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Abstract

The bond between concrete and reinforcing steel is fundamental to the load bearing capacity
of reinforced concrete structures. It has been investigated intensively under static conditions.
By contrast, comparably little attention has been paid to the investigation of bond behaviour
under dynamic loading. Several experimental studies indicate strength or rather resistance
enhancements coming with increasingly dynamic loading. This applies for concrete and steel
as well as the bond between them. The phenomenon is known as strain rate or rather loading
rate effect. To date still not enough investigations have been undertaken to assess its causes
with certainty.

The work presented herein provides a numerical view of the bond of reinforcement in concrete
and investigates its loading rate dependent behaviour. Finite element analyses focusing on
structural and inertia effects are carried out. The contribution of material effects to strength
or rather resistance enhancements is of rather secondary interest. Modelling is conducted at
the rib scale, where bond is predominately controlled by mechanical interaction. By contrast,
most numerical approaches adopted so far captured bond phenomenologically with the use
of empirically determined bond stress-slip relationships.

In the first step, the model was developed and calibrated. Its quality, credibility, and limi-
tations were assessed by a series of numerical case studies. The results were compared with
available experimental data, insights into the inner local specimen state were provided, and
recommendations on applicable bond stress-slip evaluation methods given. The interplay
of numerical and analytical methods was exemplified and guidelines for optimising experi-
mental set-up designs were developed. Numerical parametric studies followed. The loading
rate dependence of bond was featured, loading rate dependent characteristics were identified,
and conclusions on causes of the phenomenon drawn. It was shown that structural effects are
strongly involved in the loading rate effect. The same holds for hydrostatic pressure stress
states and inertia effects. Not only the bond strength but also the bond stiffness, the en-
ergy absorption capacity, and the specimen failure mode were found loading rate dependent.
Under high loading rates, the load got introduced into the specimen faster than the cracks
could propagate inside the concrete. Multiple cracking was the result and was increasingly
observed the higher the loading rates got.

Examination of the in
uence of concrete inhomogeneity on the loading rate dependent be-
haviour of bond was also undertaken. The model was modified and random distribution fields
were implemented. The higher the loading rate was, the more pronounced the scattering of
data was found. This implicates that a larger number of tests is necessary to provide an
adequate statistical basis for results achieved under dynamic loading as compared to static
loading.

The thesis concluded in reviewing currently available methods for incorporating the results
into simulations of whole reinforced concrete structures. Further investigations and develop-
ments are necessary in order to design dynamic loading-resistant structures with the use of
commercial FE-programs and design codes in the future.
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Kurzfassung

Der Verbund zwischen Beton und Bewehrungsstahl ist von gro�er Bedeutung f�ur die Trag-
f�ahigkeit von Stahlbetonkonstruktionen. Er wurde unter statischen Bedingungen bereits in-
tensiv untersucht. Vergleichsweise wenig erforscht ist hingegen das Verbundverhalten unter
dynamischer Belastung. Mehrere experimentelle Studien deuten daraufhin, dass mit zu-
nehmend dynamischer Belastung eine Erh�ohung der Festigkeit bzw. des Widerstandes ein-
hergeht. Dies gilt sowohl f�ur Beton und Stahl als auch f�ur den Verbund zwischen ihnen. Das
Ph�anomen ist als Dehnraten- bzw. Belastungsrateneffekt bekannt. Bis heute liegen nicht
gen�ugend Untersuchungen zu einer abschlie�enden Bewertung seiner Ursachen vor.

Die vorliegende Arbeit untersucht das belastungsratenabh�angige Verbundverhalten zwischen
Beton und Bewehrungsstahl numerisch. Finite-Elemente-Analysen mit dem Fokus auf struk-
turellen und tr�agheitsbedingten Effekten werden durchgef�uhrt. Eher im Hintergrund steht
der Beitrag von Materialeffekten an Festigkeits- bzw. Widerstandssteigerungen. Die Mo-
dellierung wird auf Rippenebene realisiert, sodass der Verbund vorwiegend durch die me-
chanische Interaktion zwischen Beton und Bewehrungsstahl zustande kommt. Im Gegensatz
dazu wurde das Verbundverhalten bei den meisten bisher verwendeten Ans�atzen durch die
Implementierung empirisch bestimmter Verbundspannungs-Schlupf-Beziehungen ph�anome-
nologisch ber�ucksichtigt.

