.7/0.5/0.3 0.1 

VZ2 12 2.50 

a b  

Fig. 9 Tensile stress-displacement-curves from uniaxial tensile tests: a 1.25 Vol.% Fibre content 
(100 kg/m3)  and  b 2.50 Vol.% fibre content (200 kg/m3 )
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Fig. 10 S/N-curve of the uniaxial tensile tests 

Figure 10 illustrates the notable variability in the number of cycles to failure. In 
the VZZ1 test series, failure transpired after 1 million and 2 million load cycles at a 
related load amplitude of f 

ct = 0.6. Meanwhile, at an amplitude of f 
ct = 0.4, 

one test led to failure after 300,000 load cycles. Despite the reduced load, the cycles 
until failure were notably fewer. A similar pattern emerged in the VZZ2 test series. 
Even though resistance to cyclic tensile loading was adequate at an amplitude of 0.2, 
results beyond this threshold exhibited significant dispersion. Consequently, these 
findings do not allow for a dependable interpretation of the load-bearing behaviour 
during cyclic loading of fibre-reinforced UHPC. 

Besides the mechanical behaviour of the UHPFRC, the fibre orientation has been 
analysed. Therefore, the specimens were sawed into small pieces for CT-scanning. 
Since it was assumed that the fibres were aligned in the dumbbell specimen, refer-
ence samples were prepared where no alignment was assumed. Figure 11 shows the 
location of samples sawed from different specimens.

The fibre orientation was determined with a novel software called VGSTUDIO 
MAX by Hexagon [12]. Table 3 lists the fibre orientation factors (vectors) of the 
analysed samples.

It should be noted that the values in Table 3 are mean values of three individual 
analyses. The fibre orientation factors are named as vectors in Table 3. The values 
show that the dumbbell specimens show an alignment of the fibres (z-axis equals 
specimen axis). Furthermore, no alignment is noticeable in the samples sawed from 
the beam specimens.
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Fig. 11 Location of samples in specimens for fibre orientation analysis

Table 3 Results of fibre orientation analysis, i.e. fibre orientation factors 

Series Number [–] Fibre content [Vol.%] Vector x [–] Vector y [–] Vector z [–] 

VZ1-K Dumbbell 1.25 0.32 0.30 0.79 

VZ1-P Beam 1.25 0.50 0.45 0.56 

VZ2-K Dumbbell 2.50 0.27 0.25 0.84 

VZ2-P Beam 2.50 0.44 0.41 0.63

2.5 Large-Scale Bending Tests 

The testing protocol encompasses six large-scale 3-point bending tensile tests, 
consisting of four beams subjected to quasi-static loading (used as a reference) and 
two beams subjected to cyclic single-stage loading. The details of the test programme 
can be found in Table 4. 

The specimen had dimensions measuring 3000 mm in length, 300 mm in height, 
and 150 mm in width. Additionally, there is a notch situated directly beneath the 
point of loading, featuring a width of 10 mm and a height of 50 mm. This notch

Table 4 Test programme of large scale bending tests 

Series Fibre content [Vol.%] Loading [–] Maximum load [kN] Load amplitude [–] 

DEMO-1 1.25 Monotonic 23.59 – 

DEMO-2 1.25 Monotonic 28.71 – 

DEMO-3 2.50 Monotonic 58.74 – 

DEMO-4 2.50 Monotonic 48.61 – 

DEMO-5 1.25 Single stage – 0.45 

DEMO-6 2.50 Single stage – 0.35 



280 J.-P. Lanwer and M. Empelmann

a b  

Fig. 12 Development of CMOD depending on load cycles: a DEMO-5 and b DEMO-6 

serves as a deliberate crack to facilitate the measurement of the crack mouth opening 
displacement (CMOD). Detailed information of the test configuration (execution, 
measuring devices etc.) are in [6]. 

Figure 12 shows the development of the CMOD over the load cycles of the single 
stage cyclic loading tests. Before the cyclic loading was applied, the beams were 
“cracked” so that the fibres were activated. 

DEMO-6 exhibits the characteristic response of concrete subjected to cyclic 
loading, particularly in cases of compressive loading. The fatigue behaviour, which 
is outlined in detail in reference [13], can be observed through the evolution of the 
CMOD as it relates to the number of load cycles. 

In contrast, DEMO-5 demonstrates a more pronounced trilinear behaviour. 
Notably, the transitions between these phases occur more abruptly compared to 
DEMO-6. This abrupt change in behaviour can be attributed to the rupture of 
fibres, becoming evident with a rapid increase in displacement after approximately 
1,750,000 load cycles. To support the hypothesis of fibre rupture, the beam of DEMO-
6 was cracked open after the test execution. The fibres on the crack areas were exam-
ined with a digital microscope. Figure 13 shows a section of the cracked area where 
two fibres ruptured.

In both halves of the cracked areas, corrosion products are visible. Furthermore, 
the steel of the fibres is still recognizable in the channels of the fibre, which gives a 
hint of fibre rupture. 

DEMO-5 failed after approximately 1,900,000 load cycles at a related load ampli-
tude of 0.45 and DEMO-6 failed after 190,000 load cycles at a related load amplitude 
of 0.35. Although the load was higher, DEMO-5 endured ten times more load cycles. 
This relation shows the high scattering of UHPFRC under cyclic tensile loading.
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a b  

Fig. 13 Cracked areas from DEMO-6 with two ruptured fibres (from [6], licensed under CC-BY 
4.0): a one half and b other half

3 Conclusion 

This contribution presents some of the key research results achieved during the 
project. The experimental investigations provide information on the fundamental 
load-bearing behaviour of micro steel fibres embedded in UHPC under monotonic 
and cyclic tensile loading. The main findings of the experimental investigations can 
be summarised as follows: 

1. Dual stage cyclic tensile tests on plain UHPC showed a favourable fatigue 
behaviour at pre damages from 50%. Dual stage loading with decreasing 
amplitudes lead to a positive influence of the fatigue behaviour on bare steel 
fibres. 

2. Fibre pull-out tests under cyclic tensile loading revealed fibre ruptures of inclined 
fibres due to locally increased bending stresses. 

3. Despite adequate resistance at lower amplitudes, the results of uniaxial tensile 
tests showed considerable scatter at higher amplitudes. This variability makes 
it difficult to reliably interpret the load-bearing behaviour of fibre-reinforced 
UHPC under cyclic tensile loading. 

The investigations presented in this chapter are part of the cooperative project 
with the Institute of Structural Analysis, TU Braunschweig (see chapter by L. Gietz 
et al., this volume). 
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Material Modelling 
of Ultra-High-Performance Concrete 
Under Tensile Loading 

Lena Gietz, Svenja Matz, Ursula Kowalsky, and Dieter Dinkler 

Abstract The contribution deals with the modelling of the mechanical degrada-

tion processes of ultra-high-performance fibre-reinforced concrete (UHPFRC) with 

respect to tensile loading. Micro steel fibres embedded in UHPC significantly 

improve the post cracking behaviour due to the crack-bridging load-bearing effect. 

If UHPFRC is subjected to cyclic tensile loading, the irreversible degradation of the 

bond limits the potential of the composite material. The investigations aim to describe 

the stress-deformation behaviour of UHPFRC under tensile loading by developing 

microphysically based and mechanism-oriented models at the meso- and macro-

scale. Thereby the description of the debonding of the micro steel fibres from the 

UHPC-matrix on the mesoscale and the development of concrete cracks and fibre 

pull-out on the macroscopic scale are a particular challenge. The models presented 

here are validated by comparing numerical simulations with respective experiments. 

Keywords Ultra-high-performance fibre reinforced concrete · Concrete cracking ·
Fibre pull-out · Material modelling · Fracture mechanics · Hybrid-mixed finite 

element method 

1 Introduction 

Sustainability and efficiency of civil engineering constructions as well as research 

with respect to climate-friendly concrete construction methods are becoming increas-

ingly important. Researchers in construction engineering have focussed on ultra-

high-performance fibre reinforced concrete (UHPFRC) in recent years. This building 

material combines excellent mechanical properties with high resistance to environ-

mental influences. Due to the mechanical properties, members can be designed to be 

slender, more resource efficient and robust. The improved durability increases the 

service life of structures, resulting in lower building maintenance and repair costs.
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Furthermore, studies show that the use of UHPFRC has a positive impact on the 

environmental aspects during the service life of bridges [1, 2]. 

Plain ultra-high-performance concrete (UHPC) is characterised by its high 

compressive strength but brittle deformation behaviour with respect to tension, while 

the additional embedding of micro steel fibres leads to high tensile strength of the 

composite material and a significantly improved ductility in the post-cracking region. 

At the initial crack formation of the UHPC-matrix the steel fibres are activated and 

take over the tensile load transfer. If the bond limit between the UHPC-matrix and the 

micro steel fibres is reached, fibre pull-out occurs, which effects a controlled material 

rupture and a ductile macroscopic deformation behaviour. The crack-bridging load-

bearing effect of the micro steel fibres can be taken into account in the design rules, 

if fundamental knowledge about the failure mechanisms leads to a quantification of 

the post-cracking behaviour. 

A major disadvantage of the design of slender structures made of UHPFRC is their 

susceptibility to fatigue due to the unbalanced ratio between dead weight and cyclic 

loading compared to normal reinforced concrete constructions. Examples are slender 

bridges i.e. pedestrian bridges, wind energy installations or crane girders. Experi-

mental and numerical results indicate that the fibres in UHPC exhibit remarkable 

resistance to cyclic loading [3–5], although the fibre orientation has a non-negligible 

effect [6, 7]. The exact load-bearing behaviour of fibres in UHPC components under 

cyclic loading is hardly quantifiable since only limited data are available which is 

insufficient for uniform standardisation. 

Research on the structural behaviour of UHPFRC has so far concentrated primarily 

on the macro scale, whereby the material is described by means of simplifying 

homogenised isotropic parameters [3, 8]. Studies show a significant influence of the 

bond quality between the micro steel fibres and the UHPC-matrix [9]  as  well  as  the  

anisotropic fibre distribution on the tensile load-bearing behaviour of UHPFRC [10, 

11], which has to be taken into account in suitable material models. 

Thus, the development of models for the description and prediction of the material 

behaviour on the meso- and macro scale are useful, since numerical simulations 

can supplement experimental tests on fatigue behaviour of material, which are often 

costly and difficult to realise. As part of Priority Programme SPP 2020, several models 

have already been expanded or newly developed [7, 12, 13]. The investigations focus 

on the characterisation of microstructural damage in UHPC and gaining knowledge 

on the fibres’ load-bearing effect under monotonic and cyclic tensile loading. In 

addition to experiments, see the chapter by J.-P. Lanwer et al., this volume, numerical 

methods are developed to investigate the tensile fatigue behaviour of UHPFRC in the 

context of an experimental virtual lab. The material is considered to be a composite 

comprising the UHPC-matrix, the fibres and the processes taking place in the bond 

zone between the two material components. 

The models and numerical investigations presented here aim to contribute to the 

understanding of the load-bearing behaviour of micro steel fibres embedded in UHPC 

with respect to the meso- and macro-scale.
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2 Mesoscale Modelling 

The numerical simulation of the material behaviour of UHPFRC on the mesoscale 

requires a very careful modelling of the bond behaviour. A geometrically and phys-

ically nonlinear model is presented, which takes into account different bond prop-

erties describing the slip between micro steel fibres and the UHPC-matrix. Detailed 

information about the model can be found in [14, 15]. 

2.1 Material Model 

The local behaviour of the bond zone is described assuming an additive split into 

rates of elastic and inelastic relative displacements between concrete and fibre 

δ̇ = δ̇el + δ̇in. (1) 

The rigid bond is modelled by assuming a linear relation between elastic relative 

displacements and the bond stresses: τ = Er · δ
el. The sliding bond is described 

by irreversible relative displacement rates δ̇in, and takes into account the damage-

induced degradation of the bond capacity τlim. The initiation of sliding is described 

by means of a failure surface considering lateral compression and tension, which 

depends on the shear stress between concrete and fibre τ||, and on the normal stress 

τ⊥ perpendicular to the fibre surface, see Fig. 1a. The failure criteria for transverse 

compression and tension are given as a function of the coefficient of friction µ and 

the anisotropy coefficient λ to take into account the two-dimensional anisotropy of 

the bond zone, whereat d describes the bond zone damage

Fc = τ|| + µ(d) · τ⊥ − τlim(d) ≤ 0, (2) 

Ft = τ 
2 
|| − µ(d ) · (τlim(d ) − τ⊥)2 + (1 − µ(d )) ·

τ⊥ 

λ 

2

− τ 2
lim(d) ≤ 0. (3)

The rates of the inelastic relative displacements are defined by the non-associated 

slip rules using the potential functions Qc and Qt, which are formulated similarly to 

the respective failure criteria, but include the coefficient of lateral pressure evolution 

η(d) instead of µ(d)  [15] 

δ̇in c = λ̇c · 
∂Qc 

∂τ 
, δ̇in t = λ̇t · 

∂ Qt

∂τ
. (4) 

The degradation of the maximum bond capacity τmax is caused by the deteriora-

tion of adhesion and micro aggregate interlocking, whereas small particles between 

concrete and fibre are responsible for a post failure resistance against sliding. The
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a b  

Fig. 1 a Failure surface and b evolution of bond capacity as function of constant damage evolution 

scaling factor α (from [15], licensed under CC-BY 4.0)

damage mechanisms of the bond zone are considered by a linear degradation function 

ψ(d), where d describes the bond zone damage: ψ(d) = 1– d. Figure 1b represents 

the evolution of the bond capacity τlim with damage to the bond zone as a function 

of the constant scaling factor α of the degradation function. The bond strengths f s 
and f r characterise the rigid and the sliding bond respectively .

The proposed bond zone model does not include any enforcement of the damage 

evolution due to lateral compression in the bond zone. However, in the model exists 

an interaction between contact pressure and bond zone resistance, which in turn 

regulates the magnitude of the inelastic relative displacement rates. 

2.2 Fibre-Matrix Bond with Respect to Monotonic Tensile 

Loading 

The numerical analysis of the fibre-matrix bond at the mesoscale requires a discrete 

description of the geometries of fibre and concrete matrix shifting against each other, 

see Fig. 2. 

The geometrical and material parameters for the simulation of the fibre pull-

out test are given in Table 1. Concrete and fibre are assumed to be elastic and are

Fig. 2 Test sample for the simulation of pull-out experiments (from [15], licensed under CC-BY 

4.0) 
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Table 1 Model parameters of fibre pull-out (Fig. 2) 

Parameter Symbol Unit Value 

Fibre diameter df mm 0.19 

Wire length lD mm 16.5 

Embedded fibre length le mm 6.5 

Matrix radius rm mm 2.0 

Matrix height hm mm 40.0 

Bond strength (rigid bond) fr N/mm2 13.0 

Bond strength (sliding bond) fs N/mm2 10.3 

Initial Young’s modulus of bond zone2 Er N/mm2 13,000 

Begin of sliding bond sc mm 0.001 

Coefficient of anisotropy Λ – 1.0 

Coefficient of friction Μ – 0.15 

Coefficient of lateral pressure evolution Η – 0.001 

Damage evolution coefficient Α – 0.025 

discretised with isoparametric 3D continuum elements. The bond zone is modelled 

by means of isoparametric zero-thickness interface elements, which discretise the 

model equations of debonding and sliding. A node-mapping algorithm generates a 

connectivity matrix assigning the opposite contact surfaces of concrete and fibre, and 

the active displacement situation [14, 16]. 

To verify the material model and to validate its material parameters, results from 

numerical simulations are compared to experimental data [14]. Figure 3a represents 

the 3D-discretisation of the sample with the finite element method. The simulation 

of the experiment with respect to monotonic loading leads to a linear increase of 

the displacement until achieving the failure surface and the debonding condition. 

After debonding the pull-out behaviour offers a linear load-slip behaviour, because 

the resistance per unit length remains constant whereby the bond length is reduced. 

The numerical simulation maps the experimental results quite well, although the 

experiment offers a rough response due to the stochastic bond properties at the micro 

scale, see Fig. 3b.

2.3 Fatigue Behaviour of Fibre-Matrix Bond 

The fatigue behaviour of the bond zone with respect to cyclic loading is charac-

terised by a progressive detachment of the micro steel fibres from the UHPC-matrix. 

The numerical simulation of the degradation is possible, if the model parameters 

are adjusted to the conditions of loading and unloading. Since experimental results 

show a hysteresis due to unloading and reloading and an increase of the irreversible
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a b  

Fig. 3 Simulation of fibre pull-out at monotonic loading: a FE-mesh and plot of bond stresses 

during the fibre pull-out phase (from [14], licensed under CC-BY 4.0) and b comparison of load-slip 

curves of experiment and simulation

displacements, the model parameters τ, Qc and Qt are directly connected to the 

number of cycles, which governs the degradation function. 

The results of the numerical simulation of the first cycles are plotted in Fig. 4a. 

The stress amplitude is chosen by pz = 1 500 N/mm2 which is slightly below the 

load-bearing capacity of the fibre-matrix bond to partially detach the fibre from the 

UHPC-matrix. The bond stresses along the related bond length ζ are plotted in Fig. 4b 

due to loading and unloading conditions and due to an accumulation of the cycles. 

It turns out, that the stress distribution indicates residual stresses after unloading, 

which change slightly if the number of cycles n increases.

3 Macroscale Modelling 

The numerical simulation of the load-deformation behaviour of realistic structures 

as multi-story frameworks needs a material model which is able to describe the 

failure mechanisms on the macroscale instead of taking into account single fibres 

and cracks between concrete aggregates on the micro- and mesoscale. Continuum 

damage mechanics and phase field models offer approaches to describe the stiffness
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a b  

Fig. 4 Simulation of fibre pull-out at cyclic loading (from [15], licensed under CC-BY 4.0) a Fibre 

pull-out at cyclic loading b Shear stresses along the fibre length for different load cycles

reduction and the localisation of strains with respect to micro cracking in a very 

advanced theoretical framework [13, 17, 18]. Nonetheless, the internal length seems 

to be a nonphysical parameter, which governs the localisation zone and therefore 

the numerical effort with respect to the discretisation method. Own applications 

to steel structures [19, 20] and concrete under cyclic loading [21] demonstrate the 

possibilities of the methods but the limitations with respect to realistic structures 

as well. Thus, an alternative modelling is developed which combines the physical 

approaches of fracture mechanics [22, 23] and modern finite element methods. 

The macroscopic material behaviour of UHPFRC is captured with a model for an 

efficient numerical analysis at the structural level, taking into account a smeared 

description of crack formation and fibre pull-out. Findings from the mesoscale 

modelling and the experiments are incorporated into the development of the model. 

Basis of the macroscopic description of the material behaviour of UHPFRC under 

tensile loading is a mechanism orientated modelling, see Fig. 5. 

a b c  

Fig. 5 Deformation mechanisms due to tensile loading a at linear-elastic material behaviour, b at 

initial crack formation and fibre activation and c at fibre pull-out in the post-cracking region
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3.1 Material Model 

The macroscopic description smears the material behaviour of the UHPC-matrix 

and of the micro steel fibres with respect to their volume contents nc and nf.  The  

behaviour of both components and the bond between them is described by means 

of internal variables, which take into account the essential phenomena as cracking 

of concrete and the fibre pull-out. As known from Castigliano’s theorem [24]  the  

material equations may be developed, if the stored energy of the volume element is 

derived with respect to the strains and the stresses, respectively. Therefore, the stored 

energy П of the UHPFRC volume element has to be established, which comprises 

the fractions of the UHPC-matrix Пc and of the micro steel fibres Пf, which are 

weighted by means of their volume contents nc and n f:

= 

V 

πdV = 

Vc 

πcdVc + 

Vf 

πfdVf = 

V 

nc · πc + nf · πfdV . (5) 

The stored energy density π is given by a mixed stress–strain formulation, which 

has been published first by Hellinger [25] and further developed by Reissner [26]. The 

formulation offers the possibility to directly address strains and stresses of the compo-

nents as internal variables. The energy density formulation of the elastic behaviour 

of both components is extended to the description of concrete cracking and fibre 

pull-out applying the method of Lagrangian multipliers and is given in total with 

π = nc σ cε − 
1 

2 
σ cE

−1 
c σ c + nf σ fε − 

1 

2 
σ fE

−1 
f σ f 

− ncεcr σ c − 
1 

2 
Ecrεcr − nfεv σ f −

1

2
Kvεv . (6) 

Dealing with εcr and εv as internal variables, which are defined as being smeared 

over the volume dV, the Lagrangian multipliers have the meaning of inelastic crack 

strains (λcr → εcr) in the crack process zone of the UHPC-matrix and of the inelastic 

deformations due to the fibre pull-out of the micro steel fibres (λv → εv). The first 

constraint describes the energy release, since

εcr σ c − 
1 

2 
Ecrεcr = 

1 

2 
σ c E

−1 
cr σ c. (7) 

holds, and the integration over the volume yields 

V 

1 

2 
σ cE

−1 
cr σ cdV → 

σ 
2 
c 

2Ecr 

A lx. (8)
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Here, the term inside the brackets is directly comparable to the energy release of 

the Griffith-model [22], where a circular crack region A is assumed. The modulus 

Ecr takes into account the softening behaviour instead of a purely brittle behaviour. 

The extreme condition of the mixed formulation yields the model equations, if the 

variation of π vanishes with respect to all macroscopic variables z

∂π 

∂z 
· δz = 0withz = [εσ cσ fεcrεv]. (9) 

The conditions can be clearly structured in a system of equations 

δε : 

δσ c : 

δσ f : 

δεcr : 

δεv : 

 

 
 
 
 
 
 

nc nf 

nc −nc · E
−1 
c −nc 

nf −nf · E
−1 
f −nf 

−nc nc · Ecr 

−nf nf · Kv 

 

 
 
 
 
 
 

·















ε

σ c

σ f

εcr

εv















= 0. (10) 

The differentiation with respect to the strains provides the stresses required for 

equilibrium. The differentiations according to the stresses supply the deformation 

conditions and the differentiations according to the crack strains and the fibre pull-out 

strains supply the equations for phenomenological description of the post-cracking 

behaviour. 

3.2 Characterisation of the Post-cracking Behaviour 

The constraints in Eq. 6 impose additional conditions on the stresses σc and σf. 

These constraints lead to an additive split of the kinematics into the elastic strains 

εc 
el and εf 

el and the inelastic crack strain εcr as well as the fibre pull-out strainεv. 

The characteristic of the material softening is described by the additionally defined 

moduli Ecr and Kv. Simplifying the crack formation is described in mode I by the 

crack modulus Ecr when the tensile strength f ct of the UHPC-matrix has been reached 

[27]. Ecr is defined by a decreasing exponential function, see Fig. 6a.

