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Abstract

Composite materials have been receiving growing attention in recent years. In a compos-
ite, material components are combined in a way that their respective strengths are opti-
mally employed. The work at hand has originated from the research on textile reinforced
concrete (TRC) that uses high strength textiles embedded in a fine-grained cementitious
matrix to compensate for its low tensile strength. Moreover, this combination of materials
leads to quasi-ductile tensile behavior as required for load carrying structural elements.

The thorough understanding and simulation of the mechanical behavior of composites is
still a demanding task. In TRC both the reinforcement and the concrete matrix exhibit
heterogeneity on similar scales of resolution. The failure of matrix, reinforcement or
bond causes a localization of interacting damage mechanisms. The available micro- and
meso-scale models regard these effects but the implied numerical effort restricts their
applicability to the simulation of only small parts of a structure. Macro-scale models
disregard the complex damage mechanisms and are limited to problems with homogeneous
or periodic stress and strain fields.

The work at hand proposes the adaptive multi-scale simulation of TRC for an efficient
solution of more general problems (e.g. boundary effects or shear zones). The method
demands for new concepts both in the field of modeling and in the design of suitable
simulation software.

A multi-scale modeling approach is presented that allows for adaptive enrichment of an
initially coarse model. It accounts both for the discontinuity in the matrix field and for
the local effect of debonding. For efficiency reasons the material structure is resolved only
where needed, namely in the vicinity of the crack bridges and in the boundary zones.
For the sake of explanation simplicity, the modeling approach is exemplified for the one-
dimensional case. No significant enhancements for two and three dimensional cases should
be necessary.

The triggering event for the adaptive model refinement is the development of a crack. The
time stepping algorithm must monitor the material state, scale the time step appropriately
and then modify the discretization. It is shown that a thoughtless implementation of the
adaptive rules within the time stepping algorithm breaks the principles of information
hiding and encapsulation. Instead, an adaptive time-stepping framework is presented that
allows for the structured extension of object-oriented finite element code with additional
adaptive features. The design takes into account not only the requirements of the TRC
multi-scale simulation but also the demands of several other adaptive applications. The
concept of adaptive strategies is introduced that aims at encapsulating the application
specific adaptive features and thus keeps the time stepping algorithm clear of special
purpose code. The realization of the target applications within the presented framework
demonstrates the applicability of the chosen design in various contexts.

Keywords Adaptivity, Multi-scale Simulation, Object-Orientation, Extended Finite El-
ement Method, Textile Reinforced Concrete
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Kurzfassung

Verbundwerkstoffe haben in den vergangen Jahren zusehends an Bedeutung gewonnen.
Durch die Kombination verschiedener Werkstoffe werden die jeweiligen Stiarken der Kom-
ponenten gezielt ausgenutzt. Die vorliegende Arbeit entstand im Rahmen der Erforschung
und Entwicklung von textilbewehrtem Beton, bei dem Bewehrungsmatten aus hochfesten,
korrosionsbestdndigen Fasermaterialien in eine Betonmatrix eingebracht werden, um so
die fiir tragende Bauteile notigen Festigkeiten und ein quasi-duktiles Verhalten zu er-
reichen.

Das Verstandnis und die Simulation des mechanischen Verhaltens von Kompositen stellt
nach wie vor eine groke Herausforderung dar. Textilbeton ist durch die ausgeprigte
Heterogenitit von Bewehrung und Betonmatrix geprégt, so dass das Versagen einer
Komponente oder ihres Verbunds zu einer Lokalisierung der miteinander interagieren-
den Schédigungsmechanismen fiihrt. Die verfiigbaren Mikro- und Mesomodelle bilden
diese Effekte teilweise ab, sind aber durch den numerischen Aufwand auf kleine Teilbere-
iche wie z.B. einzelne Rissiliberbriickungen beschriankt. Makroskopische Modelle dagegen
vernachléssigen die komplexen Schidigungsmechanismen und sind in ihrer Anwendbarkeit
auf Spezialfille begrenzt.