Zun�achst wurde das Modell entwickelt und kalibriert. Seine Eignung, Plausibilit�at und Ein-
schr�ankungen wurden mittels numerischer Fallstudien erfasst. Simulationsergebnisse wurden
mit verf�ugbaren experimentellen Daten verglichen, Einblicke in den inneren lokalen Zustand
des Probek�orpers erm�oglicht und Empfehlungen zur Auswertung der Verbundspannungs-
Schlupf-Beziehung gegeben. Das Zusammenspiel numerischer und analytischer Methoden
wurde veranschaulicht und Leitlinien zur Optimierung experimenteller Aufbauten wurden
erarbeitet. Numerische Parameterstudien folgten. Die Abh�angigkeit des Verbundverhaltens
von der Belastungsrate wurde dargestellt, belastungsratenabh�angige Eigenschaften konnten
identifiziert und R�uckschl�usse auf Ursachen des Ph�anomens gezogen werden. Es wurde
gezeigt, dass der Belastungsrateneffekt ma�geblich von strukturellen Effekten bestimmt wird.
Ebenfalls von Bedeutung sind hydrostatische Spannungszust�ande und tr�agheitsbedingte Effekte.
Neben der Verbundfestigkeit erwiesen sich auch die Verbundsteifigkeit, die Energieabsorp-
tionsf�ahigkeit und die Versagensart des Probek�orpers als belastungsratenabh�angig. Bei ho-
hen Belastungsraten wurde die Last schneller in den Probek�orper eingetragen, als sich Risse
im Beton ausbreiten konnten. Mehrfachrissbildung war die Folge und trat umso st�arker auf,
je h�oher die Belastungsrate war.

Der Ein
uss der Betoninhomogenit�at auf das belastungsratenabh�angige Verbundverhalten
wurde ebenfalls untersucht. Das Modell wurde modifiziert und Zufallsfelder wurden im-
plementiert. Je h�oher die Belastungsrate war, desto ausgepr�agter streuten die Ergebnisse.
Dies impliziert, dass unter dynamischer Belastung im Vergleich zu statischer Belastung eine
gr�o�ere Anzahl an Versuchen f�ur die statistische Absicherung der Ergebnisse notwendig ist.

Abschlie�end wurden derzeit verf�ugbare Methoden zur �Ubertragung der Ergebnisse auf Si-
mulationen gesamter Stahlbetonkonstruktionen bewertet. Es bedarf weiterer Untersuchun-
gen und Entwicklungen, um in Zukunft Bauwerke mittels kommerzieller FE-Programme und
Bemessungskonzepten gegen dynamische Einwirkungen auslegen zu k�onnen.

vii





CONTENTS

1 INTRODUCTION 1
1.1 BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 AIM AND OBJECTIVE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 OUTLINE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 BASICS OF BOND IN REINFORCED CONCRETE 5
2.1 CONCRETE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Uniaxial behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.3 Multiaxial behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 REINFORCING STEEL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.1 Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Material behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 BOND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.1 Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.2 Experimental investigation . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.3 Empirical and analytical models . . . . . . . . . . . . . . . . . . . . . 19

3 RESPONSE TO DYNAMIC LOADING 21
3.1 BASICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Load introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.2 Challenges in the evaluation of dynamic experiments . . . . . . . . . 24

3.2 DYNAMIC RESPONSE CHARACTERISTICS . . . . . . . . . . . . . . . . 25
3.2.1 Concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.2 Reinforcing steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.3 Bond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 NUMERICAL MODELLING 29
4.1 INTRODUCTION TO THE FINITE ELEMENT METHOD . . . . . . . . . 29

4.1.1 Theoretical framework . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.1.2 Meshing and elements . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.1.3 Contact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.1.4 Constitutive modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.1.5 Implicit and explicit methods . . . . . . . . . . . . . . . . . . . . . . 35

4.2 APPROACHES TO BOND IN REINFORCED CONCRETE . . . . . . . . . 35
4.2.1 Concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2.2 Reinforcing steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.3 Bond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.3 CHOSEN APPROACH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.2 Constitutive modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 39

ix



CONTENTS

5 NUMERICAL CASE STUDIES 43
5.1 DROP TOWER PUSH-IN CONFIGURATION . . . . . . . . . . . . . . . . 44

5.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.1.2 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.1.3 Finite element simulations . . . . . . . . . . . . . . . . . . . . . . . . 47
5.1.4 Finite element analysis results . . . . . . . . . . . . . . . . . . . . . . 54
5.1.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.1.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.2 DROP TOWER PULL-OUT CONFIGURATION . . . . . . . . . . . . . . . 70
5.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.2.2 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.2.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.2.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.3 SPLIT HOPKINSON BAR . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.3.2 Finite element simulations . . . . . . . . . . . . . . . . . . . . . . . . 89
5.3.3 Finite element analysis results and discussion . . . . . . . . . . . . . 91
5.3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6 NUMERICAL PARAMETRIC STUDIES 103
6.1 INFLUENCE OF LOADING RATE . . . . . . . . . . . . . . . . . . . . . . 104

6.1.1 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.1.2 Engaged experimental set-ups . . . . . . . . . . . . . . . . . . . . . . 105
6.1.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.1.4 Finite element analysis results . . . . . . . . . . . . . . . . . . . . . . 111
6.1.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.1.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2 OTHER INFLUENTIAL FACTORS . . . . . . . . . . . . . . . . . . . . . . 124
6.2.1 Concrete compressive strength class . . . . . . . . . . . . . . . . . . . 124
6.2.2 Inertia-induced con�nement . . . . . . . . . . . . . . . . . . . . . . . 131

6.3 INFLUENCE OF RANDOM DISTRIBUTION FIELDS . . . . . . . . . . . 136
6.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.3.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
6.3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 143
6.3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