Experiments [28] show that the material failure of UHPC under tension is very 

brittle, which means that softening behaviour cannot be identified in the stress–strain 

diagrams once the tensile strength f ct has been reached. By calibrating the parameters 

a, b and c, the abrupt failure and the associated stress drop in the UHPC-matrix can be 

modelled. The concrete stresses converge towards zero due to the used exponential 

function. For the simulation of the UHPC used in the experiments the following 

values supply good results: a = 1.6, b = f ct · 1e
−5 and c = 1.0. The model for the 

bond behaviour presented in Sect. 2 describes the bond mechanisms very detailed in 

three phases. In order to be able to consider the bond behaviour at the macroscopic 

level a simplified model based on the equilibrium between the fibre normal force
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a b  

Fig. 6 a Stress–strain-diagram for the description of the concrete softening and b Development of 

the bond resistance τv with respect to the fibre pull-out length

and the bond force is taken into account. The equilibrium of the forces allows to 

express the fibre tensile stress as follows, taking into account the fibre geometry and 

the embedded fibre length lv 

σf = 
τv · 2lv 

rf 
withlv = lf − δv, (11) 

where δv describes the fibre pull-out length and lf describes the effective fibre length. 

Based on experimental pull-out tests, half of the total fibre length lf 
tot is assumed to 

be the effective length [28]. Replacing the fibre stress in the constraint -σf + Kv · εv 
= 0  see Eq. 10, the bond modulus Kv follows as a function of δv 

Kv(δv) = 
τv 

εv 
· 
2lv 

rf 
≥ 0, (12) 

The own experimental and numerical investigations show that the bond zone is 

increasingly damaged by abrasion in the pull-out channel as fibre pull-out progresses, 

especially for cyclic tensile loading, see Sects. 2.2 and 2.3. The frictional resistance 

to fibre pull-out is reduced. To account for this phenomenon, it is useful to describe 

the bond resistance τv as a function of the fibre pull-out length 

τv = τmax · f (δv)withτmax = 
σmax · rf 

2lf
, (13) 

where the maximum bond resistance τmax is determined with the maximum force 

in the fibre before the fibre pull-out starts (lv = lf, δv = 0), expressed by the bond 

limit σmax according to Eq. 11. The function f (δv), describes the decrease in bond
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stresses with increasing fibre pull-out length, allowing the degradation of the bond 

resistance with respect to the fibre pull-out, see Figs. 6b and 9a. 

3.3 Hybrid-Mixed Finite Element Concept 

The finite element method (FEM) in a hybrid-mixed formulation is basis for the 

numerical investigation of structures. Since the energy equation and the first variation 

equation give the material equations with strains and stresses the kinematics have to 

be taken into account as well, see Eqs. 6 and 10. Applying linear kinematics using 

the operator matrix D for the differentiation rule 

ε = D · u (14) 

yields the fundamental equations for the discretisation with the finite element method. 

Applying a hybrid-mixed element concept, based on [29, 30], the element domain 

describes the crack process zone. For the numerical implementation of the material 

equations, the strains εv due to fibre pull-out is connected to the fibre pull-out lengths 

δv via the element length lel. The macroscopic variables z are split into system and 

element variables 

z = zsys(u) zelem(u, σ c, σ f, εcr, δv) . (15) 

The displacements u are defined at the element intersections, element edges and in 

the element domain, while the element variables zelem are only defined in the element 

domain, see Fig. 7. A 3D hexahedron continuum element is used for the discretisation 

of the model equations. Two different types of shape functions are employed. The 

displacement standard shape functions Ωj are normalised to the displacements of the 

element nodes j and are used within the element and at the intersections, see Eq. 16. 

The element variables are approximated with shape functions ψusing generalised 

free values Eq. 17. The elimination of the element variables zelem follows a static 

condensation scheme and yields the element stiffness matrix. After assembling the 

system stiffness matrix the solution follows with the displacement degrees of freedom 

at the element nodes [27]. The solution for the element variables is reproduced in a 

subsequent analysis. 

i = 
1 

8 
1 + ξjξ 1 + ηjη 1 + ζjζ (16) 

ψξ 
= [1 η  ζ  ηζ  ] ψ ξ  η  

= [1 ζ ] 

ψη 
= [1 ξ  ζ  ξ  ζ  ] ψ ξ  ζ  

= [1 η]

ψ ζ = [1 ξ η ξη] ψηζ = [1 ξ ]

(17)
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Fig. 7 Scheme of 

hybrid-mixed finite element 

concept 

The hybrid-mixed element concept is advantageous, since the element domain is 

decoupled from the element intersection, which gives a J-integral of zero [23] and 

the possibility to describe the energy release due to Fig. 7 inside the element domain. 

3.4 Simulation of a Rod Under Tension 

Since the material behaviour offers physical instabilities due to the descending stress– 

strain behaviour, the regularisation of the discretised equations has to be established. 

Thus, the mesh independence of the numerical solution is investigated loading a rod 

with displacement-controlled uni-axial tension. In order to initiate a localisation of 

the strains an imperfection is placed at one element, see Fig. 8. The dependence of 

the solution is analysed for the number of elements and the size of the imperfect 

element, respectively. The boundary value problem is represented in Fig. 8 and the 

model parameters are given in Table 2. 

Figure 9a represents the stress-displacement solutions for the different discreti-

sations, which converge with decreasing element size. The reason for this unique 

property of the chosen mixed formulation is the fact that the energy release rate is 

described directly with the extreme condition of the energy density. A regularisation is 

not necessary. By reaching the tensile strength of the UHPC-matrix inside the imper-

fect element, concrete cracking is smeared over the element size. The sudden failure 

of the UHPC-matrix causes an abrupt drop of stiffness in the affected element, what 

leads to a rapid drop of the total stress, see Fig. 9b. In the subsequent iteration step, a 

stable equilibrium is established by activating the micro steel fibres, which increase

Fig. 8 Boundary value problem of a rod under tension



Material Modelling of Ultra-High-Performance Concrete Under Tensile … 295

a b  

Fig. 9 a Stress-displacement diagram of the imperfect element under tension and b Zoom of the 

diagram in the range up to 1 mm displacement uR 

Table 2 Model parameters of the rod (Fig. 8) and of the beam bending tests (Fig. 10) 

Parameter Symbol Unit Rod DEMO 

UHPC-matrix Young’s modulus Ec N/mm2 40,000 43,300 

Poisson ratio νc – 0.0 0.221 

Tensile strength f ct N/mm2 8.0* 10.7 

Micro steel fibres Young’s modulus Ef N/mm2 170,000 169,000 

Fibre volume content nf Vol.-% 2.5 1.251/2.52 

Fibre length lf mm 6.5 (13) 6.5 (13) 

Fibre radius rf mm 0.095 0.095 

Maximum bond resistance τmax N/mm2 3.325 8.0 

Fibre orientation factor rx – 1.0 0.33 

*Imperfect Element, 1 DEMO-1, 2DEMO-2 

Fig. 10 Boundary value problem and dimensions of the large scale three-point-bending test
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the overall stiffness and cause a further increase of macroscopic stresses at increasing 

displacements. In the case of larger elements, the stress drops more strongly due to 

the constant distribution of the crack strain over the element, which leads to larger 

displacements in the fibre activation phase, see Fig. 9b. By reaching the bond limit 

τmax the fibre pull-out starts with a decreasing of the fibre stress σf and the bond 

length lv. Thus, the deformation conditions are fulfilled in a weak sense, compare 

Eq. 10. Nonetheless, the overall solution is unique for different discretisations. 

3.5 Simulation of Large Scale Three-Point-Bending Tests 

Several large scale three-point-bending tests under monotonically increasing loading 

are presented in [5]. Two of them are simulated applying the macroscopic material 

models. DEMO-1 has a fibre volume content of 1.25 Vol.-% while DEMO-2 has a 

fibre volume content of 2.5 Vol.-%. The boundary value problem with the dimensions 

and boundary conditions is shown in Fig. 10. The supports are realised as lines along 

the depth of the beam. In order to weaken the singularity of the concentrated unit load 

F = 1 kN at the centre of the beam, the load is distributed over the surrounding nodes. 

The boundary value problem is solved using the arc-length method with respect to 

the overall displacement field. The beam is discretised using a structured 3D finite 

element mesh, and in the area of the notch, the element lengths are selected to 10 mm 

according to the width of the notch. 

In addition to the huge number of experiments to determine strengths and Young’s 

Moduli of the UHPC reference mix and the steel fibres of the manufacturer Weidacon, 

fibre pull-out tests with varying alignments are conducted to investigate the bond 

behaviour between the material components [28]. The specific test setup for the 

multiple fibre pull-out tests minimises the scattering of the results. The results of 

the fibre pull-out with an angle of 90° lead to a constant bond stress-slip relation, 

which is assumed in the material model with a constant function f (δv), see Fig. 6b. 

This assumption leads to a linear relationship between the fibre tensile stress and the 

fibre pull-out length. According to the experimental investigations [5], the maximum 

bond resistance τmax is chosen to 8.0 N/mm2 correlating to a fibre normal stress of 

f v = 1 094 N/mm2,  see  E  q. 13. In order to make a reasonable assumption regarding 

the spatial distribution of the fibres, the fibre orientation factor rx is set to 33% of the 

total fibre volume in the longitudinal direction of the beam. The material and model 

parameters used for the simulation are specified in Table 2. 

Figure 11 compares the load-deflection behaviour between the experiments and 

the simulation. In the case of DEMO-1 a very good agreement is achieved. The 

initial stiffness and the load bearing capacity around 23 kN are well approximated, 

see Fig. 11a.

The simulation of DEMO-2 also reproduces the load-deflection curve qualitatively 

well and, as expected, shows twice the load-bearing capacity of 46 kN due to the 

doubled fibre volume content, but underestimates the load-bearing behaviour of the 

beam compared to the experiment. The specified flow direction and compaction
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a b  

Fig. 11 Comparison of load-deflection-behaviour of three-point-bending tests between experiment 

and simulation: a DEMO-1 and b DEMO-2

during the manufacturing process [31] of the beam may cause the fibres to align 

preferentially in the longitudinal direction, which increases the load-bearing capacity. 

Therefore, another simulation is presented with a modified fibre orientation factor rx 
= 0.40 in order to better capture the load-deformation behaviour of the experiment, 

see dashed curve in Fig. 11b. 

In comparison to the experiments both simulations show a slightly stiffer 

behaviour after crack initiation. Since a fibre pull-out length of half of the fibre 

length is assumed for each fibre, a maximum resistance of the bond zone is given. In 

experiments the fibre pull-out length is arbitrarily distributed but generally smaller 

than half of the fibre length, what leads to a reduction of the resistance and therefore 

to a lesser stiffness with respect to increasing deformations. To assess this effect, a 

comparative simulation was performed with one-quarter of the fibre length (3.25 mm) 

taken as effective, see dashed curve in Fig. 11a. 

Furthermore, at a deflection of 9.5 mm (DEMO-1) and 9.0 mm (DEMO-2), the 

compressive strength of about 150 N/mm2 is reached at the upper edge in the compres-

sion zone. Since the model currently only takes into account linear elastic material 

behaviour of concrete under compressive loading, the damage of the compression 

zone is not taken into account. Both simplifications explain the deviation of the simu-

lation from the experiment in the range between 9 and 15 mm. Overall, the numerical 

results lead to the following insight: 

• The fibre orientation with respect to the principal direction of the tensile stresses 

has a very strong influence on the ultimate load and the ductility. 
• Longer fibres activate a longer fibre pull-out length, which increases the ductility. 

Figure 12a–f refer to the simulation of DEMO-1 exemplarily. Fig. 12a–c show 

the stress distributions over the cross-section above the notch for three different load
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levels λ. For each load level the total stress distribution (black-dashed), the concrete-

(blue) and the fibre stress (red) distribution are shown separately. The concrete- and 

the fibre stresses are represented with respect to their volume fractions and to the 

fibre orientation factor in the longitudinal direction of the beam (rcx = (1-nf) · rx, 

rfx = nf · rx ), which give in sum the total stresses. As soon as the concrete stresses 

reach the tensile strength at the lower edge, they drop to zero and the cross-section 

begins to crack over the height like a zipper.

At load level λ = 9 the cross-section is already cracked at the lower edge up to 

the half. The fibres completely take over the load transfer in this region (rfx · σf = 

σ), while in the compression zone, the load is mainly transferred by the concrete due 

to the much higher volume fraction, see Fig. 12a. During the fibre activation phase, 

the fibres in the full bond elongate and bridge the crack. This allows the composite 

material to increase the load bearing capacity of the cross section resulting in a further 

increasing of the total stresses, see Fig. 11a. 

Figure 12b shows the stress distribution shortly before reaching the ultimate load, 

where the cross-section is almost completely cracked. In the upper part of the cross-

section the compression zone is still intact, and slightly below, in the area between h= 

0.20–0.25 m, the bond between fibres and UHPC-matrix is still intact, which leads to 

crack bridging due to the fibres. At the lower cross-section betweenh = 0.05−0.20m 

the fibre stresses decrease, which indicates the beginning of the fibre pull-out after 

the bond capacity is reached, correlated to the fibre normal stress of f v = 1 094 N/ 

mm2,  see  Eq. 13. The combination of the progressive fibre pull-out and the fibre 

activation phase continues to enable stable material behaviour in the post-cracking 

region, compare Fig. 11a. 

If the bond capacity of all fibres at the cracking zone is reached the unstable 

failure of the composite material occurs. Figure 12c represents the distributions of 

the stresses for load level λ = 20 shortly after exceeding the load bearing capacity, 

where the cross section is almost completely cracked and the fibre pull-out is very 

progressed. Nonetheless, the complete crack up to the upper edge of the beam cannot 

be modelled, as this would no longer result in equilibrium.

Figure 12d summarises the development of the total stresses, where the shifting 

of the neutral axes to the upper cross section is clearly recognisable, and the effect 

of a small fibre volume content with respect to the stiffness becomes obvious. 

In Fig. 12e the effective fibre stress distribution over the cross-sectional height 

is represented for the three load levels, which is directly connected to the bond 

stresses between the UHPC-matrix and the micro steel fibres, cf. Equations 11–13. 

The chosen constant relationship between the bond stresses and the fibre pull-out 

length δv leads to linearly decreasing effective fibre stresses, which is recognisable 

from the stress distribution over the cross-sectional height, see Fig. 12e. 

The constraints for the crack formation and the fibre pull-out are connected to 

the kinematic conditions, see Eq. 10. The development of the fibre pull-out length 

follows the crack opening, which is represented related to the element length lel of 

the finite element discretisation, see Fig. 12f. At the very end the fibre pull-out length 

converges to the related crack strain, whereby the load capacity of the fibre tends
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a d  

b e  

c f  

Fig. 12 Distributions of concrete, fibre, and total stresses over the cross-section above the notch 

for the load levels a λ = 9, b λ = 22, c λ = 20 and development of the element variables over the 

cross-section above the notch d total stress, e fibre stress f crack-strain related to element length 

(green) and fibre pull-out length (orange)
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to zero. The developments of the crack strain and the fibre pull-out length over the 

cross-sectional height are correlated to each other at progressive fibre pull-out. 

3.6 Modelling the Tensile Fatigue Behaviour 

The extension of the material model for the description of material behaviour under 

cyclic tensile loading is current focus of research. The concept provides the formu-

lations of the maximum bond resistance τmax and the fibre pull-out length δv as a 

function of the number of load cycles n, the average bond stress τm and the bond 

stress amplitude ∆τv 

τmax = τmax(n,  τm v,  δv), (17) 

δv = δv n,  τm v,  δv,max (18) 

Based on the mesoscale model for the fibre-matrix bond, the damage of the fibre 

channel at cyclic loading is to be taken into account. The approach is intended 

to determine the structural state of a component after a certain number of cycles. 

The concept comprises for elastic loading and unloading in the first load cycle to 

establish all parameters for the start of the cyclic loading. The approach aims for 

simulating high-cycle fatigue loads with little numerical effort and without analysing 

each individual load cycle, respectively. 

4 Conclusion 

The contribution at hand presents the modelling and numerical simulations of the 

load-bearing behaviour of micro steel fibres embedded in UHPC under monotonic 

and cyclic tensile loading. The numerical analyses of the bond behaviour between 

the UHPC-matrix and micro steel fibres on the mesoscale and of the post-cracking 

behaviour on the macroscale lead to the following results: 

1. The bond zone model describes the bond behaviour between the micro steel 

fibres and the UHPC-matrix and provides information about the processes at the 

mesoscale as well as the bond stress distribution along the fibre and the residual 

stresses in the bond zone at unloading. 

2. The maximum pullout resistance is present at the beginning of the fibre pull-out, 

which leads to a decreasing load-bearing capacity of the fibre during the micro 

crack opening in the UHPC-matrix. 

3. Applying a smeared description of the crack development and the fibre pull-out 

behaviour at the macro scale enables numerical investigations of real structures. In 

comparison to classical continuum damage models, the post-cracking behaviour
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is described with model equations, which are equivalent to fracture mechanics, 

and which allow for the damage mechanisms of the two material components to 

be specified separately. 

4. A hybrid-mixed element formulation is presented, which yields a mesh-

independent numerical solution of the material failure. 

5. Simulations of three-point bending beam tests applying physically meaningful 

model parameters achieve good agreement with the experimentally load-bearing 

behaviour, capturing the scatter of the fibre distribution and the effective fibre 

pull-out length. A variation of the model parameters may fit the experiments 

much better if required. The focus of the investigations is more on the general 

modelling of the load-bearing behaviour. 

6. The analysis of the macroscopic variables at the cross-section provides detailed 

information on how the crack bridging is effected by the fibres. 

7. The approaches to model the damage behaviour can be applied for the develop-

ment of new fibre designs, if the bond properties are known from experiments. 

The investigations presented in this chapter are part of the cooperative project with 

the Institute of Building Materials, Concrete Construction and Fire Savety, Division 

of Concrete Construction, TU Braunschweig (see chapter by J.-P. Lanwer et al., this 

volume). 
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Abstract The complex mechanisms leading to degradation of a 3D-printed carbon 

short-fibre reinforced high-performance concrete which—due to the orientation of 

the carbon fibres—achieves very high tensile and flexural strengths, are investigated. 

For this purpose, multiple measurement methods acting on different scales were 

combined. At macro level, acoustic emission analysis and coda wave interferom-

etry were used in cyclic, uniaxial tensile tests alongside conventional measurement 

methods such as digital image correlation to visualise internal damage. In addition, 

conductivity of the carbon fibres enabled conclusions to be drawn about the damage 

by measuring electric resistances. At micro and meso scale, the microstructure of 

unloaded specimens and development of microcracks were recorded in bending and
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in tension tests utilising computer tomography and microscopic examinations. Based 

on measurement data, microstructure-orientated unit cells allowing for the develop-

ment of microcracks were derived and integrated into a computational homogeni-

sation scheme capable of reproducing the material behaviour and relevant failure 

mechanisms. 

Keywords Carbon short-fibre reinforced concrete · Oriented fibres · Multiscale 

fatigue testing and modelling · Degradation · Localisation of failure · NDT 
methods 

1 Introduction 

The extrusion of a carbon short-fibre reinforced mortar paste through a small nozzle 

leads to the fibres being aligned in the direction of the material flow (i.e. the direction 

of movement of the printing nozzle). This fact can be utilised to adjust the fibre orien-

tation with the main tensile trajectories and thus to an anticipated loading scenario. In 

previous research, this concept has been proven to be very effective and that cemen-

titious composite specimens can be produced with outstanding tensile and flexural 

strength, e.g. [1, 2]. Having also shown that up-scaling—starting from small cemen-

titious samples (micro-scale)—to a carbon short-fibre reinforced concrete (CSFRC) 

is possible [3, 4], a very versatile high-performance material is available which will 

be investigated experimentally and theoretically with regard to high-cycle fatigue 

under different types/levels of loading as well as in terms of damage development, 

failure mechanisms and localisation. 

1.1 General Research Procedure 

One main objective was to gain new in-depth insights into the damage behaviour and 

the main failure mechanisms of the CSFRC material under different loading regimes 

(static, cyclic, variable) by means of experimental investigations using centric tensile 

as well as 3-point bending tests on different scales (micro, meso and macro spec-

imens) and to be able to interpret and compare the scale levels. While the micro 

specimens offer advantages for analytics and are easier to access for mathematical 

simulations, meso-size samples have particularly proven suitable for AE methods 

and correlations with LDV. Large-scale experiments that are closer to real-life appli-

cations, are essential for identifying potential scale effects and also offer advantages 

for various measurement techniques such as electrical and fibre-optical methods 

or DIC. On the basis of the extensive test and measurement results gained from 

the project, suitable mathematical models were derived representing the damage 

and failure mechanisms as realistically as possible while remaining computationally 

feasible with standard commercial software packages. Modelling and simulation
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initially starts at micro level and with static loads and consequently aims to predict 

experimental results derived with macro samples as well as under dynamic fatigue 

loading and to calibrate the models accordingly. 

While the focus of the experimental investigations was firstly laid on simple 

static and monotonic tests (performed on micro 3-point bending and macro tensile 

specimens) as well as on identifying, generally assessing and evaluating the 

complex damage and failure mechanisms of CSFRC and the establishment of suit-

able measuring technologies, later the focus was laid on scale transition (micro 

tensile, macro/meso 3-point bending specimens) and the extension to more complex 

fatigue loads, more refined measurements and the combination of different sensor 

techniques. 

1.2 Material, Testing Specimens 

Following previous investigations, carbon short-fibres (CSF) with 7 µm in diameter 

and a length of 3 mm were utilised as “reinforcement” of the cementitious mate-

rial after desizing and oxidation of the fibre surface, please refer to e.g. [1, 2, 5]. 

Hereby, two types of fibres were used, Tenax-J HT C261 carbon fibres (for micro 

and most of the meso samples) and Zoltek (Toray) PX35 fibres (macro samples). 

Regarding the concrete mix, for the micro samples a suitable concrete paste was 

deployed being already investigated for several years to achieve optimum extrud-

ability and fibre dispersion in the 3D-printing process of small-scale samples [1]: 

61.0 weight percent (wt.%) Schwenk CEM I 52.5 R, 21.0 wt.% EFACO silica fume, 

3.0 wt.% superplasticiser BASF ACE 430 and 15.0 wt.% of water (w/o aggregates). 