Ziel dieser Arbeit ist es, Grundlagen fiir die effiziente Losung allgemeinerer Problem-
stellungen zu schaffen (z.B. zur Beriicksichtigung von Randeffekten oder Schubzonen).
Ein Verfahren fiir die adaptive Mehrskalensimulation wird entwickelt, das sowohl in der
Modellierung von Textilbeton als auch im Entwurf geeigneter Simulations-Software neue
Konzepte erfordert.

Daher wird ein Mehrskalenansatz formuliert, der die adaptive Verfeinerung eines an-
fanglich groben Modells erlaubt. Der Ansatz basiert auf der lokalen Auflésung der Mate-
rialstruktur, der diskreten Modellierung von Rissen und einer risszentrierten Verfeinerung
des Ansatzraumes zur verbesserten Abbildung des Abloseverhaltens. Die schrittweise En-
twicklung des Ansatzes wird am Beispiel eines eindimensionalen Dehnkérpers verdeutlicht.

Der Skalenwechsel im Rahmen einer adaptiven Simulation wird durch die Entstehung eines
Risses ausgelost. Der Steuerungsalgorithmus muss dazu den Zustand der Betonmatrix be-
werten, den Zeitschritt geeignet anpassen und schlieflich den Modellwechsel vollziehen.
Es wird gezeigt, dass eine direkte Implementierung dieser adaptiven Schritte innerhalb der
Standardalgorithmen das Prinzip der Datenkapselung verletzt, welches aber insbesondere
bei umfangreichen Programmsystemen unabdingbar fiir deren Pflege und Erweiterbarkeit
ist. Stattdessen wird eine strukturierte Erweiterung der Zeitschrittverfahren durch adap-
tive Regeln angestrebt. Fiir den Entwurf einer geeigneten Architektur werden neben der
mehrskaligen Simulation auch die Anforderungen weiterer adaptiver Anwendungen einbe-
zogen. Das Konzept der Adaptiven Strategien wird eingefiihrt, um die problemspezifischen
adaptiven Erweiterungen von den allgemeingiiltigen Losungsalgorithmen zu trennen. Die
Vielféltigkeit des entwickelten Simulationsrahmens wird anhand der beispielhaften Um-
setzung von drei adaptiven Anwendungen demonstriert.

Schliisselworter: Adaptivitat, Mehrskalensimulation, Objektorientierung, XFEM, Tex-
tilbewehrter Beton
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Chapter 1

Introduction

1.1 Motivation and goal setting

Composite materials have grown in popularity in recent years. The combination of several
material components allows for an optimal exploitation of their respective strengths and
advantages. In the construction industry, steel reinforced concrete is the traditional appli-
cation of this concept: Concrete as a rather cheap basis material has a high compressive
strength but suffers from a significantly smaller tensile strength. The steel reinforcement
is used to overcome this deficiency by placing it in the direction of the expected tensile
stresses.

Textile-reinforced concrete (TRC) is a relatively new composite material that employs the
high strength of textile fabrics for the reinforcement of the brittle concrete. The fabrics are
produced from rovings where each roving consists of several hundreds of filaments made
from alkali-resistant glass, carbon or aramid. In contrast to steel reinforced concrete,
the usual protective concrete cover of 30 to 50 mm can be omitted since the textile
reinforcement is usually not affected by corrosion. As a consequence, very slim and light-
weight structures become possible opening new fields of application for concrete based
materials.

In comparison with other composite materials, textile reinforced concrete exhibits a high
degree of heterogeneity and imperfections requiring special treatment in the development
of numerical models. The heterogeneous nature of both the matrix and the reinforce-
ment results in overlapping scales of material structure not present in most other types
of composites. As a consequence, the damage localization process of textile reinforced
concrete exhibits interactions between elementary failure mechanisms in the matrix, in
the reinforcement and in the bond. Due to these interactions, the existing models for
concrete and composites are not directly applicable for textile reinforced concrete.