7 APPLICABILITY OF THE RESULTS TO PHENOMENOLOGICAL MODELS 147
7.1 STATEMENT OF THE PROBLEM . . . . . . . . . . . . . . . . . . . . . . 147
7.2 EXISTING FINITE ELEMENT SOLUTION STRATEGIES . . . . . . . . . 147

7.2.1 Smeared reinforcing method . . . . . . . . . . . . . . . . . . . . . . . 148
7.2.2 Embedded reinforcing method . . . . . . . . . . . . . . . . . . . . . . 148
7.2.3 Discrete reinforcing method . . . . . . . . . . . . . . . . . . . . . . . 148

7.3 INCORPORATION INTO LS-DYNA . . . . . . . . . . . . . . . . . . . . . . 149
7.4 PROPOSED ENHANCEMENTS . . . . . . . . . . . . . . . . . . . . . . . . 151

7.4.1 Radial stress component . . . . . . . . . . . . . . . . . . . . . . . . . 151
7.4.2 Consideration of brittle failure . . . . . . . . . . . . . . . . . . . . . . 152
7.4.3 Loading rate dependence . . . . . . . . . . . . . . . . . . . . . . . . . 152

7.5 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

x



CONTENTS

8 CONCLUSION 153
8.1 RETROSPECTIVE VIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
8.2 FINDINGS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
8.3 RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

BIBLIOGRAPHY 157

xi





1 INTRODUCTION

1.1 BACKGROUND

Reinforced concrete is a composite material obtained from the combination of concrete and
reinforcing steel. It builds on the idea of embedding steel in concrete in a manner such that
concrete resists the compressive stresses of the structure, and steel the tensile ones. The
principle draws on the high compressive strength of concrete while at the same time it com-
pensates for the weak performance of concrete under tension. Since its introduction towards
the end of the nineteenth century, reinforced concrete has revolutionised the construction
industry and evolved to the most widely used material. It finds application in a very broad
range of constructions from buildings and bridges to roads and dams.

The fundamental mode of action of reinforced concrete is provided by the bond between
concrete and reinforcing steel. Bond is consequently one of the most critical aspects to
account for when it comes to securing the overall load bearing capacity of reinforced concrete
structures. In the field of bond investigation, extensive research has been undertaken. Not
only experimental but also analytical and numerical studies have been carried out. A large
number of test executions has been performed on both smooth and ribbed bars, see, e.g.
[127, 1, 56]. In this context, several parameters like the quality of concrete, the concrete cover,
the casting position, the diameter of the reinforcing bar, and the rib geometry have been
examined and were recognised as in
uential. A number of empirical relations that describe
the bond behaviour based on these tests were proposed, see, e.g. [127, 46], and provided the
basis for existing design codes, see, e.g. fib Model Code 2010 [51]. More recently, empirical
relations were incorporated in numerical analyses and led to the development of the so-called
phenomenological approaches to bond modelling [95, 120, 8].

The majority of these studies focused on the static behaviour of bond, and not much attention
has so far been paid to the investigation of bond under dynamic loading conditions. Thus it
comes, that the design of reinforced concrete structures against dynamic loading scenarios
displays significant deficits. These deficits were recently demonstrated by a growing body of
structural failures during, e.g. terrorist attacks, aeroplane crashes, and rock falls.

Apart from some work undertaken for the needs of earthquake engineering [46], first experi-
mental dynamic investigations on the bond behaviour between concrete and reinforcing steel
were undertaken by, e.g. Hansen and Liepins [62], Hjorth [64], and Vos [162]. Early on, an
increase in strength or rather resistance to failure coming with increasing rates of loading
was recognised. Similar findings have been obtained from separate experimental investiga-
tions of concrete and reinforcing steel. Especially in the field of concrete investigation, this
phenomenon is a significant field of continuing research and widely known as strain rate
effect [2, 15, 102]. Debate continues about the interpretation of the respective experimental
findings since causal factors leading to them remain speculative.

Back on the special field of dynamic bond behaviour investigation, there are several issues
raising questions to the collected data. The amount of available data is not only limited but
also scattered over a very broad range. The results are, furthermore, seldom comparable:
Different research institutions and laboratories usually employ their own experimental set-up
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1 INTRODUCTION

and imply different geometric, material, and loading conditions. Last but not least, accurate
determination of the dynamic response of specimens is still a challenge as such. Indirect
methods of evaluation combined with the high sensitivity of the measurement technology
often turn the final results into more of an estimate than an accurate recording.

Numerical modelling is not bound to such limitations and can help establish a more sound
relationship between cause and effect. It can be utilised as a powerful tool that complements
experimental studies and contributes to an enhanced understanding of the phenomena.

1.2 AIM AND OBJECTIVE

The work presented herein provides a numerical view of the bond of reinforcement in concrete.
It aims to investigate its loading rate dependent behaviour with the main focus lying on
structural and inertia effects. Material effects are of rather secondary interest. The specific
objectives used to achieve this goal are presented in the following.