The concrete mix design for the meso/macro specimens was composed of 34.7 wt.% 

Holcim Sulfo 52.5 R cement, 21.7 wt.% Sika Silicol P fume, 21.7 wt.% quartz powder 

SF 500, 7.7 wt.% quartz sand, 2.5 wt.% superplasticiser ACE 460 and 11.7 wt.% of 

water. While the fibre content of the micro samples varied between 0 (unreinforced) 

and 1–3 vol.%, all meso/micro specimens had a fibre content of 1 vol.%. 

Regarding the geometry of the different specimens, the macro tensile specimens 

(tested in uniaxial tension) had a dog-bone shape with dimensions shown in Fig. 1a, 

while the smaller micro and meso specimens tested in uniaxial tension had reduced 

dimensions (scale factor 10 and 20%). All samples tested in 3-point bending (flexural 

tensile strength) were prismatic with square cross-sections and the load being applied 

at midspan (symmetry axis). While the macro samples (bending) had a cross-section 

of 40 × 40 and 180 mm free span, the corresponding dimensions of the micro samples 

were 5 × 5 mm (span 15 mm) and those of the meso samples 15 × 15 mm (span 

90 mm). For manufacturing, a special 3D printer was developed at TUM for the 

macro samples [6, 7]. Through the printing process, the desired fibre orientation was 

achieved both in the dog-bone shaped tension specimens (Fig. 1b, c) and the prismatic 

flexural samples (fibre orientation parallel to lower edges, i.e. in the direction of the 

principal tensile trajectories in the midspan tensile zone) (Fig. 2).
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Fig. 1 Shape/dimensions (mm) of macro specimens tested in centric tension (a), 3D-printed dog-

bone shaped sample (b) and printing process (c) 

Fig. 2 3D printing of meso size flexural beam specimens with CSFRC material 

2 Experimental Investigations on CSFRC Specimens 

The present section firstly outlines which experimental tests were carried out with 

the CSFRC material, refer to Table 1. Please note that only the highly instrumented 

principal experiments are included therein, while numerous additional tests aiming 

on optimising the testing and measurement setup are not listed. It then addresses 

static loading tests, cyclic monotonic tests and fatigue tests with varied stress levels
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Table 1 Overview: static/cyclic experimental investigations on the CSFRC material (number of 

highly instrumented tests performed) 

Sample size Static load Cyclic loading (monotonous) Cyclic loading (varied load, 

sequence effects) 

Micro >  60 25 – 

Meso 48 10 1 

Macro 30 36 26 

and the analysis of sequence effects. In each case, it is specified both whether micro or 

macro/meso test specimens were used and if uniaxial tensile tests or 3-point bending 

tests were performed. Hereby, key findings from the various tests are explained 

and discussed directly. In addition, Sect. 3 provides a detailed summary of all the 

measurement techniques utilised (including their combination) and the findings that 

can be derived from the measuring results with regard to load-bearing behaviour, 

damage development, fatigue behaviour and the different failure mechanisms of the 

CSFRC material. Finally, Sect. 4 addresses mathematical modelling aspects and the 

numerical simulation of the load-bearing behaviour of the material. 

2.1 Static Loading Tests, General Behaviour of the Material 

To illustrate the general load-bearing and deformation behaviour and the significant 

difference to fibre-free samples, Fig. 3 illustrates typical stress–strain curves in both 

static tensile tests (Fig. 4) and in 3-point bending tests for different fibre content 

using the CSFRC micro test specimens as an example. 

Micro beam specimens without reinforcement show purely linear-elastic 

behaviour and a flexural strength of a maximum of about 22 MPa (Fig. 3a). Addition

Fig. 3 Stress–strain curves with different fibre content; a extruded micro beam specimens (3-point 

bending test [8]) and b micro tensile test samples 
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of 1 volume percent (vol.%) of CSF leads to a sharp increase in flexural strength up 

to 60 MPa, if 3 vol.% are included in the mortar a flexural strength of the specimens 

of up to 110 MPa can be achieved, also see e.g. [9]. In comparison, tensile micro 

samples with 1 vol.% CSF achieve a uniaxial tensile strength of up to 23 MPa, while 

with 3 vol.% some 35 MPa of tension can be reached before failure (Fig. 3b). 

Specimens reinforced with CSF show a pronounced strain-hardening behaviour. 

For tensile micro specimens with 1 vol.% it can be stated that the critical fibre 

content is not yet reached. Nevertheless, a distinct strain hardening can be observed 

and was therefore investigated in detail (see e.g. Sects. 3.1–3.4), because a higher 

fibre content would have made segmentation impossible (see Sect. 3.4,  Fig  . 23b) 

and thus, no reliable basis would have been available for the multiscale modelling 

(see Sect. 4). The specific deformation behaviour is linked to the CSF being able to 

bridge the cracks. Leaving the linear-elastic regime instantly leads to unstable crack 

growth (and thus to failure) in the unreinforced material, crack growth is inhibited in 

the fibre-reinforced specimens. As the fibres bridge the cracks, there is only a minor 

change in the overall tensile load transfer along the specimens which in turn causes 

the formation of multiple microcracks. Materials showing such a behaviour have 

been described and discussed in the literature since the early 1990s under the terms 

‘Engineered Cementitious Composites’ (ECCs) or ‘Strain Hardening Cementitious 

Composites’ (SHCCs), see e.g. [10–13]. 

In addition to 3-point bending tests, also dog-bone shaped micro specimens were 

analysed in static tensile tests. The main reason for this was to ensure the feasibility 

of the in-situ tensile testing in the computer tomograph (refer to Sect. 3.4), which

Fig. 4 Static tensile test setup on micro sized specimens 
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gained more insights and also facilitated a multiscale modelling (see Sect. 4). It was 

possible to integrate various measurement methods in-situ. Tensile tests on micro 

specimens were carried out using a universal testing machine with  a  5  kN  load  cell  

produced by Zwick&Roell (Ulm, Germany) whereas the meso size samples were 

tested using an Instron (Norwood, USA) ElectroPuls E 10000 testing machine.

The experiments were partly monitored by AE detectors (also see Sect. 3.3), 2D 

or 3D camera systems for DIC and by means of LDV. Additional measurements 

were performed to determine the material properties, while testing methods were 

improved. In this context, it has to be stated that the meso size specimens were 

specifically designed for investigations concerning the correlation of AE and LDV 

(see Sect. 3.3). 

2.2 Cyclic Tests (Monotonous) 

In the beginning, a variety of uniaxial tensile fatigue tests (monotonic load cycles) 

have been carried out with macro specimens, please e.g. refer to [14]. These tests 

were systematically accompanied utilising several measuring techniques in order to 

gain as much insight as possible to internal damaging mechanisms and the general 

fatigue process of the novel material, see e.g. [15]. In the following, test series ‘E6’ 

is discussed, which was tested at a frequency of 5 Hz, a cyclic load varying between 

40 and 80% of the static tensile strength ( f ct = 13.48 MPa) and with 1 vol.% CSF. 

Specimen age was between 29 and 35 days at beginning of testing; the total number 

of load cycles (until failure) varied from 0.4 to 5.1 m illion.

Compared to standard concrete under fatigue loading, which exhibits three clearly 

distinguishable phases of damage evolution, i.e. initiation of microcracks (phase 1), 

stable crack growth (phase 2) and instable crack development (phase 3), CSFRC 

behaves differently—generally and scale-dependent (sample size). Put simply: the 

larger the scale, the less distinct the phases can be recognised (especially phase 3). 

As can be seen in Fig. 5a (strain gauge measurement), phase 1 is very short and 

barely visible in tests E6.1 and E6.6. The subsequent phase 2 accounts for most of 

the testing time, with crack growth tending to stagnate or even ‘decrease’, as in test 

E6.6. Phase 3 is only visible in test E6.4, while samples in the other tests break more 

or less abruptly without any noticeable increased cracking. A closer look at test E6.4 

reveals the reason for the high strain rate shortly before failure (see Fig. 6). During 

the load cycles, the diagram shows the evolution of strain at the respective points of 

maximum load with temperature compensation (index T). In this test, the crack that 

led to failure ran across the strain gauge DMS1U.

The strain increases rapidly as the crack reached the respective gauge at about 

270,000 cycles, whereas the other strain gauges remain in their slowly increasing 

tendency. DMS3U is located very close to the crack, however, only a slight effect 

on the strain development can be seen at the end of the fatigue test. This evaluation 

shows that the development of microcracks is highly localised and has little effect
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Fig. 5 Strain development during fatigue test (macro tensile samples, series E6): a average 

value from four strain gauges with virtually abrupt failure; b average value from three inductive 

displacement sensors (LVDT) measuring the strain integrally over the specimen’s length 

Fig. 6 Examination of individual strain gauge measurements for test E6.4 (a), where gauge DMS1U 

being located directly above the final failure crack; position of individual strain gauges with 3 mm 

measuring length and final crack (b)

on neighbouring areas. If no strain gauge crosses the microcrack leading to failure, 

the proximity to fracture cannot be detected. 

Figure 15 shows the strain measurement with DIC for the same specimen E6.4. 

The gauges are located on the side opposite the speckle pattern or DIC camera, respec-

tively (also see Fig. 15). Two areas with major damage and microcrack widening are 

clearly visible. The one further down in the DIC image leads to final failure. On
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closer inspection of this area, multiple parallel microcracks can be clearly identified, 

which define a small damage zone but are locally limited in the horizontal direc-

tion. Further DIC evaluations for this test (not shown here) reveal that the critical 

failure area formed at the beginning of the fatigue test due to the merging of several 

microcracks. 

Looking at the results obtained with inductive displacement transducers (LVDT), 

measuring integrally over the entire height of the specimen, a more general trend in 

strain development can be observed (Fig. 5b). Almost all tests show a flattening curve 

in phase 1, with four tests also showing a clear transition to phase 3. The tests E6.5 

and E6.6, however, fail and hence show a similar behaviour as the local strain gauge 

measurement without indicating phase 3. A considerable factor is the decreasing 

strain development in tests E6.1 and E6.2, the cause of which is still unknown. 

The crack surface analysis by means of electron microscopy reveals the fact that 

final failure of the specimen mainly occurs due to fibre breakage, not due to fibre 

pull-out. This finding also fits to the size of the microcracks. Although the final failure 

crack is widening significantly compared to other regions of the tested sample, this 

crack is smaller than 100 µm and therefore is barely visible by human eyes. 

In summary, it can be said that, compared to normal concrete, a basically similar 

fatigue behaviour is observed, but that there are significant deviations in phase 3. 

In addition to monotonous tests on macro specimens, also a huge number of 

dynamic experiments was performed on micro samples subjected to cyclic loading 

in 3-point bending tests, particularly in the first phase of the research, see e.g. [8, 9]. 

In the following, a typical experiment is shown with selected representative results, 

which are subsequently discussed. 

The positive influence of the fibres again leads to an increased fatigue resistance 

under cyclic loads. Figure 7b shows a Woehler S–N-diagram for unreinforced micro 

beam specimens and those with 1 vol.% carbon fibres. For better comparability, the 

stress values in the diagram are normalised to the flexural strength of the respective 

test specimen. Specified numbers correspond to the upper load limit (i.e. 60% of the 

flexural strength); the lower load limits can be obtained by subtracting the selected 

load amplitude of 40%. The tests were carried out using a DMA testing machine with 

a load frequency of 100 Hz. In general, the number of cycles to failure increases by a 

factor of approximately 100 when comparing the micro beam specimen without fibres 

(which, depending on load level, typically withstands between 103 and 105 cycles 

until failure) with the sample containing 1 vol.% CSF (which fail after approximately 

106–107 load cycles).

A more micro-structural view on the fatigue behaviour can be obtained by 

observing various parameters that correlate with the damage accumulated in the spec-

imen during the load cycles. It has been shown that observation of viscoelasticity 

represented by Storage Modulus (SM; representing the elastic properties, similar to 

the Young’s Modulus) and Loss Modulus (LM; representing the viscous properties 

and thus pointing to irreversible changes) allows for meaningful predictions. A more 

in-depth explanation of the significance of SM and LM during cyclic experiments is 

given in [16]. Figure 8 shows the development of these moduli over the duration of 

a fatigue test (here: upper load limit 60% of the beam’s flexural strength).
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Fig. 7 Cyclic 3-point micro bending test setup within an DMA Q800, TA Instruments (a), Woehler 

diagram comparing the fatigue life of extruded micro beam specimens without fibres to those with 

1 vol.% of carbon short-fibres (b). Adapted from [16], with modifications

Fig. 8 Development of SM and LM during fatigue test of a CSFRC micro beam specimen (1 vol.% 

CSF, upper load limit 60% (i.e. load type CF-60), lower load limit 20% of flexural strength). Adapted 

from [16], with modifications 

The moduli show a specific and repeatable pattern during the runtime of the fatigue 

test. SM and LM both start to fall rapidly very early, corresponding to a considerable 

loss in stiffness due to crack formation. After about 10% of the experiment’s runtime, 

both moduli decrease at a steady and slow speed. Some sharp peaking in LM can 

be seen, indicating non-reversible inelastic events, which likely show the formation 

of further cracks. After some 80% of the runtime, the specimen enters a third phase
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of behaviour, where SM continues to decrease slightly faster while LM starts to 

increase again. This behaviour proved to be the indication of the end of the micro 

beam’s fatigue life. As the increase in modulus appears quite early, it might prove a 

useful indicator during real-world application. 

An identical experiment was carried out on another micro beam sample. Hereby, 

the test was interrupted at the cycle ratios indicated by dashed lines in Fig. 8 and an 

X-ray CT scan was performed to assess the damage caused by the cyclic loading. 

The results can be seen in Sect. 3.4 (refer to e.g. Figure 24). The scanned area shows 

a length of some 7 mm, taken at the midspan area of the beam thus representing the 

location subjected to the highest bending moment. Since several AE sensors were 

attached to the surface of the sample, it was also possible to correlate the AE activity 

(see Sect. 3.3) with the specimen’s mechanical behaviour. 

2.3 Advanced Cyclic Tests (Varied Loading, Sequence 

Effects) 

Tensile and flexural tests were mainly performed with macro samples (please refer 

to Table 1) using four different schemes of cyclic loading in order to investigate 

sequence effects by varied loading. These schemes are described in Table 2 and 

schematically shown in Fig. 9 for load type 1. Hereby, the background colours for 

the individual load levels are also used in Fig. 10. The concrete stresses σu (i.e. upper) 

and σl (lower load/stress level) are related to the tensile strength fct under flexural or 

centric loading; n is the intended number of load cycles at each load level. 

The average flexural strength based on the results gained from eight static tests was 

fct = 37.90 MPa. During the flexural fatigue tests, the frequency of cyclic harmonic 

load was 25 Hz. The average tensile strength based on results of static uniaxial tensile 

tests, wa s fct = 14.90 MPa [17]. During the axial tensile fatigue tests, the frequency 

of the applied cyclic harmonic load was 10 Hz.

Table 2 Cyclic testing schemes applied in tensile and flexural tests were mainly performed with 

macro samples (varied loading, sequence effects) 

Load type Load level 1 Load level 2 Load level 3 
σu 
fct 

σl 
fct 

n 
106 

σu 
fct 

σl 
fct 

n 
106 

σu 
fct 

σl 
fct 

n 
106 

1 0.8 0.2 3 0.6 0.2 2 0.4 0.2 1 

2 0.4 0.2 1 0.6 0.2 2 0.8 0.2 3 

3 0.8 0.4 3 0.6 0.2 2 0.4 0.1 1 

4 0.4 0.1 1 0.6 0.2 2 0.8 0.4 3
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Fig. 9 Cyclic loading scheme, exemplarily shown for load type 1 (for details see Table 2) 

Fig. 10 Average values of strain: a load type 1, b load type 2, c load type 3 and d load type 4; the 

underlying maximum number of cycles N is 6 million

2.3.1 Tensile Fatigue Tests 

In the (axial) tensile fatigue tests, strains were measured with four strain gauges, two 

of which were attached at the upper and two at the lower edge of the testing area, refer 

to Fig. 1a. They were orientated in the direction of the tensile stresses. Four samples 

were tested for every load type and the average strain for the individual specimens 

was determined from the measuring data of all four strain gauges. The experimental 

results are displayed in Fig. 10a–d. 

Significant non-matching of results for different specimens can be noticed from 

the very beginning of the fatigue test. Results given in Fig. 10a for load type 1 show 

that all specimens failed during load level 1 (high initial σu/fct = 0.8 and high initial

= (σu − σl)/f ct = 0.6) before reaching the intended number of 3 million cycles. 

This indicates that the specimens were already cracked during static load increase 

before they were subjected to the harmonic load. Hence, the tested samples were 

in the range of non-linear behaviour during the entire harmonic load (fatigue test).
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Results for load type 3 (high initial σu/fct = 0.8 but lower initial = 0.4) compared 

to type 1, Fig. 10b show a disagreement of results for different specimens from the 

very beginning of the fatigue test, too. Thus, cracks also appeared there during the 

static load increase having preceded to harmonic load. In contrast to the specimens 

of load type 1, the samples subjected to load type 3 withstood a significantly higher 

number of cycles. Three of them survived 6 million cycles, while one sample broke 

shortly before reaching 3 million. Figure 10b also shows a slight relaxation of strain, 

which may indicate closing cracks. 

Results in Fig. 10c (load type 2; maximum = 0.6 in load level 3), and Fig. 10d 

(load type 4; maximum = 0.4 in level 3) show a good agreement for different 

specimens in the first million cycles (load level 1; both with moderate σu/fct = 0.4) 

indicating a global linearity of the specimens. However, a slight deviation of the 

results may be identified, though, which may be a consequence of the local micro-

nonlinearity of the specimens. This minor deviation is a little more emphasised with 

specimens subjected to load type 4 which indicates a more significant local micro-

nonlinearity compared to specimens subjected to load type 2. After 1 million cycles 

and the increase of the upper load level (to σu/fct = 0.6 in both cases), deviation of 

the individual results for both load types 2 and 4 is considerably more pronounced 

than in the first million cycles, although not as significant as in Fig. 10a, b. This 

indicates global non-linearity of the specimens caused by the microcrack pattern. 

However, when comparing type 2 and 4, the results are generally similar up to and 

including load level 2, which is to be expected due to the basically identical loading 

(only exception: in load level 1, lower = 0.2 for type 2 compared to 0.3 for type 

4). After 3 million cycles and an increase in the upper load level t o σu/fct = 0.8, no 

correlation can be established between the results of the different specimens (due 

to fully developed cracks as is also the case with the specimens subjected to load 

type 1 and 3) and no individual sample reaches the intended maximum number of 

cycles of 6 million with load type 2. But this is also to be expected because for 

load type 2 ( = 0.6) is significantly higher than for type 4 ( = 0.4). Finally, a 

comparison of load type 1 and 2 (reversed load sequence compared to type 1) shows 

more favourable results when starting with initially lower upper load, i.e. type 2. This 

effect is significantly less pronounced when comparing load types 3 and 4 (reversed 

sequence compared to type 3), which may also be attributed to the stress amplitude 

( = 0.4) with type 3, which is considerably lower compared with type 1 ( = 

0.60; early fatigue failure in load stage 1). In summary, it can generally be concluded 

that the tensile fatigue investigations with varied loading schemes certainly provide 

some indications of existing sequence effects, although these cannot be quantified 

on the basis of the available experimental data.

2.3.2 Flexural Tensile Fatigue Tests 

In flexural tests, strains were captured by one strain gauge positioned on the bottom 

surface of the specimens (the surface opposite to the external load) at midspan and
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again orientated in direction of the expected principle tensile stresses. Since speci-

mens in load types 2 and 4 broke before reaching the maximum load level or imme-

diately upon reaching it, only two samples could be tested with the planned number 

of cycles. Further, specimens tested with load type 1 and 3 respectively, a signifi-

cant disagreement of the results was achieved, indicating that fully formed cracks 

appeared during the static load increase prior to the fatigue testing. Thus, as also 

observed in the tensile fatigue tests, the specimens were in the non-linear range 

throughout the entire harmonic load. Since there were already fully formed cracks, 

the energy introduced by the applied external loading was dissipated on these cracks 

without opening microcracks and caused failure at a relatively low number of cycles. 

Unlike tensile tests, in flexural fatigue tests, specimens subjected to load type 3 also 

broke before reducing the initial upper load level to lower value. 

Overall, the flexural fatigue tests showed similar trends to the tensile tests 

discussed in Sect. 2.3.1, and there were also slight indications of sequence effects. 

However, the general scatter and deviation of results were much greater and it may 

be concluded that the carbon short-fibre reinforced concrete (CSFRC) has a more 

favourable fatigue behaviour in tension than under flexural tensile loading. 

3 Non-destructive Measuring Techniques 

and Combinations 

This section focuses on special NDT methods and their combinations. These tech-

niques were used in addition to load cells, deformation/strain sensors (e.g. surface-

mounted transducers, strain gauges or fibre-optic quasi-continuous sensors) in order 

to derive new findings on the damage behaviour and local/global damage develop-

ment inside the test specimens. These results form an important additional basis for 

the mathematical-numerical modelling and simulation, addressed in Sect. 4. 

3.1 Digital Image Correlation (DIC) 

The camera-based DIC measuring technique is a very versatile method to acquire 

detailed information on the deformation and resulting strains on the surface of struc-

tural members. In the present project, DIC was utilised in static and dynamic tests as 

well as with all types of specimens, particularly with micro and macro samples. In 

the following, some results gained from micro/macro samples and different loading 

schemes are exemplarily presented; for more detailed information and a broader 

range of measurement results please refer to publications resulting from the present 

research project, e.g. [4, 8, 9, 12, 14–16, 18–20]. 

Regarding micro tensile specimens the ARAMIS 4M DIC system (GOM GmbH) 

was used in-situ to continuously record surface deformation/strain of the specimen



Multiscale Investigations of the Degradation Progress in the Localised … 319

with high resolution. In doing so, two CCD cameras were employed to capture the 

strain on the specimen surface, to which a stochastic pattern was applied. This so-

called speckle pattern is customised to the specific requirements and also allows for 

3D measurements that can reduce errors caused by uneven surfaces. An initial image 

is taken as reference before starting a test, with no force being applied [21, 22]. 

A sampling rate of 2 Hz was considered appropriate for capturing sufficient images 

during the test, while avoiding overwhelming the measurement system with storable 

data. Furthermore, the ARAMIS system was synchronised with the universal testing 

machine (Zwick Roell) to initiate recording at an initial force of 20 N, thereby 

establishing a direct correlation of DIC and the force and displacement signals. DIC 

data was analysed by using GOM Correlate Professional 2020, enabling deformation/ 

strain evaluation in all directions through the described methodology. 

Figure 11a illustrates the force and deformation in the tensile direction relative to 

the cumulative number of captured images. As the data was continuously recorded 

at 2 Hz, the x-axis can be interpreted as time. The blue lines marked with asterisks in 

diagram correspond to the deformation states in Fig. 11b, where Fig. 11c represents 

the image of the right CCD camera after final failure.