This deficiency led to the development of several TRC models that are distinguished into
micro—, meso— and macro-scale models (Fig. [l.1). The three levels of abstraction differ in
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their resolution of the material, the damage effects taken into account and the intended
target applications.

micro

components: - fibers
- matrix

meso

components: - yarns
- matrix

macro

components: - smeared concrete
- smeared textile reinforcement

Figure 1.1: Scales of the material structure with the corresponding resolution of the compo-
nents.

Macro-scale models aim at the computation of complete structural components. A
smeared representation of the material components is applied idealizing the textile re-
inforcement as a layer or by combining it with the concrete matrix into a single effective
material.

On the meso-scale an idealized structure of the yarns is used, either as a monolithic bar
or by dividing its cross section into a small number of sections or layers. These filament
groups are usually equipped with different bond characteristics in order to reflect their
varying connection to the matrix. As a consequence, meso-scale models require effective
bond laws for yarns with irregular bond to the concrete matrix. Since crack bridges play
an important role, meso-scale models must account for the effects of both a single crack
bridge and the mutual interaction of multiple crack bridges.

The micro-scale has its focus on the single filaments and their bonding to the matrix.
The filaments differ in their orientation and the quality of their connection to the matrix
and to other filaments. Furthermore, they vary in strength and cross section not only
from one to another but also over their length. The resolution of the yarn into the large
number of filaments is usually not practicable. Instead, the filaments are assembled into
representative groups such that the variability of matrix penetration and bond and the
scatter in the material properties can still be reflected by the models.

The localization of concrete matrix damage in macroscopic cracks in combination with
the heterogeneous bond structure results in an outstanding role of crack bridges in textile
reinforced concrete. Stresses and strains show high gradients in the vicinity of crack
bridges and the need for a detailed representation of these fields around the crack bridges
is evident. The available micro and mesoscopic models are restricted to small parts of
a structure due to their computational complexity. Phenomenologic macroscopic models
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on the other side are limited to special cases with homogeneous or periodic distribution
of stresses and strains (for example tensile components) and they lack the required level
of detailedness. However, using a coarse scale model where applicable and lower scale
models where required lets one combine the advantages of both worlds effectively into a
multi-scale approach.

The multi-scale modeling approach presented in this work is intended to close the gap
between the efficient macro-scale models and the more detailed meso-scale models. The
focus is on the crack bridges and the mutual interaction of neighboring crack bridges.
Starting from a macro-scale approximation with efficient composite fields, the approach
resolves the material into its components. For the sake of efficiency this is done only
where the relative displacement (slip) between the components occurs namely (1) in the
debonding zones around cracks and (2) at the boundaries of a domain. Furthermore, the
approach utilizes the relatively new enrichment techniques XFEM |Belytschko et al.|2003]
and GFEM [Strouboulis et al.|2000] that augment the standard finite element approxima-
tion space with additional functions. Here, the enrichments are employed to approximate
both the matrix crack discontinuity and the debonding process in an explicit form.

crack
s

Etfective tield

reinforcement

(a) (b)

Figure 1.2: Model switch from (a) an effective field to (b) a locally resolved and refined two
field problem.

With this model at hand, we can adaptively refine an initially coarse discretization
(Fig. [1.2). Here, the triggering event for refinement is initiated from the material level
indicating the development of a new crack. For that purpose it is necessary to monitor
the crack development criteria and adapt the time step such that the failure point of the
concrete matrix is exactly found. Only then it is admissible to apply the crack bridge
refinement to the discretization.