In the first step, a numerical model is developed. It accounts for the interaction between
concrete and reinforcing steel and captures phenomena of wave propagation as well as the
effect of inertia. In contrast to most numerical approaches adopted so far, bond is, in
this case, not implemented in the software as an empirical, in advance determined relation
resulting from the calibration on former experimental results, but is achieved due to the
explicit modelling of the main involved physical and chemical effects. This is done in detail
in 3-D, with explicit consideration of the geometry of the rebar ribs and the concrete keys in
between. The advantages of this approach include enriching insights into the local specimen
state and changes occurring in direct connection to varying geometrical, material, and loading
conditions. The quality, credibility, and the limitations of the numerical model are assessed
by comparison with the state of the art knowledge in the field and available experimental
results as well as analytical considerations.

In the second step, the developed model is used as a basis for a series of numerical parametric
studies to extend the perception of the bond behaviour to a wide range of conditions. The
core question of whether and which dependence exists between the bond behaviour and the
rate of applied loading is examined. A parametric study with loading rates ranging between
quasi-static and high dynamic is carried out, and changes in the bond behaviour coming
with the transition from static conditions to dynamic loading are identified.

Given that the hypothesis is proven that strength or rather resistance enhancements arise
with increasing loading rates, further parametric studies follow. Based on the assumption
that the extent of loading rate sensitivity is not fixed but dependent on the respective
calibration of the numerical model, the focus is this time directed towards specific input
parameters which literature identified as in
uential. Pursued is the identification of relevant
in
uences from which ideally conclusions on the origin of the strain rate or rather loading
rate effect can be derived.

Lastly, with regard to simulations of whole reinforced concrete structures, currently available
strategies for effectively incorporating the static and dynamic behaviour of bond into finite
element solvers are reviewed. Based on the findings of the study, weaknesses are identified,
and enhancements are proposed.

2



1.3 OUTLINE

1.3 OUTLINE

This thesis involves eight chapters overall.

After a general introduction to the study in Chapter 1, a comprehensive literature review
on the static and dynamic behaviour of concrete, reinforcing steel, and the bond between
them follows in Chapters 2 and 3. Issues of numerical modelling and wave propagation are
presented in Chapter 4.

In Chapter 5, numerical case studies on different dynamic experimental set-ups are con-
ducted. The first two sections analyse the drop tower set-up in the push-in and pull-
out configuration respectively, while the third section presents the split Hopkinson bar
configuration that was adapted to the needs of bond testing. In Section 5.1, difficulties
connected with the special nature of dynamic bond testing are highlighted. The developed
model is described, calibrated, and validated for the first time. The particular execution
later serves as a reference case for the parametric studies that follow. In Section 5.2, the
assessment of the performance of the model continues. In parallel the interplay of numerical
and analytical methods is exemplified on the preliminary dimensioning process of the ex-
perimental set-up. In Section 5.3, a second version of the model is introduced by utilisation
of a more complex concrete constitutive law that optionally considers strain rate sensitiv-
ity. Differences and similarities between the two versions of the model are documented and
discussed.

In Chapter 6, numerical parametric studies are conducted. In Section 6.1, the loading rate
in
uence is investigated. With the hypothesis proven that a strength or rather resistance
enhancement arises even with no explicitly strain rate dependent material model, in Section
6.2, the study is extended by further, more in-depth search for in
uences associated with
this increase. A first attempt is made to implement concrete inhomogeneity with the use of
random distribution fields and evaluate its effect on the loading rate dependent behaviour
of bond in Section 6.3.

In Chapter 7, different numerical approaches to incorporating the bond behaviour between
concrete and reinforcing steel in large-scale simulations in engineering practice are reviewed.
Shortcomings are presented, and enhancements for both static and dynamic conditions are
proposed.

Finally, overall conclusions are derived, and recommendations for further research are given.
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2 BASICS OF BOND IN REINFORCED CONCRETE

2.1 CONCRETE

2.1.1 Composition

In a first approach, concrete is a type of artificial stone produced for structural application.
It is a composite material obtained by mixing aggregates, cement and water. Cement is a
hydraulic binder that reacts with water, forms crystalline structures and hardens the mixture
such that the aggregates cohere to each other. The final product has a porous structure. Its
properties largely depend on the material composition and processing. A good mixture of
both coarse and fine aggregates ensures the optimal material performance. Grading curves
are designed for this purpose. They precisely define the aggregates size and quantity in
order to minimise the number and size of voids in the hardened concrete. To enhance the
physical and chemical properties of concrete, small amounts of additives and admixtures are
occasionally also included in the mixture.

Concrete includes both pores and cracks from the outset. Drying shrinkage, creep, and tem-
perature in
uences induce an internal stress state in the concrete. As a result, microcracks
form in the cement matrix and primarily in the interface between aggregates and cement.
When load is applied, microcracks grow, and macrocracks are created. The heterogeneity
of concrete is thus not only due to its composition, but also due to the pores and cracks
included in it.

General information on the static uniaxial and multiaxial behaviour of normal-weight con-
crete is given in the following. Light-weight concrete and other forms of special concrete, as
well as creep and shrinkage loading types, are not relevant to this work and are not discussed
further. Information on these issues, as well as more in-depth discussion of normal-weight
concrete, can be found in the relevant literature, see, e.g. [179, 113].