Initially, it becomes evident that a linear-elastic region is departed around image 

number 535. Subsequently, the strain hardening behaviour of the CSFRC specimen 

becomes apparent through an increasing number of developing microcracks. These 

cracks mostly occur abruptly, as indicated by both an immediate drop in force and a 

sudden increase in deformation (also see multiscale modelling, Sect. 4). Hereby, the 

material’s capacity for energy absorption increases by a multitude, compared to unre-

inforced references (see e.g. Figure 3). Microcrack formation occurs until the stress 

exceeds the strength of the composite material. The resulting macro crack leading 

to final failure was usually found in a previously undamaged region, suggesting a 

strong fibre-matrix interface. 

In addition, DIC measurement was also used both with statically and dynamically 

loaded macro tensile (and bending) specimens to confirm and complement the results 

obtained from conventional strain gauges. Exemplarily, Fig. 12 shows DIC results 

for a dog-bone shaped specimen under cyclic varying tensile forces (loading type 3; 

please refer to Sect. 2.3); all DIC measurements were performed using a Stemmer 

camera (type Dalsa Genie Nano-M4040).

In Fig. 12a, fully formed cracks can be seen in the specimen before applying the 

harmonic load. The state of cracks following 3 million cycles is given in Fig. 12b. By 

comparing Fig. 12b with a, both new cracks opening can be noticed, but also relax-

ation of existing cracks, i.e. the new cracks are opened, while the width of existing 

cracks is reduced. After reducing the upper load level in accordance with loading 

type 3 (maximum cyclic load at the beginning) a further relaxation or even closure 

of existing cracks can be noticed, see Fig. 12c, d. These DIC results correspond very 

well with those obtained from conventional strain gauges. 

In addition to uniaxial tensile loading, the results of cyclic 3-point bending tests 

on macro samples are presented below. To this end, Fig. 13 exemplarily depicts the 

temporal development of strain and cracking for the one bending specimen subjected 

to the varying cyclic loading type 4 (refer to Sect. 2.3). A strain state being able to
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Fig. 11 Force–time–deformation diagram (a) recorded with ARAMIS 4M DIC, asterisks represent 

pictures (b) (no. of acquired images: 483–535–629–637–654–719–720–742–758–764–872), c final 

failure

cause appearance of microcracks can be seen after some 400,000 cycles (Fig. 13a), 

whereas no fully developed crack may be identified at this stage of the loading 

regime. Upon increasing the upper load level to 60% of the flexural tensile strength, 

see Fig. 13b, c, a merging of microcracks into fully formed cracks becomes apparent. 

When the upper load level reaches the maximal value (i.e. 80% of the flexural tensile 

strength), further widening of existing cracks and opening of new cracks occurs, see 

Fig. 13d. After utilising energy dissipation capacity of the cracking pattern devel-

oped (micro and fully formed cracks), the specimen breaks. Obviously, these results 

confirm those obtained from the strain gauges.
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Fig. 12 DIC images for the load type 3 (refer to Fig. 9): a before start of harmonic load, b after 

3  million  cycles,  c after 5 million cycles, d after 6 million cycles (i.e. immediately before failure)

Fig. 13 DIC results for load type 4 (also refer to Table 2): a after 400,000 cycles, b after 410,000 

cycles, c after 1 million cycles, d just before failure; strain scale, see Fig. 12 

3.2 Electrical Measurements 

In order to detect damage during load cycles, up to 17 electrodes were attached to 

the macro specimens (Fig. 14) to detect changes in voltage at several positions on the 

specimen’s surface. The main objective was to investigate whether changes in voltage 

(induced e.g. by fibre pull-out or fibre breakage) can be used to detect damage propa-

gation sooner as compared to other measurement methods. In the described uniaxial
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tension test with monotonic load cycles the individual electrodes are arranged on 

three edges of the sample with a vertical distance of 25 mm to each other. A voltage 

of 10 V (DC current) is supplied via a reference resistor of 10 kΩ to the electrode 

U0.  In [19] it is described that this measuring technique has a high resolution and fits 

very well to fatigue tests as single load cycles can be detected. Further information 

to the setup can be found within the cited paper. 

Fig. 14 Schematic sketch of measurement layout during fatigue test showing the location of the 

electrodes and the position of the DIC camera—current driving from U0 to GND; relative voltage 

evolution with clearly revealing areas of damage progression (N = 409,063 cy cles)

Fig. 15 DIC strain measurement (a) (sample surface; electrodes U2b-U6b attached on left side); 

the diagram b displays strain between the electrodes, which shows very similar results as in Fig. 14
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As current is applied only to one individual electrode, all voltage measurements 

at the other electrodes depend on changes in voltage of this specific electrode. This is 

because changes in overall resistance of the specimen lead to a different relationship 

between the specimen’s resistance and the constant reference resistor and therefore 

the applied voltage divides differently. To cancel out this effect, the change of two 

adjoined electrodes is examined. In order to improve further, the change in voltage 

between two adjacent electrodes is related to their primary voltage drop in the first 

load cycle as shown in the diagram in Fig. 15. This can be described with Eq. (1), 

where i denotes the electrode number and n the load cycle. 

Un 

Un=0 

=
Ui,n − Ui+1,n 

Ui,n=0 − Ui+1,n =0

(1) 

Comparing this result with digital image correlation (DIC) proves very well the 

reliability of the electrical conductivity measurement. The electrodes were attached 

to the left side as shown in Fig. 15. The image was taken at a relative load cycle 

of 0.99 (i.e. shortly before collapse). In this stage there are many microcracks all 

over the specimen’s surface visible in a light blue colour. Two major cracks (though 

with a very small crack opening of some 40 µm) arose during a fatigue test with 

a high tensile strain marked in red. The crack in the lower area between electrodes 

U5b and U6b is not totally proceeding to the left edge, while the one in the upper 

area (at electrodes U2b and U3b) seems to originate from there. This perception 

matches the curve progression in Fig. 14. Evaluation U3b-U4b and U4b-U5b behave 

simultaneously while the other two detect some change in electrical conductivity. 

As the upper crack is very close to the electrodes, the current is forced to find a way 

around the crack and the measured voltage difference increases vastly. As the lower 

crack barely reaches the electrodes on the specimen’s left edge, the measurement of 

sensor U5b-U6b is hardly affected by the crack formation. Compared to the diagram 

given in Fig. 15, the strain evolution matches the resistivity revolution very well. 

To improve both testing and localisation, additional investigations are necessary. 

Connecting electrodes on all four sides of the specimen or with a fine-meshed sensor 

grid distributed over the surface can help to detect fatigue damage more accurately. 

Also applying the voltage during fatigue tests to different electrodes for only a 

short time while measuring the voltage at all other electrodes in a cyclic/repeating 

manner might reveal internal damage. This technique is called electrical resistivity 

tomography (ERT) and has already been used in geophysical surveys for decades. 

3.3 Acoustic Emission (AE) and Laser Doppler Vibrometry 

(LDV) 

The AE measuring method is based on elastic wave propagation rediated from 

internal cracking and described in the literature, e.g. [23–25]. Since AE can be applied
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under operating conditions without stopping machines and equipment, it is a highly 

efficient tool for remote control. Understanding the damage process can be signifi-

cantly improved by signal-based processing techniques that allow the extraction of 

the maximum amount of information recorded in the entire AE signal waveforms, 

refer to e.g. [26]. AE is beneficial in fatigue testing of high-performance materials, 

e.g. [14, 27, 28]. On the one hand, these materials have excellent durability and can 

resist destruction for long periods of time, thereby providing enough time to detect 

damage and to monitor its dynamics. On the other hand, the damage accumulation 

in heterogeneous materials is accompanied by a more active and complicated AE 

response, which is influenced by the properties of the composite constituents, their 

volume fractions, and spatial distribution [9, 29–31]. Dynamic load tests show that 

the fatigue process in fibre-reinforced material generally occurs in several stages, 

differing in AE signal characteristics. There, the first elastic deformation is followed 

by the so-called strain-hardening stage [32, 33]. It is characterised by the occurrence 

and growth of multiple cracks within the matrix, which cannot spread far due to the 

presence of fibres. The carbon short-fibres, which are stronger than the matrix, take 

on further stress and maintain the material’s resistance in tension (fibres bridge the 

cracks) until it exceeds the maximum bonding capacity (anchorage of the fibres on 

both sides of the cracks) or the ultimate tensile strength of the fibres (fibre failure). 

The cracks’ distribution over quite a large area is a typical damage pattern developing 

in high-performance concrete—in contrast to standard concrete, being characterised 

by localised damage, e.g. [15]. Many studies accompanied by AE analysis show that 

low-energy and -frequency AE events are associated with matrix micro-cracking, 

while high-amplitude and -frequency signals are caused by fibre breakage and may 

be predictors of fatigue failure, see e.g. [34, 35]. The most promising strategy for 

analysing internal damage mechanisms is data clustering, where AE signals are 

combined into groups with identical characteristics (frequency, amplitude, duration, 

etc.) corresponding to a specific damage mechanism, see e.g. [28, 36–38]. 

3.3.1 Static Tensile Tests Equipped with AE Sensors 

In this study, both AE and DIC were applied jointly to better characterise the damage 

progress in CSFRC. In the first phase, the material’s damage behaviour was studied in 

tensile tests subjected to monotonous fatigue loading. To ensure stability of the data 

acquisition, four small passive piezoelectric AE sensors were glued to the specimen 

(with 1 vol.% CSF) and then connected to the acquisition system. 

The root-mean-square value of a raw acoustic signal RMSAE was used to represent 

the intensity of the AE because it is directly proportional to the strength of the 

acoustic signal and thus, its energy. Analysis of the AE activity is based on the 

interpretation of one of the most relevant parameters of the AE signal, the cumulative 

number of acoustic emission events. One-dimensional localisation was performed 

using MATLAB©. АE signals were localised in linear geometry based on differences 

in signal arrival time between the different sensors. Onset times of AE signals were
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Fig. 16 Characteristics of AE: normalized cumulative number of AE events (in black, dashed 

curve), RMSAE (in blue), and a mechanical parameter, stress (in black), as a function of time 

picked automatically using an autoregressive algorithm as time points where Akaike 

Information Criterion (AIC) values were minimal. 

Figure 16 shows the representative response of acoustic emission signals, 

normalised cumulative number of AE events, RMSAE and a mechanical parameter, 

stress (in black), plotted as a function of time for a meso tensile specimen with 1 vol.% 

of carbon fibres. As the graph indicated, there is no acoustic activity in the first half of 

the test regime. After about 6.5 min, first AE events appear, but AE activity remains 

low for some time (up to 80% of the test duration), suggesting that the sample reached 

the strain-hardening phase. The appearance of low-intensity acoustic signals is asso-

ciated with the formation of microcracks in the concrete matrix, which stabilise the 

specimen material and allow to resist load more effectively. 

Active acoustic emission mainly accompanies the last 20% of the loading time. 

During this period, most of the acoustic events occurred, causing a dramatic increase 

in AE energy with the highest peaks shortly before specimen failure (after 90% of 

the test time). Thus, the response of the specimen to loading is characterised by the 

appearance of acoustic phenomena in the second half of the test. A sharp increase 

in AE intensity at the last stage, manifested by high RMSAE amplitudes, indicates 

further rapid formation of microcracks and an accelerated crack growth. 

Figure 17 shows the sample after failure and distribution of localised AE events. 

The cause of the failure was a perpendicular fracture. For this specimen, sources 

of AE events are concentrated within some 3 mm, with the maximum number of 

events generated close to the primary fracture. The spatial distribution of the AE 

events approximately corresponds to the width of the damage zone. The scatter plot, 

see Fig. 17a, shows the temporal localisation of the acoustic emission events. It is 

noticeable that the first events occur after 6.5 min and correspond to the position of 

the main fracture. As the test time progresses, the number of events increases at the
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Fig. 17 Scatter plot a illustrates temporal distribution of AE events; image b displays crack pattern 

visible by overlaying the picture of the specimen with the recorded DIC data; histogram c showing 

the spatial distribution of the AE events along the specimen 

location of the primary fracture and within a radius of some 5 mm right of it, where 

additional cracks begin to form. When reaching the final time (approximately after 

10.2 min), the main fracture leads to the failure of the whole sample. 

3.3.2 Static Flexural Test with AE and Laser Doppler Vibrometer 

During this 3-point bending test, the same measurement setup for the AE recording 

was used (see Fig. 18), as mentioned above in Sect. 3.3.1. The detailed analysis of 

the AE parameters for the flexural static test can be found [15].

In order to detect high-frequency signals resulting from the main characteristic 

damage mechanisms of the fibre-reinforced cementitious material (in particular fibre 

pull-out and/or fibre breakage), it was decided to supplement AE measurements 

with LDV, which makes it possible to obtain data in frequency rages of more than 

1 MHz. Hereby, a LDV system from Polytec with OFV-505 single-point measuring 

head and OFV-5000 controller, was employed. Further, a DD-300 (30 kHz–24 MHz 

frequency range) with measurement range of approximately ± 50 nm/V and an 

additional output in the auxiliary field was used as a displacement decoder .

Figure 19 shows a graph of the cumulative sum of AE events combined with a 

stress–time curve, where it is possible to distinguish two different stages that differ in 

AE activity and mechanical response of the specimen. At the first stage (0–1.5 min), 

the linear shape of the stress curve and the absence of acoustic events indicate that 

the material retains the ability to deform elastically under an applied load. In the 

second stage, upon appearance of the first AE signals, moderate activity was recorded 

until approximately 3.5 min. Then, the AE activity begins to increase and reaches a 

maximum shortly before destruction of the specimen. The signal selected for wavelet
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Fig. 18 Experimental setup for static 3-point test with AE and LDV (a, b); c loaded specimen with 

four sensors glued onto it; d specimen with dimensions and AE sensor arrangement (sketch)

analysis was recorded at a point of time of about 20% before the specimen’s failure. 

At this time, the curve of the cumulative sum of AE events becomes steeper, reflecting 

the rapid progression of damage with potential fibre involvement.

In order to determine the underlying damage mechanisms, the signal’s frequency 

components were analysed using the analytic Morlet wavelet transform, which 

decomposes the signal into a series of small waves localised in time. This offers 

advantages over other time–frequency analysis methods, such as the Fourier trans-

form, which implies that the frequencies are maintained throughout the entire signal. 

The same signal recorded in the last quarter of the measurement time was selected 

for analysis (see Fig. 19). A wavelet transform was performed on the AE and LDV 

signals, see Fig. 20a, b. The results of an analytic Morlet wavelet transform of these 

signals are shown in Fig. 20c, d. Thus, it is possible to identify the contribution of 

the frequencies 100, 280 and 800 kHz in the frequency spectrum. Hereby, the AE 

signal showed lower frequencies (280 and 100 kHz), while the vibrometer recorded 

the signal with higher frequency of 800 kHz. Signals of different frequencies can 

be attributed to different destructive and damaging processes, which occur simulta-

neously and suggest a complex failure mechanism involving damage to both matrix 

and fibre phases. The lower frequencies of 100 kHz can be associated with matrix 

cracking, while the higher frequencies can be attributed to pull-out of fibres and fibre 

breakage. More information on this topic can be found e.g. in [8].

The present investigations confirm that laser Doppler vibrometry can be used in 

addition to acoustic emission to draw conclusions on complex fracture mechanisms.
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Fig. 19 Recorded parameters for one sample during 3-point bending test (normalised cumulative 

no. of AE events (in red) and stress curve (in blue) as a function of time) with the approximate 

position of the selected signal for further wavelet transform

Fig. 20 a AE signal used in wavelet transform; b LDV signal used in wavelet transform; c analytic 

Morlet wavelet transform of AE signal a; d analytic Morlet wavelet transform of LDV signal b
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3.3.3 Dynamic Flexural Test Equipped with AE Sensors 

Since most engineering structures experience loads varying over time, an experiment 

with dynamic loading makes it possible to identify the characteristics of the fatigue 

behaviour of a material under conditions close to real ones. 

AE measurements were carried out using four small-sized passive piezoelectric 

sensors AE VS700-D (150–800 kHz), placed at the edges of a micro bending beam 

specimen and coupled with hot glue. The tested sample (with 1 vol.% of fibres) had 

dimensions of 50 × 12 × 1.5 mm. Measurements were carried out with a DMA 

machine with a lower force of 4.3 N, an upper force of 13.2 N, and a frequency of 

10 Hz. The data acquisition system “Elsys” recorded AE signals at a sampling rate of 

20 MHz and converted them to digital form. The experimental setup with the DMA 

can also be seen in Fig. 7 (left), the arrangement of the AE sensors is in analogy to 

Fig. 18d. The cumulative sum of AE events/activity was investigated through time 

domain analysis of the AE signal characteristics. Further, the emission intensity was 

analysed by estimating the root mean square value of the original RMSAE signal 

which is proportional to the strength and the energy of the AE signal. 

Figure 21 shows the characteristics of the AE signal, the RMSAE, the normalised 

cumulative sum of AE events and a mechanical parameter, the strain ratio, plotted 

against the cycle ratio. Based on the АЕ analysis, four periods of different AE activity 

which correlate with the specimen’s mechanical behaviour can be observed. In the 

initial period of the test, i.e. 0–0.07 of the total number of cycles, the acoustic emission 

activity is low. Only sporadic events with low energy levels are recorded during this 

time. In the second period (0.07–0.3 of the cycles), the number of AE events increases 

sharply. The slope of the cumulative curve of AE events becomes almost vertical, 

suggesting that the AE event rate accelerates rapidly. This coincides with a noticeable 

increase in the AE energy. The intensity of the AE signal began to fluctuate more, and 

the first signals with higher energy appeared. During the further loading cycles (0.3– 

0.8 of cycles), the acoustic activity decreases and remains very low for a long time, 

as being indicated by the nearly horizontal cumulative curve. During this period, the 

strain ratio did not noticeably increase, constantly remaining within 0.95–0.96 of 

its maximum values. At approximately 0.78 of the load time, high-energy signals 

appear on the RMSAE graph. This clearly correlates with the onset of a rapid increase 

in strain. During the last 20% of the loading time, AE signals again become more 

frequent and intense, with the highest energy signal occurring at the moment of 

specimen destruction.

Thus, after the peak of acoustic emission in the early cycles, there is a relatively 

quiet period with minimal AE activity, which continues throughout most time of the 

test. The increase in the number of AE events and the appearance of high AE energy 

peaks in the last 20% of the test time can be considered a sign of impending material 

failure. Hence, analysis of the characteristics of the AE signal makes it possible to 

distinguish the stages of damage accumulation in the material, namely the formation 

of microcracks in early loading cycles, a further state of equilibrium, indicating the 

ability of the material to resist deformation, and, ultimately, in the final part of the 

test, accelerated damage with further crack formation and their (unstable) growth.
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Fig. 21 AE signal characteristics, RMSAE (in blue), cumulative sum of AE events (black dashed 

curve) and strain curve (in black) for micro beam specimen, plotted against the cycle ratio

3.4 X-Ray Computed Tomography (CT) 

All X-ray images were taken with a Phoenix nanotom 180 m scanner (GE Sensing & 

Inspection Technologies GmbH). To correlate the mechanical behaviour with the 

fibre alignment present within the CSFRC samples, the distribution of the alignment 

angles was investigated using X-ray CT [32]. Figure 22a shows the distribution of 

in-plane angles with standard deviation shaded in red. Figure 22b presents a scan 

excerpt, showing the segmented fibres with the distribution being highlighted in blue. 

For the purpose of this publication, fibres being aligned with the principle tensile 

stresses are designated as having an alignment angle of 0°. 

Fig. 22 Fibre alignment in a sample measured with X-ray CT: a distribution of in-plane fibre angles 

(red area: standard deviation); b tomographic scan (segmented fibre material in blue)
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Fig. 23 Segmented cracking patterns of an extruded micro beam specimen during fatigue loading. 

Numbered intervals correspond to points annotated in Fig. 8. (1) Crack pattern after 0.2% of run-

time of the fatigue experiment; (2) cracking after 24% of runtime, and (3) crack pattern after failure. 

Adapted from [16], with modifications 

Fig. 24 a In-situ CT loading setup (micro tensile samples); b X-ray CT scan of specimen with 90° 

and 0° in different greyscales, right ones showing sample chamber; c AE hits during tensile test 

with peaks (formation of microcracks); d reconstruction of 3D image where plane e is extracted
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As can be seen from Fig. 22a, the in-plane alignment scatters around the desired 

angle of 0°. Further, the standard deviation shows, that 68% of the fibres are aligned 

within ± 5° of the direction of the expected tensile force. Previous research suggests, 

that as long as the alignment reinforcement does not deviate by more than 10° from the 

direction of the acting stresses, a very strong composite material can be created [14]. 

The resulting potency of the aligned reinforcement can be seen in Fig. 3a, showing 

stress–strain diagrams of micro flexural beams reinforced with up to 3 vol.% of fibres, 

in comparison with an unreinforced specimen for reference. 

The cracking patterns visualised in Fig. 24 (corresponding measurement data 

gained from segmenting the cracks can also be seen in Table 3) support the conclusion 

drawn from the assessment of SM and LM in Fig. 8. The scan corresponds to a 

runtime of 0.2% or just a few hundred load cycles. Cross-referencing with Fig. 8 

reveals that this is during the first loading period where the micro beam exhibits a 

drastic decrease in both moduli and a lot of the initial damage seems to occur. At this 

point, the test beam shows five segmentable cracks with a relatively wide spacing 

of 933 µm in average. Point (2) was taken during the steady-state period at a cycle 

ratio of 24.4%, after the initial damage has formed. The crack number triples to 15 

and consequently, crack spacing becomes a lot tighter (550 µm). As expected, the 

formation of new cracks is mostly confined to the earlier stages of fatigue. After 

failure (and thus at a cycle ratio of 100%) at point (3), a number of 23 segmentable 

cracks can be identified, as well as a large critical crack causing final failure. Crack 

spacing also only decreased relatively little to around 400 µm. 