The question arises how such adaptive rules can be defined within a simulation framework.
To analyze the required extensions, it is mandatory to review an existing non-adaptive
design. In this work, the focus is on modern object-oriented designs that break down the
complexity of the finite element codes by means of encapsulation. There is a broad range
of approaches found in the literature e.g. in [Mackie| 2000/ Miller|1991! Zimmermann|
et al.[[1992; Mackerle|2004]. The diversity of approaches makes it difficult to formulate
the extensions in a general way. Instead, the abstraction shall be pushed forward to
a complete separation of the time-stepping control and model representation into two
autonomous classes: TimeLoop and TimeStepper.

The TimeLoop represents the time-stepping algorithm that discretizes the continuous
time domain into equidistant time steps and computes the single time steps by applying
Newton’s method. The TimeStepper acts as the counterpart of the TimeLoop, holds the
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model representation and provides the required corrector and predictor values. While the
time-stepping algorithm is formulated in a generic form, the application-specific parts are
factored out into the TimeSteppers. The finite element domain is one specialization of
the TimeStepper concept.

Still, this design is not suited well for the direct implementation of adaptive features.
Its key feature is the additional layer of abstraction placed between the time-stepping
algorithm and the actual representation of the problem. Analyzing the given architecture,
it is shown that adaptive features can be added to neither the time stepper nor the time
loop without breaking fundamental design rules. While the former one manages only
the space discretization, the latter one controlls the time discretization. The adaptive
features require modifications of both. The principle of data hiding is broken if either
part is empowered to modify the internal state of the other.

A second problem arises from the fact that adaptive rules are rather problem-specific.
From the programmer’s view, the introduction of special purpose functionality into central
code components like the time loop limits code reuse, makes maintenance difficult and
renders adaptation of the code an error-prone task. With a growing number of adaptive
applications, the degeneration of an initially clean code structure would be a question of
time. Hence, a more flexible and elegant design of the adaptive simulation framework is
aspired.

The adaptive framework shall be developed not only for the application at hand but
with the goal of general applicability for adaptive computations. Therefore several other
adaptive approaches are analyzed in order to identify the commonalities. The traditional
adaptive techniques for model refinement and coarsening are reviewed before more specific
applications from the fields of textile reinforced concrete and probabilistic adaptivity are
addressed. The applications have in common that they require algorithmic extensions
for an event-driven resolution of a material structure and an intelligent control of the
time step. The respective requirements are assembled in order to ensure the universal
applicability of the framework.

TimeLoop > TimeStepper

+ get_corr_pred()

4

AdaptiveStrategy

?

Figure 1.3: Non-adaptive architecture with time loop and time stepper and the planned exten-
sion with adaptive strategies.
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Four points in the time-stepping algorithm are identified that suffice to add the adaptive
features. These points are

1. the initialization before the computation starts,
2. handling of events during the iteration,
3. on successful equilibrium and

4. on iteration failure.

The key feature of the chosen design is the introduction of a third component, the Adap-
tiveStrategy, holding the adaptive rules. Instead of writting numerous special-purpose
time-stepping algorithms, the time loop is configured with the specific strategies. Fig.
illustrates the strategy in relation to time loop and time stepper. The design establishes
a flexible but efficient coupling between the central components. The collaboration of
time loop and adaptive strategy is based on the Strategy Pattern |Gamma et al. [1993|
which propagates the outsourcing of exchangeable algorithmic components into another
component, the strategy. The interface must be sufficiently rich for the realization of
different adaptive extensions without the need to modify the time-stepping algorithm.

The two man goals of this work can be summarized as follows:

1. A multi-scale modeling approach is to be developed that is capable of adaptively
refining an initial macro-scale model by resolving the material structure. Cracks
and debonding process shall be accounted for in an explicit form. The increased
resolution shall be applied only where needed i.e. where slip between the matrix
and the reinforcement occurs.

2. The required extensions to a finite element software framework must be identified.
In order to achieve a general design, the requirements of other adaptive problems
shall be taken into account. The interface between adaptive extensions and standard
time loop must be defined in a minimal but sufficient way. The applicability of the
adaptive framework shall be demonstrated by realization of the target applications
and giving examples on how to define the adaptive rules within the framework.