2.1.2 Uniaxial behaviour

Uniaxial states of stress and strain characterise large parts of structures and components of
structures like bars, beams, and columns. Uniaxial concrete testing is furthermore the basis
of design codes like the DIN standards and the Eurocodes. Based on the uniaxial concrete
compressive strength, concrete is sorted into property classes.

Strength anisotropy is one of the fundamental characteristics of concrete behaviour. The
material is about one magnitude stronger under compression than under tension. In the
following, both uniaxial compression and tension are presented.

2.1.2.1 Compression

Stress-strain relations have been established to describe the uniaxial behaviour of concrete.
The respective experimental executions are usually conducted in a displacement controlled
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manner on standard cylindrical or cubical specimens which dimensions are standardised, e.g.
in [34].

Figure 2.1(a) visualises the forces inside an exemplary concrete specimen loaded under uni-
axial compression. For normal-weight concrete, the main load transfer is realised from ag-
gregate to aggregate, since aggregates offer the highest resistance to load. The compressive
stresses concentrate in the coarse aggregates, and the result is a three-dimensional lattice-
like model in which tensile balancing forces are transferred by the cement paste in the space
between the aggregates. The tensile forces are mainly directed perpendicular to the com-
pressive load axis and increase up to a certain point depending on the tensile strength of the
cement paste [170].

Figure 2.1: Concrete under uniaxial compression: (a) force transfer inside the specimen and (b)
schematic stress-strain relation, according to [179].

A schematic stress-strain relation for concrete subjected to uniaxial compression is given in
Figure 2.1(b). During the first stage of load application, and up to � 40% of the uniaxial
concrete compressive strength fc, concrete behaves nearly linearly elastic. With further in-
crease of load, microcracks, which are included in the concrete already before the application
of external load, grow. This growth occurs most notably in the interface zone, parallel to
the axis of compressive loading and perpendicular to the direction of the main balancing
tensile forces. The more load gets applied, the more strain increases compared to stress.
The stiffness decreases, the stress-strain curve 
attens, and the deviation from the linear-
elastic material behaviour gets more pronounced. Macrocracks form and increase until the
concrete compressive strength is reached. The concrete structure loosens, and the stress
reduces steadily, marking the post-cracking behaviour of concrete. Failure occurs when the
equilibrium related transverse tensile stresses reach their maximum.

The focus now moves to the response of concrete in the transverse direction. As a general
rule, the transverse strain sign is the opposite of the sign of the strain in the main loading
direction. In the case of uniaxial compressive loading, where the material is free to deform
in every direction other than the main one, the transverse strain is positive. Cracks form,
the concrete structure loosens, and the material expands in the transverse direction. The
Poisson’s effect describes the above phenomena. The respective Poisson’s ratio captures the
ratio between the transverse and the longitudinal strain. For concrete in the linear-elastic
range, typical values are between 0.15 and 0.22. The same values apply for tensile load
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application. From the perspective of volumetric strain, the volume of concrete specimens
under uniaxial compression decreases first and increases afterwards due to loosening when
the principal stress reaches � 80% of the concrete compressive strength.

The failure patterns of concrete specimens under uniaxial compression are in
uenced both
by the Poisson’s effect and friction. Failure usually occurs in middle height, with the final
specimen resembling the shape of an hourglass, see Figure 2.2. Friction in
uences failure in
so far as it restrains the specimens lateral expansion near its ends. A standard method for
avoiding this effect is the introduction of a friction-reducing intermediate layer between the
concrete and the testing machine.

Figure 2.2: Schematic fracture patterns of concrete specimens under uniaxial compression, ac-
cording to [179].

2.1.2.2 Tension

The capacity of concrete to transfer tensile stresses is limited. This limitation constitutes
the materials major weakness. Commonplace structural design calculations for the ultimate
limit state usually presume a cracked reinforced concrete structure and completely neglect
the tensile strength of concrete. Concrete tensile strength is, however, taken into regard
for calculations for the serviceability limit state. It is, moreover, relevant in the case of
plain concrete structures and indeed essential for the bond behaviour between concrete and
reinforcing steel, see Section 2.3. In the following, a brief description of the response of
concrete under uniaxial tensile loading is given.

The tensile strength of concrete is, in most cases, connected to the tensile strength of the
hardened cement paste. As soon as a sufficient number of cracks forms in the cement paste,
tensile forces stop being transferred between the aggregates, and the concrete structure
fails. Concrete tensile strength generally accounts for � 10% of the respective compressive
strength. There are three experimental methods to measure concrete strength in tension:
direct tension tests, 
exure tests, and splitting tension tests. Direct tension tests are the
most straightforward method but difficult to execute. The other two methods are more
common. Since the direct tension value is used in design codes, the respective values are
after that empirically converted into direct tension strength values. In each case, uniaxial
concrete tensile strength shows wider scattering than the respective compressive strength
ones. More information is given in [35, 36].