As the former experiments describe ex-situ X-ray investigations, it was also 

possible to do in-situ tests. An X-ray CT in-situ tensile test was carried out using 

a load stage that was developed in-house by the MRM Institute at UNA and inte-

grated in the nanotom [39]. The experimental setup is illustrated in Fig. 24a. The 

loading device was attached to a turntable positioned in the CT, such that the spec-

imen inside a carbon fibre reinforced polymer tube was directly in front of the X-ray 

source. Figure 24b shows sample holders, where the right pictures have a higher 

greyscale to show the experimental setup within the sample chamber. The dimen-

sions of the chamber also allowed for attaching an AE sensor to the sample, enabling 

continuous monitoring. An HD2WD sensor (Mistras) was connected to the sample 

surface with Korasilon paste aided by 3D-printed sample holders, and connected to 

a differential preamplifier (Mistras) [40]. Before onset of loading, a reference CT 

scan was performed. After starting the experiment, the force increase was interrupted 

after many AE hits were recorded and another CT scan was taken. The very last AE

Table 3 No. of cracks and crack spacing extracted from CT scan given in Fig. 23 

Cycle ratio (%) Mean crack distance (µm) No. of segmented cracks 

0.2 933 (± 359) 5 

24.4 549 (± 193) 15 

100.0 401 (± 161) 23 
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peak in Fig. 24c is the final failure. Further, Fig. 24e shows the plane taken from the 

3D image (marked in yellow in Fig. 24d), which was the last scan before failure. 

The average crack spacing is about 497 µm while average opening is some 7 µm 

but can vary from 10 to 2 µm, although latter value is close to the resolution limit, 

but the important difference is that the force was not reduced during the scan, which 

gives us strong evidence that the carbon fibres bridge microcracks and absorb stress 

although the matrix is already widely cracked. For more details, please refer to [18]. 

4 Multiscale Modelling, Simulation 

The CSFRC material involves different length scales, most importantly fibres with 

7 µm diameter preferably oriented in direction of the principle tensile trajectories, 

the fibre length of about 3 mm and the sample size of several cm. The aim is to 

characterise the failure behaviour of the composite material exposed to increasing 

tension numerically based on the experimental observations, performed with different 

specimens and on different scales (micro, meso, macro). By modelling and simu-

lation, it is possible to derive a better understanding of the local load-bearing and 

failure mechanisms on the microscale and how these mechanisms are related to the 

macroscopic material properties and stages of damage. Due to the novelty of the 

material, the damage mechanisms involved in failure of the bulk material have not 

yet been determined sufficiently in detail. Accordingly, it is of fundamental interest 

to explore further which of the mechanisms typically occurring in fibre composites, 

such as debonding and anchorage failure (i.e. fibre pull-out), fibre breakage or matrix 

failure, are relevant for the overall behaviour of the material. Thus, different possible 

damage scenarios are derived and validated from the experimental results aiming to 

develop a general failure model. The experimental data, particularly from CT and 

DIC analyses of tension tests (see Sect. 3.4), deepen the understanding of relevant 

damage mechanisms on the microscale in the material and provide the information 

for developing the failure model. Here, the different involved length scales require the 

application of mathematical multiscale methods since direct simulation of the whole 

specimen including the resolution of the microstructure is not feasible. Therefore, a 

structure-oriented numerical multiscale model of the material is developed. 

In contrast to typical FE2 methods (see e.g. [41] or, for a recent overview, [42]), 

adapted methods based on periodic homogenisation on the continuum scale in 

conjunction with discretisation by finite elements are used to simulate the behaviour 

of a specimen in the experiment, where the local material law in each macroscopic 

point is determined by solving so-called cell problems on representative volume 

elements (RVE) on the fibre scale (see Fig. 25).

This derived local effective macroscopic material law is used for the simulation 

at the macro scale, i.e. of the entire specimen. Following this general idea, it is not 

only possible to simulate the undamaged material (see Sect. 4.2) but also to include 

different failure stages in the specimen according to the damage behaviour observed 

in the experiments by allowing damage to evolve in the RVEs (compare Sects. 4.2,
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Fig. 25 Adapted homogenisation method

4.3 and Fig. 28). An essential criterion for the numerical model is its simplicity and 

efficiency with a sufficiently accurate representation of the relevant mechanisms. 

Following this guiding principle, the implementation is conducted in the sense of an 

experimental virtual lab, not requiring too much computational capacity and being 

based on the standard engineering software Comsol Multiphysics® [43]  as  a  basis  

to enable a potentially broad use. The investigations are limited to material with 

1 vol.% of carbon fibres. Hereby, the small fibre diameter leads to a relatively high 

number of fibres, causing various problems in mesh generation the more fibres the 

material contains. Further, the occurring mechanisms are structurally the same but 

the individual effects of damage overlap with higher fibre content.

4.1 Homogenisation Method 

The concept of homogenisation treats numerical issues involving composite mate-

rials where the macroscopic scale is far larger than the characteristic length of 

the microstructure. Resolving the whole specimen including the microstructure for 

simulation is numerically not feasible. Therefore, analytical techniques are used to 

derive an effective continuum model describing an artificial (homogenous) material 

with approximately the same macroscopic properties as the original problem by a 

rigorous limit procedure. As a result, the linear elasticity equation for the unknown 

displacement u is obtained as 

−∇  ·  σ = f , with: σ = Ahom e(u); e(u) = 
1 

2 
∇u + (∇u)T (2) 

with the stress tensor σ and Ahom representing the local effective material tensor 

of the artificial homogenous material while e(u) is the linearized strain tensor and 

f is the force density (with respect to volume). The macroscopic relationship of
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the stress and the strain tensors described via the homogenised tensor Ahom can be 

computed by mean values of quantities determined by so called cell-problems in 

local representative volume elements Y (see RVE in Fig. 26 and the RVE description 

in Sect. 4.3.1) as follows 

Ahom = ahom ijkl 
1≤i,j,k,l≤ 3

(3) 

with 

ahom ijkl (x) = 
1 

|Y | 
Y 

A(x, y)eij ekl − ey w
kl (x, y) dy,

where x denotes the macroscopic spatial variable in the specimen and y is the micro-

scopic spatial variable in the RVE Y. The corrector functions wkl, k, l ∈ {1, 2, 3} are 

unique solutions of the cell problem 

−∇y · A(x, ·) ey w
kl (x, ·) − ekl = 0, (4) 

subject to periodic boundary conditions and having zero mean value, where A 

describes the material properties of the different phases in the RVE. For more details, 

please refer to e.g. [44, 45]. 

Fig. 26 Principle of 

homogenisation with local 

macroscopic undamaged 

RVE
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4.2 Undamaged Material 

A crucial aspect of models based on mathematical homogenisation approaches is 

the determination of RVEs which are representative for the entire material, here 

consisting of concrete and 1 vol.% of oriented carbon fibres. Further, the efficiency 

of the numerical model depends on the choice of the mesh, which is just fine enough to 

resolve all relevant mechanisms. Careful specification of an appropriate RVE and the 

optimum mesh size is therefore the starting point not only for simulation of undam-

aged material but also for further modelling of the damage mechanisms. Based on 

preliminary studies, aggregates on fibre scale and pores on fibre as well as specimen 

scale are neglected, meaning that the RVEs only consist of the concrete matrix and 

the fibres. In addition, it is assumed that the bonding between fibre and concrete 

matrix is perfect. The case where weaker bonding is assumed and modelled via slip-

displacement conditions is investigated in [46]. The derived homogenised problem 

shows only marginal impact of the weaker bond on the macroscopic behaviour in 

the case of undamaged concrete. In [15], the authors studied the sufficient size of the 

RVE, which is as small as possible and still representative for the material. The fact 

that the fibres are small in diameter (7 µm) but long (about 3 mm) leads to long RVEs 

of small cross-section. With these results and from the statistical data concerning 

angular orientation of the fibres, a final RVE of the size 317 × 317 × 3000 µm with 

oriented carbon fibres was constructed (see also Fig. 27 for the RVE of the undamaged 

material). Further detailed convergence studies on the size of the mesh elements were 

conducted. In the simulations presented below, the mesh consists of 195,105 tetra-

hedral mesh elements resulting in 834,717 degrees of freedom (quadratic Lagrange 

elements). By using this RVE, the macroscopic material law for the undamaged 

material is derived according to Sect. 4.1, which is relevant for the first phase of the 

tensile tests (see Sect. 3.3.1). Based on these results and the RVE for the undamaged 

material, further adaptations are made for considering damage mechanisms relevant 

in stage II of the degradation process. 

Fig. 27 Damage model via weak substitute material and transition zone
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Fig. 28 Different stages of RVE damage with 1, 3, 5 and 7 cracks (left to right) 

4.3 Modelling of Damage Behaviour and Relevant 

Mechanisms 

The main goal is to understand the principles leading to fatigue and failure of the 

material and to implement a model which reproduces the relevant mechanisms. The 

experimental results serve as input for the numerical model. The comparison of the 

stress–strain diagram (see Fig. 11a) and DIC images evaluated at the corresponding 

points in time (e.g. Figure 11b) show a direct correspondence of sudden damage 

in the material and the drops in measured stress. Furthermore, it is seen from these 

experimental results of samples with fibre content of 1 vol.% that, between these 

events, the material behaviour can be considered as piecewise linear. Similarly, in 

experiments with samples with higher fibre content, only higher crack density is 

observed until final failure, where each cracking event is still associated with a drop 

of stress, leading to a smoother appearance of the measured stress–strain diagram. 

The DIC results further show regions with different strain, which is associated with 

different amounts of material damage, i.e. crack density. Comparing the DIC and the 

CT images (see Figs. 11 and 24), it can be seen that, during the tensile tests with the 

small specimen, complete crack propagation through the matrix of the component 

takes place without inducing further crack opening in fibre direction or complete 

failure of the component which allows for further damage in form of cracks at other 

positions. Also, the fact that, as stated in [40], the initial crack does not necessarily 

develop as fatal crack leads to the conclusion that the oriented fibres firstly bridge 

the progressing cracks in the concrete matrix. This substantiates the hypothesis that 

following onset of cracking little to no fibre-related damage, e.g. fibre pull-out or 

breakage, occurs in the cracked area until final failure and the fibres bridge the 

material. It is deduced that the material-typical strain-hardening-like behaviour [15],
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which is typically observed in samples with a significant volume content of oriented 

fibres, results from superposition of multiple events causing stress drops. 

4.3.1 Modelling 

From these results/observations, the following assumptions are extracted: the rele-

vant ‘failure’ mechanism on microscale level is the sudden cracking of the concrete 

matrix without fibre-related damage. Crack propagation on RVE scale is instanta-

neous during the considered time scales. Thus, on macro scale, locally only either 

un-damaged RVEs or RVEs with cracks in the matrix perpendicular to the fibre orien-

tation through the whole RVE are considered. The number of cracks per RVE varies 

in the experiments according to the length of the respective RVE, from 1 to 7 cracks. 

The macroscopic damage and successive development of damaged zones in the 

specimen can thus be modelled locally by associated RVEs. In more detail, cracks 

of small opening in the cement phase are modelled by weak substitute material with 

Young’s modulus of order 10−9 less than the cement paste (also compare exper-

imental observations shown in Fig. 24). This procedure is of no practical conse-

quence but preserves the mathematical foundation of the applied homogenisation 

method. Hereby, a designated transition zone, where the fibres and the matrix are 

disconnected, ensures correct material behaviour in the vicinity of the cracks (see 

e.g. Figure 27). The local macroscopic amount of damage is modelled depending on 

a criterion based on local von Mises stresses via different stages of RVE damage, 

characterised by zero to seven cracks of the cement matrix within the RVE (see 

Fig. 28). 

The proof of principle is restricted to simulating a failure in the relevant part of 

the test specimen in a displacement-controlled tensile test as shown in Fig. 29. 

Fig. 29 Relevant part of the specimen for simulation (i.e. where cracks occur). The local number 

of cracks is depicted by the colour of the domain (here: 0 cracks everywhere at time 15 s)
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Fig. 30 Reaction force versus time. The red lines indicate, where the number of cracks in the 

relevant part of the sample are plotted in Figs. 29 (no crack) and 31b–g 

4.3.2 Results 

In the simulation of path-controlled tensile tests, the specimen is fixed at the lower 

part and the displacement is prescribed at the upper part following the experimental 

setup of the static tensile test. This results in the reaction force–time diagram depicted 

in Fig. 30. The graph shows at first a linear-elastic behaviour followed by several 

drops at different time steps, each connected by a linear material response. 

Figure 31 shows the number of cracks in the relevant part of the sample (refer 

to Fig. 29) at different simulation times as indicated in Fig. 30. The combination of 

both figures implies that the drops happen as soon as the spread of the damaged zone 

associated with a certain no. of cracks extends across the entire specimen. Further, 

it can be seen that successive damage reduces the gradient of the curve, which 

corresponds to the strain-hardening like material response seen in the experiments.

5 General Conclusion, Outlook 

Through extensive static and dynamic/cyclic (fatigue) testing series both on bending 

and tensile specimens of different scales, a wide range of valuable and new findings 

on the complex load-bearing, damage and failure behaviour of carbon short-fibre 

reinforced concrete (CSFRC) were gained. Strain-hardening of the material (and 

the transition to a non-linear stress–strain relationship) is achieved by the carbon 

fibres and their extremely good bond properties, leading to tiny microcracks and a 

very narrow crack spacing—providing a significant increase both in static/dynamic 

performance and flexural and tensile strength, respectively. Further, compared to
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Fig. 31 No. of cracks at different simulation times: b 25 s, c 31 s, d 38 s, e 42.5 s, f 50.5 s, g 60 s

conventional steel fibres, the carbon fibres are already significantly activated in the 

un-cracked cross-section (i.e. before crack initiation at some 0.3–0.4‰). 

Extensive NDT measurements (e.g. DIC, AE, electric sensors, X-ray CT, LDV, 

CWI, fibre-optics), including combined interpretations, significantly contributed to a 

deeper understanding of damage and fracture mechanisms. While DIC was primarily 

utilised to provide a sound overall survey of the (near-surface) damage and crack 

development, AE and electric measurements were particularly helpful to discriminate 

individual source types and to localise events, respectively—with different advan-

tages/disadvantages dependent of the sample size and experimental setup. Further, 

ex-situ CT images were used to gain additional valuable information on the type of 

failure (fibre breakage or pull-out). Other techniques such as Coda Wave Interfer-

ometry (CWI) can help to indicate the progress of deterioration but has drawbacks 

in localisation and classification of defects. Lessons learned comprise information 

on best sensor positions, coupling, selection of sensors, and, in particular, frequency 

transfer functions of sensors. 

The principle mechanical behaviour and structural damage as well as the damage 

development in cross-sectional areas under tension could be confirmed for all sample 

sizes/types and loading regimes (tension, flexure) with only minor differences. With 

regard to the specific type of failure, the static tests showed that the final specimen 

failure was initiated by progressive fibre breakage combined with fibre pull-out (i.e. 

bond/anchorage failure, especially of fibres with shorter bond length on one crack
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edge). In the cyclic fatigue tests, both damage evolution phase 2 (stable crack devel-

opment) and phase 3 (unstable crack growth) could be observed across all loading 

types and scales, where the individual phases tended to be more pronounced and 

better identifiable with decreasing scale, particularly the generally very short phase 

3. Thereby, the individual NDT measurements and their combinations suggest that 

phase 2 is mainly characterised by gradual fibre pull-out, while the final failure initi-

ation in phase 3 seems to be primarily associated with fibre breakage. Within the 

additional fatigue tests with non-monotonous cyclic (varying) loading schemes on 

macro samples the results indicate tendencies towards sequence effects. Furthermore, 

it can be concluded that the specimens exhibit a more favourable fatigue behaviour 

under axial tension than with harmonic bending loading. 

With regard to the mathematical multiscale modelling the results show that the 

developed model is capable of reproducing both the material behaviour and the 

relevant failure mechanisms. RVEs were derived from µ-CT and convergence tests 

determined the required RVE sizes and discretisation parameters, which turned out 

to give a numerically efficient computational model of the mechanical behaviour of 

the material. In combination with the experimental results, the model was then used 

to characterise the failure mechanisms. In particular, it was shown that the correlation 

between drops in reaction force and successive damage observed in the experiments 

can be reproduced by locally differently damaged RVEs related to different macro-

scopic crack densities associated with cracks in the concrete matrix and weakening of 

the surrounding fibre-matrix interface. Failure of the entire sample is finally caused 

by subsequent failure of the carbon fibres and/or fibre anchorage. Further refine-

ment of the model like inclusion of pores or other macroscopic inhomogeneities or 

different sizes of the transition zones can be made straightforwardly if this level of 

detail is required. The cyclic tests generally show similar damage mechanisms as in 

the static domain. Therefore, by incorporating a specific fatigue parameter (taking 

into account the load/damage history) into the localised damage model developed, 

it is also possible to describe the failure process under cyclic loading in principle. 

However, an in-depth alignment beyond the investigations possible within the scope 

of the project with specific experimental fatigue data can contribute to develop further 

and calibrate generally the numerical model accordingly. 
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Abstract This chapter explores the enhancement of fatigue resistance in strain-
hardening cement-based composites (SHCC) through a combined experimental and 
numerical approach. The studies at hand focussed on investigating fibre-matrix 
interactions, crack propagation, and damage mechanisms. Experimental tests, such 
as uniaxial tension, pull-out, and relaxation tests, were conducted to understand 
SHCC’s mechanical behaviour subjected to different environmental and loading 
conditions. These findings were compared to numerical simulations using the micro-
layer approach, fibre super-element, cohesive interface models and phase-field frac-
ture, which simulate complex behaviours like fibre pull-out and crack formation. 
To address the computational challenges of simulating high-cycle fatigue, time 
homogenisation techniques were used to reduce the number of calculations required. 
The results show strong agreement between experimental data and numerical simula-
tions, highlighting the effectiveness of the multiscale modelling approach. The find-
ings of the studies presented in this chapter contribute to advancing the understanding 
of the fatigue behaviour of these composites and provide practical insights for devel-
oping more durable, fatigue-resistant materials for infrastructure exposed to cyclic 
stresses, setting a precedent for improving multiscale material design approaches. 
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1 Introduction 

The increasing demand for more durable and resilient construction materials has 
led to extensive research into SHCC, a special class of highly ductile, microfibre 
reinforced cementitious composites exhibiting superior tensile strength and strain 
capacity as well as exceptional crack-bridging behaviour [1]. These characteristics 
make them favourable for applications under dynamic loading scenarios, such as 
cyclic loading. However, fatigue resistance is critical for infrastructure exposed to 
repeated stress, where long-term durability and resistance to crack propagation are 
essential. Previous experimental studies already described the fatigue performance 
and the degradation mechanisms of SHCC on different observation levels [2–4]. 

To deepen the observations made in those previous studies, this chapter focuses 
on the enhancement of SHCC’s fatigue resistance through a combined experimental-
virtual multiscale material design. By leveraging both experimental data and 
advanced numerical simulations, the research seeks to improve the understanding 
of how it behaves under cyclic loading, particularly at the micro and mesoscale 
levels. The core of this investigation includes fibre-matrix interaction, fibre incli-
nation, fatigue damage mechanisms, and the overall mechanical response of these 
materials under both monotonic and cyclic loading conditions. 

The research integrates a variety of tests, including uniaxial quasi-static, cyclic 
tension and alternating cyclic loading tests as well as single fibre pull-out, and relax-
ation tests to characterise the mechanical properties of the fibres and the composite 
matrix depending on various influencing factors. Numerical modelling approaches, 
such as the microlayer approach, super-element and cohesive interface models, are 
used to simulate the behaviour at different scales, with special attention given to crack 
formation, fibre pull-out, and damage progression. Additionally, advanced computa-
tional techniques, including time homogenisation, are explored to reduce the compu-
tational burden of simulating high-cycle fatigue, making the analysis more efficient 
while maintaining accuracy. 

Through these combined efforts, the investigations aim to provide a deeper under-
standing of SHCC’s performance under cyclic loading, ultimately contributing to the 
development of more durable, fatigue-resistant materials. 

2 Materials 

Two distinct material compositions were used for the investigations, namely a 
normal-strength (M1) and a high-strength matrix (M2), that were previously 
developed at the Institute of Construction Materials, TU Dresden [5]; see also 
Table 1. Matrix M1 was mainly used for the micromechanical tests with polyvinyl 
alcohol (PVA) fibres, while the mesoscopic investigations were performed on the 
high-strength matrix (M2) reinforced with high-performance polyethylene fibres 
(PE).
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Table 1 Composition of the 
normal-strength (M1) and 
high-strength (M2) SHCC 
matrices (in kg/m3) 

Component M1 M2 

CEM I 42.5R-HS 505 – 

CEM I 52.5R-SR3/NA – 1460 

Fly ash 621 – 

Micro silica ELKEM 971 – 292 

Quartz sand 0.06–0.2 mm 536 145 

SP BASF MasterGlenium ACE30 10 – 

SP BASF MasterGlenium ACE460 – 35 

VMA Sika UW-Compound-100 4.8 – 

Water 338 315 

PVA Kuraray Kuralon K-II REC 15 26 – 

PE DSM Dyneema SK78 (2 vol.%) – 20 

Table 2 Properties of the fibres under investigation (according to the manufacturer) 

Fibre type Diameter df (µm) Length lf (mm) Tensile strength f t 
(MPa) 

Young’s modulus Ef 
(GPa) 

PVA 40 12 1600 40 

PE 20 12 3300–3900 109–132 

Table 2 shows the dimensions and mechanical parameters of the fibres used in the 
various experiments described. PE fibres show significantly higher strengths with an 
increased elastic modulus compared to the PVA fibres. Due to the smaller diameter, 
PE fibres cause a crack pattern with increased number of cracks showing smaller 
crack widths then PVA fibres. 

3 Theoretical Background 

3.1 Constitutive Model of the Concrete Matrix 

The microplane model distributes material deformations onto a set of oriented planes, 
where simplified constitutive relations are evaluated. This approach is designed 
to capture key mechanisms, such as damage and plasticity-induced anisotropy, by 
relating macroscopic material behaviour to the microstructure. Over time, this model 
has been extended to incorporate various advanced deformation mechanisms in 
concrete, as discussed in [6–9]. 

However, recent microplane models present several inconsistencies, such as issues 
with the volumetric-deviatoric (V-D) deformation split, static constraints, and stress 
homogenisation relations. Despite its empirical success, the microplane model lacks
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physical meaning for its micromechanical variables. To address these limitations, the 
microlayer model is introduced in [10], using Blanco’s variational homogenisation 
framework [11] to apply micromechanical assumptions, building on the original 
ideas proposed in [6]. 

The representative volume element (RVE) in the microlayer model imposes fewer 
restrictions. For example, this model allows for arbitrary convex polyhedrons for rigid 
aggregates, finite thicknesses for deformable layers, and the application of standard 
constitutive models (see Fig. 1). The domain of the aggregate ΩK along with the 
domains of the deformable layers Ω(i) collectively define the microscale domain 
Ω. In the contribution at hand, the distance between the geometric centre of the 
microscale and the outermost layer surface r(i) is characterised by the aggregate 
radius rK(i) and the layer height h(i). Each layer is further described by a normal 
distance vector r(i) = r(i)N(i), where N(i) represents the unit normal vector associ-
ated with the layer. This flexibility preserves the computational efficiency of the 
model while allowing more realistic representations of concrete microstructures. 
However, the main advantage of the microlayer model lies in its ability to derive 
macroscopic material behaviour through a homogenisation framework. This enables 
physically meaningful micromechanical variables, which can be directly compared 
to experimental data.