In order to fulfill above goals, methods from the fields of structural mechanics and com-
puter science are employed. The development of the multi-scale model requires detailed
knowledge on the material to investigate and on the multi-scale variational formulation
of a boundary value problem. The finite element method is used in combination with
its modern extensions XFEM and GFEM. The design and implementation of the compu-
tational framework falls into the category of object-oriented software design. Although
these two domains seem to be very different, both aspects must be accounted for to realize
a multi-scale framework for the adaptive computation of a composite material.
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1.2 Overview of dissertation

The remainder of this work is organized as follows:

In Chapter [2| the ingredients of textile reinforced concrete, namely the filaments, yarns,
textiles and concrete mixtures, are described and an overview of the available models is
given.

Chapter [3] summarizes the available techniques for enriching the finite element approxi-
mation space with additional functions. In particular, the XFEM and GFEM methods
are described.

Chapter | presents a step-wise development of the chosen multi-scale modeling approach.
A two-phase medium with discrete cracking in the matrix and explicit representation of
the debonding is considered. The evolving approaches are compared and evaluated with
respect to their efficiency and suitability for implementation.

The adaptive refinement of an initially coarse model requires extensions to the simulation
framework. Chapter 5| recapitulates an object-oriented design of non-adaptive simulation
software. It is shown that an unreflected implementation of adaptive rules within the
given architecture violates the key principle of information hiding.

In order to prepare the simulation framework for arbitrary adaptive applications, differ-
ent adaptive tasks shall be analyzed in Chapter ] The goal is to find commonalities
in these approaches such that a requirement catalog can formulated. The traditional
adaptive techniques for model refinement and coarsening are reviewed before addressing
more specific applications from the fields of textile reinforced concrete and probabilistic
adaptivity. For each application the required extensions to the model, the data tracing
and the control structures are identified.

The object-oriented design of the adaptive framework is presented in Chapter ] The
concept of “Adaptive Strategy” is introduced which aims at a clean structure of the system,
separating the problem specific adaptive features from the given implementation of time
and space discretization. The focus is on the sustainable extensibility with respect to
future applications.

Chapter [§|shows the realization of the presented target applications within the developed
framework. The problem specific adaptive features are encapsulated in concrete Adap-
tive Strategies. Numerical examples for one- and two-dimensional sample problems are
provided.

Chapter [ concludes the work and gives an outlook on future research tasks.



Chapter 2

Modeling of Textile Reinforced
Concrete

This chapter gives a short introduction to textile reinforced concrete (TRC) and the avail-
able numeric models. After some introductory remarks on TRC, the material components
are described. Their heterogeneous structure prevents from direct application of the exist-
ing models for steel reinforced concrete. The models developed for TRC are reviewed and
categorized with respect to their intended scale of material resolution (namely the micro-,
meso- and macro-scale). The chapter concludes with a discussion of the available models
and their limited applicability in the simulation of general multi-cracked structures.

2.1 Introductory remarks

Textile reinforced concrete is a rather new composite material that combines multi-axial
textile fabrics with fine grained concrete. In Fig. R.I|TRC is opposed to the traditional re-
inforcement techniques, steel reinforcement and short fibers. Compared to steel reinforced
concrete, TRC requires only minimal concrete coverage due to the corrosion-resistant re-
inforcement material. As a consequence, very thin-walled structural elements become
possible. In contrast to fiber reinforced concrete, TRC uses technical textiles that are
oriented in the direction of the main tensile stresses resulting in a high efficiency of the
used reinforcement material.