Figure 2.3(b) shows a typical stress-strain relation for concrete subjected to uniaxial tensile
loading. The initial response is again linear-elastic, but in comparison to the compressive
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behaviour shown in Figure 2.1(b) more pronounced and observed up to � 70% of the concrete
tensile strength fct. From this point on, existing microcracks grow further, start forming
macrocracks perpendicular to the axis of tensile loading, see Figure 2.3(a), and the non-
linearity of the stress-strain curve increases. A sudden or rather brittle failure with almost
no post-cracking behaviour follows. Damage is locally restricted and usually initiates at the
weakest cross-section of the specimen.

Figure 2.3: Concrete under uniaxial tension: (a) localisation of failure inside the specimen and
(b) schematic stress-strain relation, according to [179].

2.1.3 Multiaxial behaviour

Systematic research has been undertaken to investigate the multiaxial behaviour of concrete.
First attempts focused on the special case of biaxial behaviour, which mostly applies to plates
and shells. Important contributions are documented in, e.g. [78, 118, 147, 153].

2.1.3.1 Biaxial behaviour

While stress-strain relations describe the uniaxial behaviour of concrete, failure curves in
the two-dimensional principal stress plane describe the biaxial behaviour. States of stress
where failure occurs are marked by dots which, if connected by lines, assemble the biaxial
failure envelope. Principal stress combinations lying outside this envelope indicate cracked
or completely damaged material.

Figure 2.4 shows experimental results. They were reported by Kupfer et al. [78] and describe
the biaxial behaviour of concrete. Similar series of experiments, independently performed
by other researchers indicated no significant differences. The curve visualises the concrete
strength depending on the stress state. All values in the diagram are given as a function
of the respective uniaxial strength. For biaxial compression, values are found in the third
quadrant and exceed the uniaxial strength by 20% to 40%. The combination of applied
compressive and tensile stresses in the second and fourth quadrant has a negative effect on
the achievable strength. When concrete is, on the other hand, loaded by tensile stress in
both directions, strength is not significantly less than in the uniaxial case. The first quadrant
shows the respective behaviour.
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Figure 2.4: Concrete under biaxial loading, according to [179].

2.1.3.2 Triaxial behaviour

A failure surface in the three-dimensional principal stress space describes the triaxial be-
haviour of concrete. A schematic illustration is given in Figure 2.5. Concrete under biaxial
loading, presented in Section 2.1.3.1, is a special case of concrete under triaxial loading.
The respective results are found on the three section planes that run through the origin
of the coordinate system and are perpendicular to the coordinate axis. Irrespective of the
stress state in the concrete, failure is assumed to always initiate in a similar manner due to
softening. Even in the case of complex, mostly compressive stress states, failure occurs when
cracks form due to transverse tensile stresses that have reached the tensile strength of the
cement paste. Multiaxial loading either opposes or enhances the transverse strain due to the
Poisson’s effect. Compared to the respective uniaxial case, concrete loosening comes either
later or earlier. Concrete strength is consequently either increased or decreased. Depending
on the level of confinement provided, concrete cracking can, under certain circumstances,
delayed significantly. That way, extremely high stresses can be achieved and sustained. In
the case of triaxial compression, the behaviour of concrete becomes increasingly ductile, with
failure taking place by internal crushing.

The multiaxial behaviour of concrete can be described analytically. In this regard, a distinc-
tion is generally made between deviatoric and hydrostatic stresses, with most stress states
being a combination of both. Hydrostatic pressure describes stress states with identical
principal stresses in all three directions. The deviatoric plane is identified perpendicular to
the hydrostatic pressure axis. Hydrostatic pressure is related to changes in volume, while
deviatoric stress is related to changes in shape. For a given hydrostatic pressure, concrete
failure occurs, when the corresponding deviatoric component is reached. The higher the hy-
drostatic pressure is, the higher the corresponding deviatoric stress component. It is worth
mentioning that the failure curve in the deviatoric plane is not rotationally-symmetric, but
exhibits a threefold symmetry with the so-called tensile meridians lying closer to the hydro-
static pressure axis than the compressive meridians, see Figure 2.5. The deviation between
them is especially pronounced for small compressive and tensile hydrostatic pressure values,
where the failure curve in the deviatoric plane is nearly triangular. The difference becomes
increasingly lower the higher the hydrostatic pressure in the compressive range is. For very
high pressures the failure curves in the deviatoric plane appear almost circular.

9



2 BASICS OF BOND IN REINFORCED CONCRETE

Figure 2.5: Concrete under triaxial loading, according to [179].

2.1.3.3 Compaction behaviour

Concrete is a porous material that undergoes compaction when loaded under hydrostatic
compressive pressure. The phenomenon is physically connected to the collapse of pores in
the cement matrix. It can be described by the hydrostatic pressure versus volumetric strain
curve, which considers the history of loading and unloading. The curve is a key characteristic
of the concrete compaction behaviour and, depending on the inner pore structure, generally
highly non-linear.