As illustrated in Fig. 2, the aggregate radius r and the layer thickness h in the 
RVE significantly influence the macroscopic material behaviour properties that the 
microplane model is unable to capture. Additionally, as discussed in [12], the micro-
layer model has been extended to fibre reinforced concrete to capture the combined 
effects of compression and tension loads.

The model provides a more accurate representation of damage initiation and 
failure loads under multiaxial loading conditions, since it presents a stronger decou-
pling of spatial directions, as demonstrated in Fig. 3. A finite deformation formulation 
of the microlayer model is provided in [12].

Fig. 1 Microlayer model: a domain definition, b geometry definition [10] 
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Fig. 2 a Relative macroscopic stiffness EM/E and b macroscopic Poisson’s ratio υM depending on 
the ratio of the layer thickness h to the aggregate radius r [10]

Fig. 3 Physical validation of the microplane and the microlayer model (from [12] licensed under 
CC-BY 4.0) 

3.2 Phase-field Formulation for Brittle Fracture 

The phase-field approach for elastic brittle fracture models the system’s total energy 
functional
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Fig. 4 Profile of the phase-field through a crack 

Etotal = 

\ 

ψd + Gc dA − Eext (1) 

As  shown  in  Fi  g. 4, denotes the entire material domain, Γ represents the crack 
surface within this domain, and \ corresponds to the remaining intact material 
excluding the crack surface. The material’s fracture toughness is given by Gc.  The  
energy functional also includes the external contributions Eext, as the contributions 
from external forces and body forces.

The fracture energy can be regularised into a volume integral, incorporating a 
crack density function γl. The representative crack element (RCE), as presented in 
[13, 14], is used as a physics based approach for the energy split method, leading to 

Etotal = ψcrack + g(d ) ψ solid − ψcrack d 

+ Gc γl(d)d − Eext → min, (2) 

where g(d) is the degradation function and d is the phase-field variable representing 
damage (ranging from 0 for intact to 1 for fully damaged material). 

To account for fatigue effects, an additional degradation function f (α) is defined, 
and it modifies the fracture energy, reducing Gc ,0 to Gc = f (α) · Gc,0 according to 
the material’s loading history. The damage driving energy α is 

α = g (d) ψ solid − ψcrack (3)
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and the cumulative fatigue damage α(x, t ) is integrated over time, considering only 
the loading phases where α̇ ≥ 0. The fatigue degradation function f (α) adapts based 
on the accumulated damage, as described in [15]. 

3.3 Constitutive Description of the Fibres 

Polymer fibres, such as PVA fibres, exhibit transversely isotropic material behaviour 
due to their microstructure, which is composed of filaments and manufacturing 
related surface treatments; see also Fig. 5. 

The phenomenological constitutive law for these fibres is derived from specific 
deformation modes observed in experiments, which can be related to the invariants 
of the Cauchy-Green strain tensor and various damage mechanisms in the fibres [17]. 
The hyperelastic and viscoelastic behaviour of PVA fibres can be described by an 
empirical potential function 

ψ(E) = 

n 

i=2 

ai(I4)
i , I4 = n · E · n, (4) 

where ψ is the strain energy function, E is the strain tensor, ai are parameters, and 
n represents the fibre direction. The viscoelastic behaviour can be modelled using a 
generalised Maxwell approach 

σ (t) = σ0(t) + 

n 

j=1 

t 

0 

γj exp −
t − s 

τj 

∂σ0(s) 

∂s
ds, (5) 

where σ(t) is the stress at time t, σ0(t) is the elastic stress, γj are normalised moduli, 
and τj are relaxation times.

Fig. 5 Deformation modes: a longitudinal tension, b transversal compaction, c transversal shear, 
d longitudinal shear [16] 
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3.4 Cohesive Interface Model 

Interface models are well established in the literature [18–21]. However, simulating 
interfaces, such as those between millions of fibres in fibre-reinforced concrete, is 
computationally expensive. For this reason, the cohesive interface model from [22] 
is adopted for small-scale investigations. 

As shown in Fig. 6, the model considers a solid body B consisting of various sub-
bodies,Bti and Btk , having different mechanical properties such as the concrete matrix 
and fibres, with an interface region , that is separated by a separation vector ∆ into 
the surfaces + and −. Following [22], the interface mechanisms are incorporated 
into the linear momentum balance principle for the interface region as 

Gkinetic = AN 
E=1 

 

 

B 

BT 
σ dυ + 

B 

NT ρNdυ ̈u + 

B 

NT ρbdυ 

− 

∂B 

NT tda − 

+ 

NT 
+ t

+d + − 

− 

NT
− t

−d −



 = 0, (6) 

where the damage evolution parameter d and the total elastic traction separation 
energy Φ0 are defined, according to [23], as 

d = 1 − exp − 
maxτ∈[0,t] Φ0(τ ) 

ηd 
, Φ0 = 

1 

2 
ks| |2. (7) 

In this formulation, N and B are the shape function and its derivative. The terms σ, 
b, and t represent stress, body force, and surface traction, respectively, with ρ denoting 
the material density. The interface stiffness ks and damage intensity parameter ηd are 
also considered. 

This model uses penalty terms to prevent fibre penetration but does not account 
for fibre-channel interruptions caused by cracks or channel curves in the concrete

Fig. 6 Schematic graph of the cohesive interface model by [22] 
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matrix. The cohesive elements are supplemented with a global node-to-surface 
contact formulation using Lagrange multipliers. 

3.5 Fibre Super-element 

Modelling fibre-reinforced structures traditionally results in a high computational 
burden due to numerous degrees of freedom. However, this can be reduced by decou-
pling the discretisation of the concrete matrix from the fibres, as demonstrated in [24]. 
In this approach, two networks are superimposed using kinematic coupling (condi-
tions as proposed in [17]) between the fibre super-element and the concrete’s mesh. 
Fibre debonding and pull-out are treated as embedded problems, solved by means 
of the FE2 method (Fig. 7). 

Each fibre is represented by one super-element, subdivided into isoparametric 
truss sub-elements with linear shape functions as defined in [24]. The displace-
ments of the fibre and concrete coincide where the bond remains intact. However, 
as debonding progresses, virtual nodes are introduced, with the deformable fibre 
regions kinematically coupled to the bonded areas. 

The frictional force f̂ is governed by the relative displacement between the 
concrete and fibre. The friction in the fibre channel is modelled using Coulomb 
friction. As explained in [25], a bi-linear friction model is defined for the kinetic 
friction f kin as 

f kin ũirr = 
f kin,1 − 

ũirr 

ũtrans 
f kin,1 − f kin,2 , if ũirr ≤ ũtrans 

f kin,1, else
, (8) 

where f kin,1 and f kin,2 refer to the initial and final kinetic friction force and the 
transition slip displacement is ũtrans.

Fig. 7 Kinematic coupling of a the concrete matrix’s mesh and b the superimposed fibre’s mesh 
into c a composite mesh using kinematic constraints at the nodes (in red) [24] 



354 D. Junger et al.

Fibre debonding is controlled by the interfacial bond strength f c. When the fibre 
force exceeds f c, the bond front propagates, and a new equilibrium state is determined 
based on the bond front location. 

3.6 Time Homogenisation (TH) 

To accelerate the analysis of long-term structural and material responses under peri-
odic loading, where accumulative effects such as fatigue occur, it is crucial to inte-
grate the TH technique with the phase-field framework. Since phase-field simulations 
for fracture are inherently computationally demanding, particularly when involving 
multiple cycles, this integration is even more significant. 

TH, as discussed in [26, 27], addresses systems with distinct temporal multiscale 
characteristics by separating them into micro and macro time scales, as illustrated in 
Fig. 8. 

As explained in [28], the procedure begins with full resolution simulations that 
analyse the behaviour of internal variables y over a representative period τmicro.  From  
these results, a homogenised rate of change of internal variables ẏ0 , which reflects 
the system’s characteristics, is computed as 

ẏ0 =
1 

τmicro 

τmicro 

0 

ẏ(τ )dτ (9) 

The macro time computation then proceeds with a sequence of micro and macro 
steps, where internal variables are extrapolated during the micro step and adjusted to 
maintain equilibrium during the macro step. The size of each time step in the macro 
level simulation Tmax is adaptive and it is determined based on the sensitivity of 
the internal variables. The overall objective is to capture the main characteristics

Fig. 8 Illustration of the different time scales 
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Fig. 9 Comparison of the fibre behaviour obtained by experiment and simulation: a uniaxial 
tension, b relaxation [24] 

and behaviour of the system’s internal variables in a simplified manner, making the 
analysis computationally efficient while maintaining essential features of the system. 

4 Experimental and Numerical Findings 

The following section provides a brief overview on the experimental findings, such 
as crack-bridging performance and cyclic behaviour of the presented materials on 
the micro- and mesoscale. 

4.1 Microscopic Material Behaviour Under Cyclic Loading 

4.1.1 Uniaxial Single Fibre Tension Tests 

To determine the mechanical properties of the PVA fibres and validate the numerical 
model, preliminary uniaxial tension and relaxation tests were conducted on single 
fibres using a specialised test setup [29]. As outlined in Sect. 3.3 and [24], the PVA 
fibre model incorporates both viscoelastic and hyperelastic behaviour. The numerical 
results are compared to experimental data in Fig. 9, showing good agreement. 

4.1.2 Single-Sided, Single Fibre Pull-Out (SPO) 

In a next step, single-sided, single fibre pull-out tests were performed to investigate 
the pull-out behaviour and the bond/interface properties between the PVA fibres 
and the surrounding normal-strength matrix (M1), as well as to identify degradation
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mechanisms of the polymer fibres during pull-out [30]. A comprehensive description 
of the test setup and procedures is provided in [29]. 

The results indicate a strong bond between the hydrophilic PVA fibres and the 
cementitious matrix, leading to increased fibre rupture potential even at short embed-
ding lengths of 2 mm, as evidenced by an abrupt drop in force without significant 
fibre debonding; see Fig. 10a (green curve). Occasionally, complete debonding was 
observed, accompanied by an increase in force prior to fibre rupture, suggesting a 
distinct degradation mechanism; cf. Fig. 10a (orange curve). This phenomenon is 
attributed to the development of the so-called Locking Front [30]—an interlocking of 
the microfibres due to superficial abrasion of fibre material, leading to an excavation 
and a subsequent accumulation of this material behind the affected area with a length 
of 100–400 µm (Fig. 10b). This bump impedes further pull-out of the fibre, thereby 
increasing pull-out resistance. Due to the reduction in cross-section, the fibre poten-
tially ruptures in this area, leading to the second drop in force and the subsequent 
constant pull-out of the unruptured fibre section, as seen in Fig. 10a. The observa-
tions indicate an uneven interaction between the fibres and the surrounding matrix, 
resulting in local fibre damage as described above. For a detailed explanation of the 
mechanism, please refer to Ranjbarian et al. [30]. 

A microstructural numerical model was used to simulate the fibre-locking mech-
anism. The fibre-matrix bond is described as a cohesive layer (as introduced in 
Sect. 3.4) based on a traction–separation model, as presented in [23], and by a 
contact model including surface friction. The contact model follows a node-to-surface 
approach, based on [31], and it is in charge of capturing the fibre slip and fibre-matrix 
friction. The fibre-locking hypothesis allows to describe the entire increase in the 
pull-out force after complete debonding of the fibre in the simulation. The model 
comprises an isotropic fibre, concrete matrix and an interface (see Fig. 11a), which 
captures the debonding process.

This micromechanical model can capture the total pull-out behaviour of the fibre, 
the debonding process (between the start and Point I), the relaxation of the elastic 
deformation (between Points I–II), the increased force due to locking effect (between

Fig. 10 Results from the single-sided single fibre pull-out tests: a force–displacement-
characteristics showing the development of the Locking Front, b micro-excavation and bump 
(originally published in [30], edited by the authors) 
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Fig. 11 Simulation of the Locking Front effect using: a the cohesive interface approach and b the 
fibre super-element model (originally published in [24, 30], edited by the authors)

Points II–III), the reduction of the aforementioned force (Point IV) and the full 
extraction (Point V). The same effect can be observed when using the super-element 
approach, as shown in Fig. 11b. Further explanation regarding the simulation is also 
presented in [30]. 

Due to the random orientation of microfibres in fibre-reinforced composites, it is 
crucial to investigate the impact of different fibre inclination angles on the material 
degradation. For this, single-sided single fibre pull-out tests were performed at fibre 
inclination angles of 0, 30, and 60°—relative to the load direction—under both 
monotonic and cyclic loading conditions [32]. 

The results of the quasi-static pull-out tests indicate a significant increase in force 
at fibre rupture (Fig. 12a) and displacement at fibre rupture (Fig. 12b) alongside a 
considerable increase in scattering of the test results with increasing inclination. 

These observations can be traced back to stress concentrations in the fibre at 
the transition from embedded to free fibre length due to its deflection at this point.

Fig. 12 Pull-out parameters under different inclination angles: a force at rupture, b displacement 
at rupture [32] 
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Higher deflections, i.e., fibre inclination, correlate with increased stress concentra-
tions, leading to an increased force at rupture. This stress concentration can result in 
substantial superficial abrasion of the fibre, reducing its cross-section. Hence, failure 
potentially occurs in regions of high stress concentrations. 

Under pure cyclic tension, only minor differences could be noticed when altering 
the fibre inclination. Similar to the monotonic tests, the maximum pull-out displace-
ment increased with increasing inclination angle. Despite severe deterioration under 
monotonic loads, the inclined fibres were able to resist up to 230,000 loading cycles, 
indicating a slow degradation process under tension-swelling loads. 

On the basis of those single fibre pull-out tests, quasi-static and cyclic tests 
were conducted using the high-strength matrix with PE fibres on the mesoscale; 
see Sect. 4.2.2. 

The aforementioned test was simulated using the cohesive interface model 
(described in Sect. 3.4) and the super-element model (discussed in Sect. 3.5). The 
results of these simulations are presented in Fig. 13a, b corresponding to fibre lengths 
of lf = 20 mm and lf = 30 mm, respectively. The material model considered is 
described in Sect. 3.3. Refer to [25] for more details about the material properties 
and parameters of the simulation. 

The super-element model is notably more computationally efficient than the cohe-
sive interface model, achieving similar results in less than a second, compared to the 
5 min required for a single-core run of the cohesive interface model. In the frame-
work of this research, the elasto-plastic phase-field model for fracture was applied to 
simulate pull-out tests of straight steel fibres embedded in HPC, as introduced in [33]. 
This approach delivers highly accurate results, but it also comes with a significant 
computational cost. The phase-field method requires the inclusion of extra degrees 
of freedom, which substantially increases the computational complexity. Conse-
quently, modelling fibre-reinforced composites structures within this framework will 
be extremely expensive. 

Another approach presented in this chapter for analysing fibre pull-out involves 
representing fibres as Timoshenko beams linked to the concrete matrix using a

a b  

Fig. 13 Force–displacement characteristics comparing experimental and numerical simulation 
results for fibres: a lf = 20 mm, b lf = 30 mm
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penalty-based frictional tying algorithm, as described in [34]. This formulation 
reduces computational costs compared to traditional fully 3D simulations. However, 
this simplification comes at the expense of certain details, such as the precise 
distribution of traction along the fibre-matrix interface. 

4.1.3 Double-Sided, Single Fibre Pull-Out (DPO) 

To address limitations of single-sided pull-out (SPO) tests, particularly regarding 
crack-bridging behaviour and material performance under alternating cyclic loading 
conditions, Ranjbarian and Mechtcherine [29] developed a novel double-sided, single 
fibre pull-out (DPO) test setup using a notched specimen with a centred single fibre 
being embedded 2 mm on the pull-out side and 6 mm on the other side; see also 
Fig. 14a. 

The DPO test was simulated using the super-element model, as described in 
Sect. 3.5. The results of these simulations are presented in Fig. 14b, where it can be 
seen that the simulation and the experiment are in good agreement and, therefore, the 
model is able to capture the main behaviour of the pull-out at very low computational 
cost. Analogously to the simulations done in Sect. 4.1.2, the mechanical properties 
of the materials can be seen in more detail in [25]. 

The results from the DPO tests reveal that at a displacement of 0.02 mm the PVA 
fibres start to effectively bridge the cracks, leading to slip-hardening behaviour in 
the post-cracking stage (Fig. 15a). Comparative analysis of single-sided and double-
sided pull-out test results indicates an increase in rupture force coupled to reduced 
displacement at rupture due to potential different boundary conditions in the distinct 
sample types caused by the distinct free lengths of the fibres. Furthermore, analysis 
of the force-crack opening-characteristics allows for a more accurate determination

Fig. 14 Double-sided, single fibre pull-out test: a experimental set-up [29], b experimental and 
numerical results (originally published in [24], edited by the authors) 
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Fig. 15 Test results for double-sided single fibre pull-out tests: a comparison of force-crack 
opening-characteristics of samples with (D-2-6) and without (C-2-6) PVA fibre, b two-way fibre 
pull-out in sample D-2-6 and c numerical results (originally published in [29], edited by the authors) 

of the frictional bond strength between the fibre and matrix. Additionally, the inves-
tigation of varying embedded lengths revealed a two-way pull-out of the micro fibres 
from both embedded sites, see Fig. 15b. 

This crack-bridging mechanism was also observed in the simulation using the 
super-element model (see Fig. 15c), where slip-hardening behaviour similar to the 
experimental results could be identified. The model accurately captures the transition 
from the softening to hardening stage in the post-cracking phase, further validating 
the accuracy of the simulation approach. Refer to [25], for more details about the 
characteristics of the simulation. 

Based on the observation of the degradation phenomena, e.g. the development 
of the Locking Front in the monotonic SPO tests and the implementation of the 
novel double-sided single fibre pull-out test setup, the mechanical response of the 
micro fibres subjected to alternating cyclic loading regimes was investigated [35, 36]. 
The cyclic tests were performed with constant upper force levels and varying lower 
reversal points, i.e. no (NC), moderate (MC) and high (HC) compression levels with 
an initial crack width of 100 µm according to [36]. 

The results from these cyclic tests after 2000 load cycles (Fig. 16a) revealed a 
reduced force- and displacement-at-rupture as the repeated closure of the cracks
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results in significant fibre buckling due to the lack of lateral support that could 
induce severe deterioration, e.g., defibrillation (Fig. 16b). Higher compression levels 
intensify this degradation increasing the potential fibre failure due to its complete 
crushing in-between the crack edges. However, the tension-swelling loads are capable 
of diminishing the Locking Front mechanism as the continuous pull-out and push-in 
of the fibre triggers the removal of the accumulated fibre material that causes this 
interlocking effect, allowing fibre pull-out without rupture. 

Given that the absence of lateral support is a critical factor for fibre degradation, 
understanding the influence of initial crack width on the deterioration process under 
cyclic loading is essential. Hence, a study was carried out using the same experimental 
procedure (as described above) but with a smaller initial crack opening of 40 µm  to  
assess the effect of the crack width on the degradation [37]. The results are displayed 
in Fig. 17. 

As can be clearly seen from the diagrams, unlike large crack widths (> 100 µm), 
small crack widths do not significantly affect the mechanical characteristics of

Fig. 16 Cyclic DPO tests: a force and displacement-at-rupture induced by different compression 
levels after 2000 loading cycles (force—diamond, displacement—circle), b severe buckling and 
defibrillation caused by repeated compression (b published in [36]) 

Fig. 17 Results for DPO tests with varied crack widths (40 µm—circle, 100 µm—diamond): 
a force-at-rupture versus average compression level, b displacement-at-rupture versus average 
compression level (see also [37], licensed under CC-BY 4.0) 
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the fibres, irrespective of the compression level as the increased lateral support 
in narrower cracks reduces fibre buckling, therefore, preventing fibre deterioration. 
Hence, it can be concluded that the degradation increases with increasing crack width, 
highlighting the importance of minimising initial crack widths in SHCC potentially 
through the use of alternative fibres, such as the suggested polyethylene fibres. 

4.2 Mesoscopic Material Behaviour Under Cyclic Loading 

4.2.1 Influence of Compression Level and Loading Frequency 

Based on the findings of the microscale studies, cyclic tension-swelling and tension– 
compression tests were performed on the composite level with 150,000 load cycles on 
the high-strength matrix (M2) with PE fibres to assess the transferability of findings 
from micromechanical studies to mesoscopic scales with a varied material. 

First, the effect of the loading frequency (1 and 20 Hz) at a constant load level was 
examined, followed by the evaluation of the impact of different compression levels on 
deterioration mechanisms, as previously discussed in Sect. 4.1.3. For experimental 
details, please refer to [38]. 

The variation of loading frequency in the tension-swelling tests causes only minor 
changes in the material behaviour, closely resembling quasi-static behaviour even at 
this number of load cycles (Fig. 18a). An increase in loading frequency results in a 
reduction in maximum displacement (Fig. 18b) due to an increased bond strength 
at higher loading rates [39] resulting in less deterioration of the post-cyclic material 
behaviour, characterised by lower maximum displacements and higher mean residual 
load-bearing capacity. This suggests that material deterioration is more pronounced 
at lower loading rates but remains limited at the tested number of cycles. 

Fig. 18 Results of tension-swelling tests: a stress versus displacement, b maximum displacement 
during load cycles. QS, TS and Alt are the short terms for the quasi-static, tension-swelling and 
alternating cyclic test series
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In contrast, a shift towards alternating cyclic loading conditions provokes a consid-
erable decrease in material performance; see Fig. 19. The repeated forceful closing 
of the cracks causes a progressing loss of the structural integrity, i.e. increasing defor-
mation and decreasing stress transfer that finally results in premature material failure 
after a few hundred or thousand cycles for compression levels of 50% and 25% of 
the mean compressive strength, respectively. 

The microscopic analysis of the crack surfaces revealed significant differences 
in the degradation phenomena induced by the distinct loading regimes; cf. Fig. 20. 
While under repeated tensile loads, the fibres are typically pulled out from the matrix 
with minimal damages, a few ruptured fibres with a scale-like surface texture could 
be detected in areas that are possibly exposed to higher local stresses (Fig. 20a). The 
repeated pull-out and push-in of the fibre causes the development of multiple small 
bumps due to abrasion effects that reduce the cross-section and, therefore, result in 
fibre rupture. 