Textile reinforced concrete is currently investigated in two collaborative research centers
both sponsored by the German Research Foundation (Deutsche Forschungsgemeinschaft,
DFG): While the SFB 532 at RWTH Aachen University has its focus on the development
of prefabricated TRC components, the SFB 528 at Technische Universitat Dresden aims
for the structural strengthening of existing structures. Apart from these projects further
research is conducted e.g. in USA [Dubey|2006|, Israel [Peled|2005|, UK [Purnell and
Beddows| [2005|, Greece [Papanicolaou et al.| 2005/, Belgium [Cuypers et al.|2003| and
Canada |Aldea et al.[|2001]. A state of the art report on textile reinforced concrete has
been published by the RILEM Technical Committee 201-TRC |Brameshuber |2006.
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steel reinforced fiber reinforced textile reinforced
concrete concrete concrete

T

H

s ) .
concrete matrix \ ~= glass fibers — textile fabrics

mmmm steel reinforcement

Figure 2.1: Textile Reinforced Concrete (TRC) in comparison with steel reinforced and short
fiber concrete [Hegger et al.|2006].

2.2 Material components

Textile reinforced concrete is made from technical textiles embedded in a high strength
cementitious matrix. The textiles are produced from multi-filament yarns. Starting with
the basis material, the filaments, their assembling into yarns and the production of textile
fabrics are described.

2.2.1 Basis materials and filaments

Textile reinforced concrete employs textiles for bearing the tensile load in a multi-cracked
concrete component. The fiber material must have a high tenacity and breaking strain.
The modulus of elasticity should be much higher than that of the concrete matrix. Further
aspects are the durability with respect to the alkaline medium, a small relaxation under
permanent load and a good adhesion to the concrete matrix. Finally, a low price and
good processing in textile machinery are aspired.

With respect to these goals alkali-resistant glass fibers (AR-glass), carbon and aramid
are currently favored as the fiber material. Filaments are produced with diameters in the
range of 7 to 27 ym depending on the material. Table P.1] summarizes the properties of
some commercially available fibers.

Table 2.1: Characteristics of selected commercially available fibers as stated by their producers
(in the order of the materials: Saint-Gobain Vetrotex, Tenax-Fibers and Teijin Twaron).

Material ~ Density Diameter Strength  Young’s Modulus Breaking elongation

- [g/cm’]  [um]  [kN/mm?]  [kN/mm?| [%]
AR-Glass 2.68 27 1.7 72 2.4
Carbon  1.79 7 4.0 240 1.5

Aramid 1.39 12 3.5 78 4.6
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2.2.1.1 AR-glass

Alkali resistant glass filaments are designed for resisting the corrosive solution in concrete
made of standard cement by using more than 15 mass percent of zircon. Typically, AR-
glass has a strength of 1400 to 1700 N/mm?. The material behaves almost linear elastic
with a Young’s modulus of 70 to 80 kN/mm? up to a breaking elongation of about 2 %.

AR-glass is relatively low priced compared to other materials. Unfortunately, glass fibers
suffer from a high vulnerability to notch effects. Lateral pressure can significantly damage
the material effectively reducing its strength. As reported by Cuypers et al.|[2003] and
Orlowsky et al.| [2005] the resistance against corrosive attacks is much better than in
standard E-glass but AR-glass still suffers from a deterioration of strength.

2.2.1.2 Carbon

Carbon fibers were first developed in the 1960s. Depending on the production process,
fibers with a high tenacity (HT-fibers, strength: 3000 to 5000 N/mm? , modulus: 200 to
250 kN /mm?) and fibers with a high modulus (HM-fibers, strength: 2000 to 4500 N /mm?,
modulus: 350 to 450 kN/mm?) are distinguished.

When compared to AR-glass the modulus of carbon fibers is about three times higher
leading to reduced deformation in structural members. Furthermore, the strength is higher
by a factor of 2 to 3. A drawback is the weaker adhesion to concrete in comparison to AR-
glass which is due to the smaller filament diameters limiting the penetration by concrete
matrix. Carbon fibers are also difficult to process without significant deterioration due
to its sensitivity to lateral pressure. The current boom in the air craft and automobile
industry has limited the availability of low priced carbon fibers.