Exemplary compaction curves for concrete recorded by Green and Swanson [59] are given
in Figure 2.6. Three compaction stages can be distinguished. The first is identified as
purely elastic and is determined by the stiffness and strength of the material. It lasts until
the beginning of the pore collapse. Thereupon, at comparably low levels of confinement,
irreversible material damage occurs. Pore collapse initiates, and the volumetric stiffness or
rather bulk modulus decreases. The cohesive inner structure of the material is destroyed
and pulverised. At this stage, intermediate unloading of concrete leads to higher densities
than the original density. The final compaction stage is reached under even higher pressures.
Here, the bulk modulus is even higher, and the pores and voids are considered largely closed.
From a certain point on, the slope of the curve increases no more, since the material is
entirely compacted, and the maximal density of concrete particles is reached. Here, concrete
behaves almost like a compact material, with further loading resulting in a deformation of
the concrete particles themselves.

Experimental data on the compaction behaviour of concrete are hard to obtain and therefore
usually restricted to moderate confining stresses. Most studies on the compaction behaviour
of cementitious materials were carried out on plain mortar specimens, see, e.g. [19, 134].
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Extensions to concrete samples under intermediate to high confinement levels are presented
in, e.g. [54, 59].

Figure 2.6: Exemplary concrete compaction curve measured by Green and Swanson [59].

2.2 REINFORCING STEEL

2.2.1 Basics

Reinforcing steel is introduced into structures in order to compensate the weakness of con-
crete in tension and transfer the bulk of tensile stresses in the structure. More details to the
operating system of reinforced concrete are given in Section 2.3. Reinforcing steel is available
in the form of bars, wires, and welded fabric. In the following, more information are given
on the first form, bars.

National and international product standards specify the properties of reinforcing steel.
The designation of reinforcement usually includes geometrical, mechanical, and technolo-
gical properties. The first property set includes size (nominal reinforcing bar diameter) and
surface characteristics (ribbed, plain or indented surface with further specification of the rib
parameters in the case of ribbed bars). The second property set specifies parameters like the
upper and lower yield strength, the tensile strength, the elastic modulus, the strain at the
maximum stress, and the ductility of steel. Concerning technological properties, weldability
is the main point of interest. A schematic illustration of the geometrical properties of typical
ribbed reinforcing steel that is relevant for this study and standardised in DIN EN 10080
[33] is given in Figure 2.7.

2.2.2 Material behaviour

Steel bars embedded in reinforced concrete structures are primarily loaded under tension
in the direction parallel to the bar axis. A schematic stress-strain relation of conventional
reinforcing steel is given in Figure 2.8. For the design of concrete structures, the elastic mod-
ulus E and the initial yield stress fy are considered the most important material properties.
They often amount to 210 GPa and 500 MPa, respectively. The diagram illustrates that the
first response is linear-elastic until the initial yield strength is reached. The corresponding
stress value is maintained within the following strain range, and a yield plateau is built.
When strain is increased further, stress increases again, and the strain-hardening regime is
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Figure 2.7: Schematic illustration of typical reinforcing steel bars standardised in DIN EN
10080 [33], according to [179].

entered. This regime is maintained until the ultimate tensile strength of steel, which is usu-
ally 30% to 60% higher than the initial yield strength. From the point in time when necking
of the reinforcing steel bar begins, stress reduces until the maximum strain is reached. The
reinforcing bar starts to fracture and loses its load bearing capacity.

Figure 2.8: Schematic stress-strain relation for typical reinforcing steel, according to [52].

2.3 BOND

2.3.1 Basics

The bond between concrete and reinforcing steel provides the fundamental mode of action
of reinforced concrete. Embedding steel in concrete should be done in a manner such that
concrete resists the compressive stresses acting in the structure, and steel the tensile ones.
The principle draws on the high compressive strength of concrete while at the same time it
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compensates for the weak performance of concrete under tension. Once the tensile stresses
exceed the load bearing capacity of concrete, cracks form. In the cracked cross-section, tensile
forces are fully transferred by the reinforcement, whereas between cracks, concrete and steel
interact, and tension is resisted by the bond between them, see Figure 2.9. Provided there is
sufficient spacing between the cracks and adequate concrete cover, further loading results in
a further increase of the tensile stress in the reinforcing steel and the concrete in the vicinity
of the reinforcement. New concrete cracks form once the tensile stress of concrete is again
reached. Cracking usually occurs in mid-length between existing cracks [53].

Figure 2.9: Cracking model with schematically indicated transfer of tensile forces into the con-
crete, according to [179].

The bond stress � is used to assess the transfer of forces from the reinforcing steel bars to
the surrounding concrete. It is defined as the rebar-axis-parallel stress component acting at
the interface between concrete and reinforcement. In some cases, that component is called
shear. Bond stress building up between two cracked cross-sections comes with a reduction in
the tensile stress in the bar. The change of force between two cracked cross-sections provides
a first reasonable estimate of bond stress in reinforced concrete structures. The concept
is particularly accurate in the case of smooth bars, where force is transferred by adhesion
and friction. For ribbed bars where mechanical interaction is additionally involved, reducing
bond action to bar-parallel force transfer is a very simplified idealisation, since the stress
state of the concrete near the rebar is more complicated. More details are presented in the
following.

The bond stress-slip relationship has been established to assess and describe the behaviour of
bond. It puts the transferred bond stress into relation with the slip, i.e. the relative displace-
ment between concrete and steel. The bond stress-slip relationship is not an actual material
model, but a material model-like relationship used to capture the complex interactions in
reinforced concrete in a very efficient way [179].