Fig. 19 Results of tension–compression tests: a stress versus displacement, b maximum displace-
ment during load cycles 

Fig. 20 Microscopic images of PE fibres after test: a tension-swelling loads, b alternating tension– 
compression loads (see also [38])



364 D. Junger et al.

Under alternating tension–compression loads, the repeated closing of the cracks 
triggers fibre buckling followed by complete crushing of the fibres between the crack 
faces leading to substantial mechanical deterioration; see also Fig. 20b. 

4.2.2 Influence of Fibre Orientation 

As was already seen on the microscopic level (cf. Section 4.1.2), the fibre orien-
tation considerably affects both the mechanical response and the deterioration of 
crack-bridging fibres. To further investigate this phenomenon, quasi-static and cyclic 
tension-swelling tests with 20,000 loading cycles were performed on notched, pris-
matic specimens with defined fibre inclination angles of 0, 30 and 60° with respect 
to the load direction [40]. The results from these tests are summarised in Table 3. 

The quasi-static tests indicated that increasing inclination, i.e., deflection of the 
PE fibres at the crack edges, markedly reduces the tensile strength and deformation 
capacity of the composite due to an increased potential of severe abrasion and fibre 
rupture; see Fig. 21a. Notably, in contrast to microscale studies, the specimens exhibit 
the weakest performance at an inclination of 30°, rather than 60°. 

Table 3 Overview on the test results of different fibre orientation under monotonic and cyclic loads 

Angle (°) Testing regime Tensile strength f t (MPa) Max. deformation umax (mm) 

0 Quasi-static 9.51 (± 1.11) 0.61 (± 0.23) 

Cyclic 9.06 (± 0.83) 0.75 (± 0.34) 

30 Quasi-static 6.79 (± 1.13) 0.33 (± 0.13) 

Cyclic 9.09 (± 1.25) 0.48 (± 0.18) 

60 Quasi-static 6.84 (± 0.69) 0.42 (± 0.24) 

Cyclic 7.03 (± 1.00) 0.51 (± 0.12) 

Fig. 21 Microscopic images of PE fibres after testing: a quasi-static load, b cyclic tension-swelling 
load [40]
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However, when shifting to a tension-swelling loading regime, the 30°-series 
demonstrates the highest tensile strength, showing a significant increase compared 
to the monotonic tests while simultaneously exhibiting the lowest deformation. The 
microscopic analysis revealed substantial superficial abrasion on the fibre surface 
(Fig. 21b) similar to the pattern observed in Fig. 10 that could probably cause an 
interlocking of the fibre in the tunnel due to the accumulation of the removed material 
leading to an increase in pull-out resistance accompanied by reduced deformation. 
In contrast, at 60°, stress concentrations at the deflection point are high enough to 
cause matrix spalling, therefore, leading to higher deformations compared to 30° 
fibre inclination. 

These findings suggest that variations in material combinations and fibre orienta-
tion lead to distinct material responses under different loading regimes compared to 
the microscale tests; cf. Section 4.1.2. 

4.2.3 Impact of Temperature 

To evaluate the influence of varying environmental temperature on the mechanical 
performance under cyclic loading conditions, quasi-static and cyclic tension-swelling 
tests with 100,000 load cycles were conducted on the M2-PE-samples at constant 
temperatures of − 20, 20, 40 and 80 °C referring to potential temperature scenarios 
during a structure’s service life [41]. Representative stress-displacement-curves are 
given in Fig. 22. 

The temperature-dependent properties of PE fibres—specifically, a decrease in 
strength and an increase in strain capacity with rising temperature—resulted in a 
marked increase in ductility from − 20 to 80 °C, accompanied by reduction in tensile 
strength under monotonic loads, as shown in Fig. 22a. This temperature effect also led 
to greater deformations during the cyclic loading phase of the tension-swelling tests, 
with higher temperatures accelerating fibre degradation (Fig. 22b) due to increased 
crack widths caused by the increased fibre deformation. Consequently, the ultimate

Fig. 22 Temperature-dependent stress-displacement-characteristics of the M2-PE samples under 
a quasi-static load, b cyclic tension-swelling load [41] 
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Fig. 23 Isometric perspective plot of the macroscopic yield surface: a microlayer model, 
b microplane model (stresses are given in MPa) (from [12], licensed under CC-BY 4.0) 

tensile strength in the post-cyclic stage is significantly diminished, particularly at 
40 °C. At 80 °C, although the diagram may not fully capture this aspect, the severe 
fibre deterioration due to elevated deformations substantially increases the likelihood 
of premature material failure. Overall, the results clearly demonstrate the adverse 
impact of elevated temperatures, driven by temperature-induced alterations in the 
mechanical properties of polymer fibres. 

4.3 Macroscopic Concrete Damage Modelling 

Using the Von-Mises yield function as described in [12], the macroscopic yield 
surface and its cross-sections along the hydrostatic axis are compared to the 
microplane model to highlight key differences (see Figs. 23 and 24). The yield 
surfaces of the two models exhibit significant differences in shape, including their 
deviatoric cross-sections. A key distinction is the microplane model’s non-physical 
prediction, where the yield surface remains independent of the hydrostatic stress state. 
In contrast, the microlayer model, based on a consistent homogenisation framework, 
more realistically predicts the closed, elongated form observed in experiments. The 
findings based on the microlayer result have been validated based on FE2 simulations 
in [12].

4.4 Concrete Specimen Subjected to High-cycle Fatigue 

A concrete beam subjected to fatigue, see Fig. 25a, was simulated using the 
phase-field model for fracture extended to incorporate fatigue effects, as discussed 
in Sect. 3.2. This approach requires the simulation of multiple loading cycles,
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a 

b 

Fig. 24 Macroscopic yield surface in the deviatoric stress planes at different hydrostatic stress 
levels: a microlayer model, b microplane model [12] (deviatoric and hydrostatic stresses are given 
in MPa) (from [12], licensed under CC-BY 4.0)

which is computationally expensive, thereby making the implementation of the 
time homogenisation scheme (introduced in Sect. 3.6) essential as an acceleration 
technique. Refer to [28] for more details about the simulation and the analysis. 

The time homogenisation algorithm is still under development. Nevertheless, 
preliminary results for high-cycle fatigue are promising. In this particular case, the 
homogenised solution achieved a computational cost reduction of 94.5% while main-
taining a relative error of only 0.66% compared to the full simulation. Figure 25b 
illustrates the outcomes of both the full simulation and the homogenised simulation, 
demonstrating similar crack propagation patterns.

Fig. 25 a Dimensions of the bending specimen (all dimensions in mm), b crack propagation along 
cycles 
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5 Conclusions and Outlook 

In this chapter, various studies were conducted at both microscopic and mesoscopic 
scales to gain a comprehensive understanding of the performance characteristics 
(e.g., crack-bridging capacity and mechanical response) and degradation mecha-
nisms in SHCC under monotonic and cyclic loading conditions across a broad range 
of influential factors. 

In quasi-static pull-out tests, fibre rupture was identified as the predominant failure 
mode. This was accompanied by the formation of a Locking Front, which induces 
interlocking of the fibre within the fibre tunnel, thereby increasing the fibre’s pull-out 
resistance. 

Cyclic pull-out tests under tension-swelling loads revealed a shift in the failure 
mode from fibre rupture to fibre pull-out. This shift is attributed to the removal 
of the Locking Front under cyclic loading with alternating tension–compression 
loads. Significant fibre degradation was observed, primarily caused by fibre buckling 
and crushing between the crack faces. The severity of this degradation is strongly 
influenced by both the initial crack width and the level of compression, with larger 
values resulting in more severe degradation. 

Furthermore, increased fibre inclination relative to the load direction leads to stress 
concentrations within the fibre, affecting both its mechanical response and the extent 
of fibre deterioration. However, this only induces a slow progression of degradation. 

The temperature-dependent properties of polymer fibres play a critical role in 
their crack-bridging performance and mechanical behaviour. Higher temperatures 
enhance the deformation capacity of the fibres but simultaneously reduce their tensile 
strength due to the increased degradation potential. 

From an experimental perspective, future work will focus on hybrid fibre rein-
forcement to mitigate fibre deterioration, particularly under alternating cyclic loads. 
Additionally, polymer fibres with higher stiffness, such as Aramid or PBO fibres, 
will be investigated to improve mechanical performance under varying temperature 
conditions. Another key focus will be on repairing pre-damaged SHCC samples by 
filling cracks with mineral- and polymer-based suspensions, followed by subsequent 
cyclic loading. 

The numerical models, which have been developed in this project, such as the 
microlayer model for damage in the concrete matrix and the super-element for fibre-
matrix interaction, have demonstrated their effectiveness in simulating SHCC under 
various loading conditions. These models successfully capture the mechanics of 
fibre pull-out and the impact of the Locking Front on fibre performance, aligning 
well with experimental findings. The super-element model exhibits high accuracy 
while maintaining computational efficiency compared to traditional models. The 
incorporation of time homogenisation techniques, coupled with phase-field models 
for fracture, has shown potential in enhancing computational efficiency for simulating 
the effects of long-term cyclic loading on SHCC fatigue and will be further developed 
until the end of the project.
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Future work will focus on applying an implicit time homogenisation framework 
to enhance the efficiency of simulating SHCC. Within the time homogenisation algo-
rithm, the extrapolation equations should be refined to better capture the non-linear 
behaviour of the crack propagation phenomenon. Additionally, the adaptive step 
size determination in the numerical simulations should be optimised to enhance the 
accuracy of predictions while maintaining a low computational cost. This improved 
framework will be applied to the RVE of fibre reinforced concrete to accelerate 
predictions of material behaviour subjected to fatigue. 

Moreover, the microlayer model, which incorporates damage induced by plas-
ticity in concrete, will also be employed to simulate SHCC. This enables future 
research focusing on the cyclic behaviour of SHCC. Furthermore, this approach has 
the potential to be extended to multiphysical formulations. Coupling implicit time 
homogenisation with the microlayer model will provide a deeper understanding of 
the effects of the microstructural interactions. 
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Abstract The development of numerical models to predict the deterioration 
behaviour of fibre-reinforced high-performance concrete presents significant chal-
lenges. Existing approaches balance predictive accuracy and computational effi-
ciency in varying ways. This chapter compares different models developed within 
the DFG Priority Programme SPP 2020. The performance of these models is eval-
uated against experimental results of flexural tensile tests on steel-fibre-reinforced 
concrete and under low-cycle fatigue loading. 
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1 Motivation and Aims 

Fibre-reinforced high-performance concrete exhibits pseudo-ductile material 
behaviour beyond fracture of the concrete matrix. Characterizing and modelling 
this composite material is particularly challenging due to the interaction of various 
deformation, degradation, and failure mechanisms occurring within the matrix, the
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reinforcements, and their interfaces, especially under fatigue loading. During cyclic 
loading, the material structure undergoes significant changes, such as crack nucle-
ation and propagation, delamination at the fibre-concrete interface, damage and 
failure of both fibres and concrete, as well as fibre pull-out. 

Experimental studies reveal that the degradation mechanisms of fibre-reinforced 
concrete differ significantly comparing low-cycle and high-cycle fatigue. The present 
study focuses on numerical models for fibre-reinforced high-performance concrete 
under low-cycle fatigue, specifically in the context of flexural tensile testing. These 
models are based on experimental investigations targeting: 

• the concrete matrix, 
• the fibres, 
• the fibre-concrete interface via fibre pull-out, and 
• the fibre distribution and orientation. 

The characterization of the composite’s components and their interactions is 
carried out using various experimental setups, including the Dumbbell specimen, 
cylindrical compression tests, fibre tension tests, fibre pull-out tests, and computer 
tomography imaging. 

The collected data enables the development of numerical models for the composite 
material. These models are applied to simulate flexural tension tests on notched 
beams, with different modelling strategies compared against experimental find-
ings. Additionally, the influence of fibre orientation is numerically investigated 
by comparing the post-fracture behaviour observed for the measured distribution 
with two idealized fibre orientations. To account for the non-linear and dissipative 
effects observed during testing, the monotonic loading path is interrupted by multiple 
unloading cycles. 

The benchmark experiments provided for this study were conducted with three 
different fibre contents, and several individual tests were performed for each variant. 
However, the dataset does not allow for the derivation of a mean curve or scatter 
band that could serve as a reliable reference for comparing the numerical models. 
Instead, the original experimental measurements are directly presented alongside the 
numerical results. 

2 Materials, Test Setup and Experimental Methods 

2.1 Flexural Tensile Test 

The experimental investigation of the 3-point flexural behaviour of the fibre-
reinforced concrete was carried out in accordance with EN 14651 at the Chair of 
Construction Materials at the University of Wuppertal [1, 2]. The dimensions of the 
experimental body and the experimental setup can be taken from Fig. 1a. The notch 
is 4.75–5.0 mm wide and has a depth of 25.0 mm. The support rollers each have
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Fig. 1 a Experimental setup for 3-point bending tensile test, dimensions in mm, and b–d force-
CMOD-characteristics for 3-point bending tensile test for UHPC with fibre content of 0, 57, and 
115 kg/m3 

a diameter of 30 mm, and the load is applied via a steel roller with a diameter of 
50 mm. 

The test control is based on direct measurement of crack mouth opening displace-
ment (CMOD) using two LVDTs mounted laterally at the level of the lower edge of 
the beam parallel to the beam axis. The loading protocol is summarized in Table 1. 
The experimental results consist of the force-CMOD characteristics, see Fig. 1.

2.2 Materials 

An ultra-high-performance concrete (UHPC) was used for the tests. The composition 
corresponds to the UHPC reference concrete of SPP 2020 according to Table 1 in the 
chapter by M. Basaldella et al., this volume. The mechanical material properties for 
the concrete matrix were determined in Lanwer et al. [3]. Tensile strength on dumb-
bell specimens and compressive strength and modulus of elasticity on compression 
cylinders (d/l = 150 mm/300 mm) were determined. Until the test, the beams were 
stored in water. The mechanical properties of the material are summarized in Table 3. 

The steel fibres used, type Weidacon FM 0.19/13, are straight with a round cross-
section (d/l = 0.19 mm/13 mm) and without end anchoring. The mechanical prop-
erties of the fibres were determined in Lanwer et al. [3] using tensile tests on fibres
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Table 1 Load protocol of the 3-point bending beam tests 

Control type Target Speed Explanation 

Displacement 
(loading) 

Force; 1 kN 1 mm/min Start of experiment 

CMOD 
(loading) 

CMOD; 0.01, 
0.02, 0.03, 0.04, 
0.05 mm 

0.005 mm/ 
min 

5 fine loading loops for accurate detection 
of stiffness changes during cracking 

Force 
(unloading) 

Force 1 kN 7.5 kN/min 

CMOD 
(loading) 

CMOD; 0.1, 0.2, 
0.4, 0.8, 1.6, 
3.2 mm 

0.2 mm/min 5 loading loops to capture to investigate 
the stiffness changes for large crack 
openings 

Force 
(unloading) 

Force 1 kN 7.5 kN/min 

CMOD 
(loading) 

CMOD; 4 mm 0.3 mm/min End of experiment

Table 2 Material parameters 
of the steel fibres

Parameter Mean 

Tensile strength MPa 3575.8 

Young’s modulus GPa 168.5 

Table 3 Material parameters 
of the UHPC

Parameter Mean 

Tensile strength MPa 8.2 

Compressive strength MPa 158 

Young’s modulus GPa 43.3 

Poisson’s ratio 0.221 

bonded into cannulas. The test results are presented in Oettel et al. [4]. The results 
are summarized in Table 2. According to previous knowledge, the fibres undergo 
mainly elastic deformations in the fibre-reinforced concrete under consideration. 

2.3 Fibre Pull-Out Behaviour 

The interface between concrete matrix and fibre is characterized experimentally by 
means of fibre pull-out tests carried out at the University of Wuppertal. The test setup 
and procedure were described in the SPP 2020 Benchmark—Fibre pull-out test [5]. 
The setup is shown in Fig. 2. The pull-out test was performed with embedment 
depths between 0.5 and 7 mm at a pull-out rate of 0.3 mm/min. In addition to straight 
pull-out (90°), tests were also performed with a fibre pull-out angle of 45°.
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Fig. 2 Test setup single fibre pull-out tests, dimensions in mm 

As  shown  in  Fi  g. 3, the pull-out characteristics of the individual fibres tend to show 
strong scatter. In addition to the single fibre tests, experiments with several parallel 
fibres were presented in Lanwer et al. [3] and Oettel et al. [4]. There, considerably 
lower scatter in pull-out behaviour was observed, see Fig. 4. 

Fig. 3 Exemplary pull-out results with embedment depths between 4 and 6 mm and the pull-out 
angle 90° in N and mm 

Fig. 4 Fibre group pull-out characteristics for a 90°, and b 45° inclination of the fibres to the free 
surface
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2.4 Fibre Distribution 

Specimens with fibre contents of 0, 57, and 115 kg/m3 were prepared, corresponding 
to approximate volume fractions of 0.0, 0.75, and 1.5% steel fibres. CT scans, 
performed at the Institute of Building Materials, Concrete Structures, and Fire Protec-
tion at TU Braunschweig, were used to analyse fibre and pore distribution. The 
samples were extracted and scanned with a resolution of 0.07 mm/voxel using the 
Phoenix VTOMEXS 240 (General Electric). The sampling positions are shown in 
Fig. 5, chosen to capture edge effects in fibre distribution caused by production 
processes [6] (Fig. 6). 

Two methods were employed to analyse the orientation of micro steel fibres: 
statistical fibre orientation using an integration mesh and surface mapping with coor-
dinate extraction. While surface mapping enables discrete fibre simulation in FEM 
models, the integration mesh approach provides averaged fibre orientations relative 
to a specified axis. 

2.4.1 Statistical Fibre Orientation via Integration Mesh 

Fibre orientation was analysed in VG STUDIO MAX by overlaying the sample 
volume with a cubic integration mesh. The software recommends a cell edge length 
matching the fibre diameter (approximately 0.2 mm). However, such fine meshing 
across the entire sample would yield 16,875,000 cells, exceeding computational 
capacity. Instead, a coarser mesh with properties outlined in Table 4 was used.

Preliminary analyses using finer cell sizes (0.1, 0.2, and 0.5 mm) showed negli-
gible deviations in fibre orientation (eigenvectors: x = 0.39±0.001, y = 0.65±0.0014, 
z = 0.56±0.0026). For full-sample analysis, the mesh was centrally positioned in the 
bore core (Fig. 7), with flexibility for alternate placements.

To examine edge effects in fibre orientation, additional integration meshes were 
analysed at three bore core locations: near the filling side, the midsection, and the 
bottom formwork side. Analyses were conducted for specimens with 57 kg/m3 fibre 
content.

Fig. 5 Position of CT 
samples in 3-point bending 
specimen
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Fig. 6 Visualization of the 
fibre distribution in the CT 
sample

Table 4 Properties of the integration mesh 

Number of cells 60 300 60 

Cell size mm 0.5 0.5 0.5 

Origin mm − 15 − 75 − 15

Fig. 7 Location of the integration mesh in the bore core

2.4.2 Fibre Surface Mapping 

Fibre surfaces were extracted through segmentation of CT images. The process 
involved isolating the bright steel fibre regions in grey-scale images and applying
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Fig. 8 Rendering of the segmented micro steel fibres in the bore core with a fibre content of 57 kg/ 
m3 

Fig. 9 Identification of individual fibres a via surface connectivity, b centre line determination, 
and c axis projection for defragmentation 

isosurface extraction. Figure 8 illustrates the segmented fibres rendered as a triangular 
mesh for the bore core with a fibre content of 57 kg/m3. 

The fibre positions were described by endpoint coordinates, neglecting curvature. 
Fibre connectivity was evaluated to distinguish individual fibres and clusters. Using 
the Vascular Modelling Toolkit (VMTK), fibre centre lines were determined and 
fragmented segments were merged (Fig. 9). 

The algorithm, implemented in Python with the Visualization Toolkit (VTK) and 
parallelized using GNU Parallel, required 3 h and up to 230 GB RAM per sample. 

2.4.3 Synthetic Fibre Distribution 

For numerical simulations of fibre orientation effects in 3-point bending tests, 
synthetic fibre distributions were generated. Two configurations were considered: 
a homogeneous isotropic distribution and an idealized alignment along the beam 
axis (Fig. 10).
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Fig. 10 Synthetic fibre distributions with a, b preferred orientation along the beam axis and 
c isotropic orientation distribution with a fibre content of 57 kg/m3 

3 Numerical Models 

The height and width of the test specimen can be found in Fig. 11. The specimen depth 
is 150 mm. The introduced notch has a length of 25 mm and a width of 4.75–5 mm. 

The load application to the specimen is modelled by three univalent supports 
extending along the entire depth of the specimen. Two supports are positioned 
symmetrically at the bottom side, and one support is centrally located at the top 
side. The cylindrical supports of the specimen are represented by prisms. The apex 
of the prisms aligns with the cylinder axes to allow rotation around the support 
points. This results in a height of 15 mm for the prisms. By bonding the prisms to 
the specimen over an area approximated by Hertzian pressure, stress concentrations 
are avoided. The base width of the prisms is set to 20 mm for the central support 
and 10 mm for the two bottom supports. The central support consists of two parts to 
avoid obstructing the crack opening below the support. The prisms are assumed to 
be rigid or elastic with a stiffness of 210 GPa.

Fig. 11 Sketch of the boundary value problem 
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3.1 Discrete Approach for Simulating Fracture in UHPFRC 

This section presents the numerical investigations of notched ultra-high-performance 
fibre-reinforced (UHPFRC) beams utilizing the discrete fracture and discrete fibre 
models developed in [7]. The finite element model used to perform virtual experi-
ments can discretely represent cracks and fibres, utilizing zero-thickness cohesive-
frictional interface elements and elastoplastic Timoshenko beam elements, respec-
tively. Beam elements were chosen for fibre modelling, since, in addition to axial 
forces, they can also transfer shear forces, which play a significant role in describing 
various local damage mechanisms, such as spalling of the cementitious matrix, plastic 
hinge formation, and frictional fibre pull-out. The complete description of the model 
can be found in [7], and its brief outline is provided in the chapter by V. Gudžulić 
et al., this vo lume.

3.1.1 Material Properties and Model Calibration 

Tensile strength ft, compressive strength fc, Young’s modulus E, and Poisson’s ratio 
ν were experimentally determined and considered fixed parameters in simulations 
(see Table 3). The mean experimentally determined tensile strength was used as 
material strength in numerical analyses. The fracture energy was not experimentally 
determined. Ideally, the fracture energy should be determined using the standard 
RILEM procedure [8]. As a first approximation to estimate the fracture energy, the 
formula proposed in [9] was used GF = GF0(1 − 0.77 f c0/f cm), with GF0 = 0.18 N/ 
mm, f c0 = 10 MPa, and f cm is the concrete mean compressive strength, which was 
experimentally determined as 158 MPa. This equation yields the value of 0 .17 N/
mm.