2.3.1.1 Force transfer mechanisms

The bond behaviour between concrete and reinforcing steel is controlled by force transfer
mechanisms. There are three main force transfer mechanisms: chemical adhesion, friction,
and mechanical interlocking [82]. The contribution of each of them depends on the properties
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of the reinforced concrete components. In the case of concrete, the material composition is
decisive, whereas in the case of reinforcement the geometrical properties are predominant.
Chemical adhesion and friction are determining the bond in the case of smooth bars, while
for ribbed bars mechanical interaction is the most important mechanism. Separation of the
contribution of these mechanisms is experimentally infeasible since, for the most part, they
act simultaneously.

2.3.1.2 Crack patterns

For ribbed bars, after the first stage of adhesive bond action, the force transfer is predom-
inately controlled by the steel ribs bearing against the surrounding concrete. Cone-shaped
transverse cracks form when the forces acting on the concrete get more concentrated. At this
point, slip mainly results from the bending of the concrete keys and some limited crushing
of the concrete near the ribs [49].

The bearing force of ribbed bars is inclined with regard to the reinforcing bar axis. It can be
split into a bar-parallel and a bar-perpendicular component. The first was already mentioned
as the one from which the bond stress is calculated. The latter is perpendicular to the first
and leads to circumferential tensile balancing stresses in the concrete. These tensile stresses
may result in the development of radial cracks as indicated in Figure 2.10.

Figure 2.10: Crack patterns in the concrete, according to [139].

2.3.1.3 Failure modes

Eventually, a distinction is made between two different modes of bond failure. In the case the
radial cracks propagate all the way through the concrete cover and reach the outer surface,
failure is achieved due to splitting. This mode of failure is connected to a sudden drop of
bond stress as indicated in Figure 2.11.

In the case the concrete cover is adequate and large enough to prevent splitting, failure
occurs in the mode of rebar pull-out or push-in. A sliding plane around the bar is created, and
friction between the inner and the outer plane becomes the primary force transfer mechanism.
The point of transition between mechanical interaction and friction is dependent on the
resistance of the concrete keys against shearing off. Another possible failure mechanism
that is not of interest in experimental investigations and is often not explicitly mentioned
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Figure 2.11: Schematic bond stress-slip relations and phases of the interaction between concrete
and steel, according to [179].

is yielding of the steel rebar. This failure mode is mostly relevant for long bond zones and
dynamic load introduction.

2.3.2 Experimental investigation

2.3.2.1 Set-ups

In reinforced concrete structures, bond failure is most often achieved due to rebar pull-
out and splitting. Different experimental set-ups have been designed to test the respective
failure modes. An overview of experimental set-ups documented in the relevant literature is
given in Figure 2.12. The so-called beam test and the pull-out test are considered the most
appropriate ones. First attempts to standardise them were made in the 1970s by RILEM
[136, 137]. Generally, specimens with smaller, more compact dimensions are favoured over
large-format specimens due to their more comfortable manufacturing, handling, and overall
test execution. Pull-out tests are therefore widely established. Their results represent the
majority of the published literature data on bond. The dimensions of the concrete specimens
vary and reach up to 200 mm in diameter, in the case of cylinders, or edge, in the case of
cubes. The bond zone length is usually chosen between one and five times the rebar diameter.

2.3.2.2 Evaluation

Experimental testing of bond aims at its qualitative and quantitative description. For that
purpose, as already mentioned, bond stress-slip relationships have been established. The
primary difficulty in their derivation consists in the fact that bond stress cannot be measured
directly and the same applies to slip. The particular nature of bond necessitates the use of a
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Figure 2.12: Different experimental set-ups for bond testing, according to [6].

multitude of assumptions. Bond tests are usually either loading or displacement controlled.
In both cases, the force transferred by the bond is directly available either as the force
applied by the loading machine or as the support reaction force that can easily be measured
with the use of a load cell positioned underneath the specimen. Dividing the force by the
nominal bond surface yields the bond stress. The result is anapproximation that assumes a
uniform bond stress distribution over the whole bond zone length. Slip is defined as relative
displacement between concrete and reinforcing steel. Its calculation is, nevertheless, done
on the base of local steel displacements measured near the free or the loaded end of the
rebar. With their use, the mean displacement in the bond zone isestimated. Concrete
displacement is usually entirely neglected, which equatesslip with the rebar displacement in
the bond zone.

2.3.2.3 Identified in
uential factors

The behaviour of bond is dependent on a series of in
uences. Agood summary of them is
presented by Lindorf [88], who categorised the factors intomaterial, geometry, and loading
related ones.

There are some in
uences on which consensus has been reached. They include the quality
of concrete, the concrete cover, the effect of confinement,transverse reinforcement, and the
casting direction with regard to the rebar axis. There are, however, also in
uential factors
like the nominal reinforcing bar diameter and the bond zone length, which effect has not
yet been clarified. As mentioned above in Section 2.3.2.2, there are considerable difficulties
in the experimental evaluation of bond tests. Establishingclear causal relations between
the bond behaviour and speci�c in
uential factors is a difficult task. A significant amount
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