However, looking closely at the data used to derive this “fitting” formula in [9], one 
can observe no data points for concretes with strength higher than 130 MPa. There-
fore, the formula for fracture energy for concrete of this strength is an extrapolation, 
and these recommendations should not be taken for granted. Preliminary numerical 
tests have revealed that the value given by this formula leads to an overestimation 
of the peak load (rupture strength) in both cases. Therefore, a compromise value of 
0.15 N/mm, which provides satisfactory results, was selected. This parameter choice 
is no more uncertain than using an empirical formula based on data extrapolation. 

In three-point bending analyses presented in this section, the Mode II fracture 
parameters β, κ, and µ are specified for completeness but are less significant due 
to the dominance of Mode I cracking, ensured by the presence of the notch. These 
parameters are chosen to be within the typical range for concrete materials (see the 
discussion on the choice of Mode II fracture parameters in [7]). For the progressive 
crack closure submodel parameters, the reference closure stress (tπ,ref) was selected 
to have the same value as the tensile strength (8.2 MPa) as proposed by [10], and the 
reference crack opening ([[u]]π,ref)  is  1  µm. Table 5 lists the material properties used 
in numerical simulations. The material properties of fibres are adopted according to
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Table 5 Adopted values of material properties for UHPC 

Material property Value 

Young’s modulus (E) MPa 43,224.4a 

Penalty parameter (Kc) kN/mm3 43,224.4 

Tensile strength ( f t) MPa 8.2a 

Poisson’s ratio (ν) 0.221a 

Shear strength factor (β = f s/f t) 3.0 

Fracture energy (GF) N/mm 0.15 

Fracture energy (Mode II) factor (κ = GF,II/GF) 5.0 

Friction coefficient (µ) 0.7 

Reference closure stress (tπ,ref) MPa − 8.2 

Reference crack opening ([[u]]π,ref) µm 1.0 

a Experimentally determined in [11] 

Table 2. The mortar-steel fibre bond properties used in the simulations were calibrated 
by means of numerical simulations of fibre group pull-outs from Sect. 4.1.2 “Pullout 
of Group of Fibres” in the chapter by V. Gudžulić et al., this volume, and the identified 
bond properties are listed in Table 3 of the same chapter. 

3.1.2 Fibre Sampling Based on CT Images and Predefined Distributions 

This subsection presents the characterization and analysis of fibre orientations and 
contents in CT images of cylindrical cores extracted from actual tested beams. 
Further, the fibre samples used in the numerical analyses are presented. To that 
end, three fibre orientation states were considered. These are named aligned, 
CT-image-based, and isotropic in this work. 

Figure 12 shows the fibres segmented from CT images of the drilled cylindrical 
cores near the notch region. Analysis of the CT images of cores has revealed that 
the actual fibre volume fractions were 0.97 and 1.53% (≈ 74 and ≈ 117 kg/m3) 
instead of the nominal values of 0.75 and 1.5% (57 and 115 kg/m3). This deviation 
indicates the possibility of strong non-uniformity of fibre distribution during the 
casting for the case with the nominal fibre volume fraction of 0.75%. Whether this 
fibre concentration increase is only local, i.e., just in the region near the extracted 
core or more spread out, remains unresolved. Also, it is possible that the deviation 
occurred in only one specimen.

Figure 12b, d show the distribution of orientations of fibres segmented from CT 
images of two cores with nominal fibre contents of 0.75 and 1.5% (57 and 115 kg/ 
m3). Polar plots show the stereographic projections of the fibre orientations plotted 
on a unit hemisphere. These plots show points where the fibre would intersect the 
unit hemisphere if the fibre endpoint were located in the centre of the corresponding 
unit sphere. CT images show a general fibre alignment in the beam span direction,
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Fig. 12 Visualization of fibres segmented from CT images and fibre orientation analysis for 
nominal volume fractions of a, b 0.75% (57 kg/m3), and c, d 1.5% (115 kg/m3). In figures b and 
d stereographic projections of the fibre orientations for two considered cases plotted on a unit 
hemisphere (from [7], licensed under CC-BY 4.0)

a consequence of the casting procedure, which was designed so that most of the 
fibres align in the direction of tensile stresses that would ensue from bending. For 
the 57 kg/m3,  Fig  . 12a shows an orientation bias in the direction of around 30° to the 
horizontal axis. The fibres are predominantly oriented in the beam span direction (0 
and 180°) for the 115 kg/m3 case (Fig. 12b). 

All fibre realizations used in numerical simulations were sampled according to the 
nominal volume fractions, and fibres were generated in the small region around the 
notch. For the 0.75% volume fraction, approximately 28,000 fibres were generated, 
which resulted in about 205,000 beam elements (226,000 nodes) after discretization. 
For the 1.5% volume fraction, around 53,000 fibres were generated, yielding approx-
imately 438,000 beam elements (485,000 nodes) after discretization. More details 
on fibre orientation analysis, generation of fibre samples, and discretization can be 
found in [7]. 

3.1.3 Results and Discussion 

Figure 13 shows a comparison between experimental and calculated load–displace-
ment characteristics of studied UHPFRC beams for two different fibre contents and 
three different fibre orientation cases.

For both volume fractions, the load–displacement results in Fig. 13 show that 
the aligned and CT image fibre orientations capture the overall response well, while 
the isotropic case significantly underestimates the residual strength of the beam. 
In the case of the fibre content of 57 kg/m3, the experimental response shows a 
non-negligible scatter, and the numerically calculated response of the beam with 
CT-image-based fibre orientations is on the bottom bound of the experiments. As 
mentioned earlier, the analysis of the CT image of a core from one of the beams 
reveals that the volume fraction of fibres in that core is 0.97% instead of 0.75%, 
which means that there exists at least one beam that has substantially more fibres in 
the cracking region than expected, leading to a higher post-cracking residual strength.
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Fig. 13 Comparison of experimentally and numerically obtained load-CMOD characteristics for 
UHPFRC beams subjected to cyclic three-point bending for various fibre contents and orientations: 
a 57 kg/m3, b 115 kg/m3

In the numerical simulations, fibre samples were generated based on the volume 
fraction of approximately 0.75%; hence, the lower calculated residual strength is not 
surprising. 

One feature observable in calculated load–displacement characteristics that does 
not appear in experimental data is a pronounced peak followed by a drop in force, after 
which the residual strength stabilizes. This behaviour, characterized by post-peak 
softening, is characteristic for sub-critical fibre contents. The sub-critical response 
can be typically expected for fibre contents of 20–60 kg/m3 [12], and this test case 
falls within this range. Nevertheless, the post-peak softening or hardening can be 
also influenced by fibre type and orientations, such as observable in Fig. 13b, where 
the aligned and CT-image-based fibre orientation cases corresponding to the 115 kg/ 
m3 case show super-critical post-cracking behaviour. In contrast, the isotropic case 
shows sub-critical post-cracking behaviour. 

Fibre orientation significantly influences the size and inclination of the hysteresis 
during unloading/reloading. In beam bending, an interplay between crack surface 
friction, which occurs for cracks with small CMODs, and the sliding and plastic 
bending of fibres, which is relevant in zones with large CMODs near the notch, 
influences the size of the observed hysteresis. For the fibre content of 57 kg/m3,  the  
unloading/reloading stiffness is slightly overestimated for the aligned case, while the 
CT-image-based and isotropic cases replicate the unloading/reloading stiffness well. 
However, the isotropic case somewhat overestimates the hysteresis size, possibly due 
to the substantial bending of fibres misaligned to the cracks. In the 115 kg/m3 case, the 
aligned and CT-image-based cases show somewhat overly stiff unloading behaviour, 
while the isotropic case captures the change of stiffness well. As mentioned earlier, 
the hysteresis size and its inclination are not directly controlled by the model param-
eters but by an interaction between different modelled mechanisms. The interplay of 
mechanisms makes the exact replication of the experimentally observed hysteresis 
behaviour challenging. The model can be extended by introducing damage accu-
mulation in the bond, as well as a submodel for fibre fatigue, which was shown by
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Fig. 14 3D view of the crack pattern at failure of UHPFRC beams (CT image fibre orientations) 
for different fibre contents: a 57 kg/m3 and b 115 kg/m3. Deformations are scaled fivefold (from 
[7], licensed under CC-BY 4.0) 

Lanwer and Empelmann [13] to play a significant role in cyclic pull-out tests, leading 
often to premature fibre failure. In this context, accounting for fibre failure and bond 
damage could improve the prediction of stiffness degradation over successive loading 
cycles. 

Figure 14 shows the crack patterns at the end of numerical simulations for the 
beam with the CT-image-based fibre sample for both fibre contents. In all cases, the 
numerical failure is characterized by a single localized crack bridged by fibres and 
multiple arrested microcracks in the region near the notch. Crack growth is arrested 
in compressive zone, resulting in local branching. 

3.2 Modelling the Stress–Strain Behaviour of UHPFRC 

Using a Hybrid-Mixed FEM 

The contribution presents numerical results of notched three-point bending beam 
tests, which are analysed using the macroscopic material model of UHPFRC 
described in the chapter by L. Gietz et al., this volume. In addition, the calibra-
tion of the individual components of the composite material is discussed, which is 
conducted at the material point level under predefined strain conditions. 

3.2.1 Model and Discretization 

The material model of UHPFRC is based on a mixed stress–strain formulation of the 
strain energy density 

π = nc σ c ε − 
1 

2 
σ c E

−1 
c σ c + nf σ f ε − 

1 

2 
σ f E

−1 
f σ f 

− ncεcr σ c − 
1 

2 
Ecrεcr − nf εv σ f −

1

2
K f εv , (1) 

applying the Lagrange multiplier methodology for the description of the discrete 
crack formation and the fibre pull-out evolution. The complete models for the 
cracking and fibre pull-out are presented in the chapter by L. Gietz et al., this volume.
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The post-cracking behaviour of the concrete and the resistance against fibre pull-out 
are characterized by the modules Ecr and Kv, whereat εcr describes the crack-strain 
and εv the strain due to fibre pull-out. The volume content of the fibres nf and the 
volume content of the UHPC nc are explicitly included in the model equations and 
the distribution of the fibres is considered as an orthotropic material [14, 15]. The full 
set of model equations follows with the variation of π to the macroscopic v ariables

δπ 

δz 
· δz = 0 with z = ε  σ  c σ f εcr εv . (2) 

For the numerical analysis of the benchmark with the finite element method, a 
hybrid-mixed finite element method is applied by splitting the macroscopic variables 
into system and element variables 

z = zsys(u) zelem u, σ c, σ f , εcr, δv . (3) 

The approach requires shape functions for all variables, cf. the chapter by L. Gietz 
et al., this volume. For the displacements, standard linear shape functions are used, 
while the element variables are approximated with general approach functions 
balanced to the shape functions of the displacements. For the numerical implemen-
tation of the material equations, the strains εv due to fibre pull-out is connected to 
the fibre pull-out lengths δv via the element length lel . Thus, the material behaviour 
is described as smeared over the element domain. 

3.2.2 Model Calibration 

In the first step, the model was calibrated by analysing the various material compo-
nents of UHPFRC (UHPC, micro steel fibre and fibre-matrix bond) at the material 
point level under predefined strain conditions. A comparison of numerical investiga-
tions was performed with uniaxial tensile tests and fibre pull-out tests from project-
related experimental investigations [4]. The measured material parameters include 
the tensile strengths f ct and f ft, the transverse strain coefficient νc of the UHPC as 
well as the Young’s moduli Ec and Ef. The parameters used for the calibration of the 
model are provided in Table 6.

Characterizing both material components and the fibre-matrix bond is essential 
for accurately mapping the macroscopic behaviour of the material. The geometry of 
the fibres is incorporated into the bond model to describe the fibre pull-out behaviour. 
It is assumed that the embedded length of the fibres is half their total length, ensuring 
optimal utilization of the bonding capacity. Furthermore, it is assumed that the fibres 
are pulled out only perpendicular to the crack, corresponding to the straight fibre pull-
out experiment. According to [16], a constant bond stress of 8.0 N/mm2 is assumed 
to describe the friction between concrete and fibre when it is fully debonded from 
the UHPC-matrix. The pull-out resistance is accounted for by means of the bond
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Table 6 Model parameters for calibration 

Parameter Value 

UHPC-matrix Young’s modulus Ec N/mm2 43,300 

Tensile strength f ct N/mm2 10.7 

Steel fibers Young’s modulus Ef N/mm2 169,000 

Tensile strength f ft N/mm2 3575a 

Fibre length lf mm 6.5 (13) 

Fibre radius rf mm 0.095 

Max. bond resistance τmax N/mm2 8.0 

a Not directly used in numerical simulations

modulus Kv as a function of the fibre pull-out length δv (see Eq. 1), resulting in a 
linear decrease in the fibre stress during the pull-out process. 

Figure 15a, b represent the comparison of the uniaxial material behaviour with 
respect to tension of experimental and numerical investigations for both material 
components. The linear elastic phase and the rapid failure of the UHPC-matrix are 
very well approximated, as shown in Fig. 15. The model describes the concrete stress 
converging towards zero after the UHPC matrix is cracked, which facilitates a stable 
material behaviour during the subsequent fibre activation phase in the numerical 
simulation. The behaviour of the fibre is assumed to be elastic, ensuring that the 
composite material fails by fibre pull-out rather than fibre rupture. 

The comparison of the fibre pull-out behaviour of a multiple fibre pull-out test 
from [4] and the simulation are represented in Fig. 16a. In the experiment, the fibres 
were pulled out perpendicularly from the UHPC matrix, resulting in a nearly linear 
decrease of the fibre stress. The model achieves a good correlation with the experi-
mental results, as the assumed maximum bond resistance of 8.0 N/mm2 aligns well 
with the peak load observed. The increase of the bond stress up to the maximum 
pull-out resistance is calculated based on a linear elastic behaviour during the fibre 
activation phase, governed by the modulus of elasticity of the fibre Ef. This approach

Fig. 15 Experiments [4] and simulation of material samples with respect to monotonically 
increasing tension: a UHPC, b micro steel fibre 
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Fig. 16 a Experiment [4] and simulation of a fibre pull-out test, b total stress, concrete and fibre 
stresses in the case of nf = 1.5 V ol.-%

leads to a slight overestimation of the load-bearing behaviour during crack forma-
tion. Overall, the model effectively maps the fibre pull-out behaviour for a straight 
fibre pull-out scenario. 

Figure 16b depicts the total stress of the composite material, taking into account 
both material components with a fibre volume content of nf = 0.015. The total stress 
is represented as the sum of the concrete and fibre stress in relation to their volume 
fractions: σ = nc · σc + nf · σf. The stress–strain diagram is limited to the range up 
to the beginning of the fibre pull-out. Subsequently, the fibre stress decreases over 
the fibre pull-out length as illustrated in Fig. 16a. The strain is directly related to the 
fibre pull-out length, meaning that a strain of 1.0 indicates the complete fibre pull-
out. Moreover, the diagram clearly illustrates that the significant effect of the fibres 
with respect to the overall load-bearing behaviour of the UHPFRC only becomes 
obvious at the point of crack initiation. 

3.2.3 Model Parameters and Setup 

The model parameters used for the simulation of the benchmark are given in Table 7. 
In comparison to the calibration, most of the parameter are similar, as a specific 
reference concrete mix was employed during the project. The fibre volume content 
is explicitly included in the model equations, cf. Eq. 1. The benchmark is numerically 
investigated for fibre volume contents of 0.75 and 1.50 Vol.-%. The anisotropic fibre 
distribution is considered by incorporating three different orientations. Due to the 
sharp notch, the crack will propagate perpendicular to the notch over the cross-
sectional height. Applying the orthotropic material description, it is simplistically 
assumed that primarily the fibres aligned in the longitudinal direction of the beam 
will contribute to crack bridging, which is accounted for by the fibre orientation 
factor rx. Consequently, it could be assumed that 33% of the fibres participate in 
the case of an equal distribution in the three dimensions, whereat 100% of the fibres 
contribute to a uniaxial alignment. Based on data from the CT-scans, cf. Section 2.4, 
the realistic fibre distribution participating in the crack direction is estimated to 60%.
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Table 7 Model parameters for simulation of benchmark 

Parameter Value 

UHPC-matrix Young’s modulus Ec N/mm2 43,300 

Poisson ratio νc 0.221 

Tensile strength f ct N/mm2 8.2 

Steel fibres Young’s modulus Ef N/mm2 169,000 

Fibre volume content nf Vol.-% 0.75/1.5 

Fibre orientation factor rx 0.33/0.60/1.0 

Fibre length lf mm 6.5 (13) 

Fibre radius rf mm 0.095 

Max. bond resistance τmax N/mm2 8.0 

The solution of the discretized model equations is obtained applying an arc-length 
method by increasing the unit load F of 1 kN by the load factor λ. The load is applied 
by distributing it to the surrounding nodes in a triangular pattern, according to the 
formulated boundary value problem, cf. Figure 11. The sharp notch is discretely 
modelled within the finite element model, which includes 1345 finite elements. The 
load is only applied quasi-statically here. The beams are not subjected to cyclic 
loading. The target is to map the envelope curve of the experimental investigations. 

3.2.4 Results and Discussion 

Figure 17 represents the comparison of the crack-mouth opening displacement 
(CMOD) of the experimental and numerical tests with respect to the applied force 
F. The CMOD describes the difference of the horizontal displacements of the oppo-
site nodes of the notch at the lower edge of the beam. The deformation behaviour 
is qualitatively well approximated for all fibre distributions. As expected, twice the 
bearing loads are achieved for a fibre content of 1.5 Vol.-% than for a fibre content of 
0.75 Vol.-%. The scattering of the experimental results of the beam with 0.75 Vol.-
% can be mapped by varying the aligned fibre content of the numerical simulation 
between 60 and 100%. The isotropic fibre distribution tends to underestimate the 
material’s post-cracking behaviour for both fibre volume contents, whereat the fully 
aligned fibre distribution overestimates the load capacity and post-cracking behaviour 
for the beam containing 1.5 Vol.-% fibres. The estimated realistic fibre distribution 
provides the best comparison between the experimental and numerical results of the 
beam with 1.5 Vol.-% fibres.

In all simulations, the crack propagation is initiated at the notch. The maximum 
load is reached during the crack propagation through the cross-section, whereat the 
fibres ensure the transmission of tensile forces by bridging the crack. Despite the 
damage, an increase of the load is possible until the bond between concrete and 
fibres is weakened and fibre pull-out starts. Beginning at the bottom of the beam the
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Fig. 17 Comparison of experimental and numerical results of the benchmark: a 0.75 Vol.-% fibres, 
b 1.5 Vol.-% fibres

fibre pull-out propagates over the cross-section until the final failure of the beam. This 
phenomenon ensures the very ductile post-cracking behaviour of UHPFRC samples, 
which exhibits a controlled failure at CMOD in the millimetre range. 

The experimental and numerical results show that both the fibre volume content 
and especially the fibre distribution have a significant influence on the load-bearing 
behaviour of UHPFRC. The fibre distribution is random, although various exper-
imental investigations show an influence of the manufacturing process [17–19]. 
In particular, the fibres align and orient in slender structures parallel to the main 
dimension. This observation supports the numerical results of the significantly 
underestimated load-bearing behaviour, if an isotropic distribution of fibres is 
assumed. 

The chapter by L. Gietz et al., this volume, offers furthers results on three-point 
bending beams, for which a good agreement with the experimental data is mapped 
by setting an isotropic fibre distribution. The fibre volume contents are similar, but 
the beam geometry differs with an effective length size factor of approximately 
6.0 and a height size factor of 2.0. This suggests that the structure dimensions may 
influence the fibre distribution during the manufacturing process. The results indicate 
that appropriate measures must be taken to ensure a consistent ductile load-bearing 
behaviour in the post-fracture domain. 

Further research aims to enhance the model to account for material behaviour 
under cyclic loading. A concept for describing the residual bond resistance during 
the fibre pull-out process as a function of load cycles is introduced in the chapter by 
L. Gietz et al., this volume.
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4 Comparison and Conclusions 

The numerical simulations of the flexural tensile tests on fibre-reinforced concrete 
beams have been conducted using two distinct modelling approaches: a mesoscale 
model in Sect. 3.1 and a macroscale model in Sect. 3.2. Both models provide valu-
able insights into the structural behaviour of ultra-high-performance fibre-reinforced 
concrete (UHPFRC) under flexural loading, yet they differ in their methodologies, 
computational demands, and practical applications. 

The mesoscale model employs a highly detailed discrete approach, explic-
itly modelling cracks and fibres using zero-thickness cohesive-frictional inter-
face elements and elasto-plastic Timoshenko beam elements. This methodology 
enables an explicit representation of various damage and toughening mecha-
nisms, including crack initiation and propagation, fibre debonding, plastic bending, 
concrete spalling, and fibre pull-out. Consequently, the model effectively captures the 
unloading and reloading behaviour and provides valuable insights into the interaction 
between cracks and fibres. However, this high level of detail comes at a significant 
computational cost. 

In contrast, the macroscale model employs a hybrid-mixed finite element method 
that describes the phenomenological behaviour of UHPFRC at the macroscale using 
a stress–strain-based formulation. Instead of explicitly modelling individual fibres, 
it accounts for fibre reinforcement through volume fractions and statistical fibre 
orientation. This approach ensures computational efficiency and robust performance 
for large-scale structures. Furthermore, the model relies exclusively on experimen-
tally measurable material parameters, simplifying calibration and enhancing practical 
applicability. While this method effectively captures the overall mechanical response 
of fibre-reinforced concrete, it lacks the fine-scale resolution necessary to investigate 
local effects. The numerical implementation allows for an element-wise distribution 
of material parameters such as fibre volume content, fibre orientation, and concrete 
tensile strength, enabling the investigation of size effects. 

The results from both numerical models highlight the substantial impact of fibre 
orientation on the structural response of UHPFRC beams. The simulations demon-
strate that the same fibre volume fraction can lead to either sub-critical (softening) 
or super-critical (hardening) post-cracking responses, depending on fibre alignment. 
This underscores the importance of fibre distribution and the casting process in 
determining the material’s load-bearing capacity and ductility. To further assess the 
effectiveness of the proposed models, further systematic experimental–numerical 
studies investigating the influence of fibre content and casting procedures would be 
beneficial. 

Associated data is published via the link: https://doi.org/10.25532/OPARA-851.

https://doi.org/10.25532/OPARA-851
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