2.2.1.3 Aramid

Aramid fibers also belong to the high performance fibers. Two types are distinguished:
para-aramids and meta-aramids, where the former ones are more suitable for reinforce-
ments due to their superior mechanical properties. Para-aramids are further distinguished
into normal (N), high tenacity (HT) and high modulus (HM) version. The tensile strength
is about 3000 N/mm? and the modulus of elasticity ranges from 60 kN/mm? for the N-
version to 130 kN/mm? for the HM-version. In comparison to carbon and glass fibers,
aramid has a lower density (1.4 kg/dm?), a lower brittleness and a higher impact resis-
tance. The thermal coefficient of aramid is negative i.e. in contrast to the concrete matrix
the fibers shrink with increasing temperature. This can damage the bond between the
two material and limits the use of aramid as a reinforcement material.

2.2.2 Yarns

Typically, several hundreds up to thousands of the elementary filaments are assembled
into yarns (rovings). In the production process a sizing is applied to bond the filaments
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together and stiffen them for an improved resistance against abrasion during weaving.
The composition and properties of the sizing is a business secret of the fiber producers.
As a consequence, there is some uncertainty in the evaluation of characteristics of the
sizing. Table shows some commercially available yarns. The linear density of a yarn
is specified in tex, which is a unit equal to the weight in grams per kilometer of yarn.

Standard multi-filament yarns can be used directly in the production of the textiles.
However, some effort has been made to improve the properties of these yarns in an in-
termediate step. Fig. 2.2] shows some of the modifications pursued at RWTH Aachen
University. Twisting, applied to achieve more compact cross sections, can improve the
tensile strength of a dry yarn but the decreasing matrix penetration results in poor bond
behavior. Bundling means to use a core yarn and wind an additional yarn around it
for better adhesion to the concrete. Friction spinning denotes a process where AR-
thermoplastics are attached as a mantle material around a core yarn made of AR-glass or
carbon |Kolkmann et al. [2005; Hanisch et al. 2006b|. Polymer-impregnation is currently
investigated with the goal of a more heterogeneous cross section |Dilthey et al.|2006].

Table 2.2: Selected commercially available yarns.

AR-glass fibers

Product Producer [tex] Diameter [pm| Number of filaments
AR310S-800/DB 310 13.5 800
AR620S-800/TM Nippon Electric Glass 620 13.5 1600
AR1100S-800/TM (Japan) 1100 16 2000
AR2500S-800/TM 2500 24 2000
LTR ARC 320 5325 320 14 800
LTR ARC 640 5325 Saint-Gobain Vetrotex 640 14 1600
LTR ARC 1200 5325 (Spain) 1200 19 1600
LTR ARC 2400 5325 2400 27 1600

Carbon fibers

Product Producer [tex] Diameter [pm] Number of filaments
Tenax HTA 5131 400 tex 400 7 6000
Tenax HTS 5631 800 tex ~ Tenax Fibres GmbH 800 7 12000
Tenax STS 5631 1600 tex 1600 7 24000

Aramid fibers

Product Producer [tex] Diameter [pm] Number of filaments
Technora T-240 167 tex 167 12 1000
Technora T-241J 167 tex  Teijin Twaron BV 167 12 1000

Twaron T3200 322 12 2000
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(@) (b) © @

Figure 2.2: Modifications to multi-filament yarns: (a) twisting (b) bundling (c) friction spinning
[Kolkmann et al.|2005; Hanisch et al.[2006b] and (d) polymer-impregnation [Dilthey et al.|2006].

2.2.3 Textile fabrics

The yarns are assembled into 2D or 3D structures, the textile fabrics. The structure
of the textiles can be designed in multiple ways such that an optimal distribution of
reinforcement is provided for each direction. In order to allow for suitable permeability of
the concrete matrix, the producers goal for open structures. Sufficient stability is required
to guarantee appropriate handling without undesired displacement of the threads. As
reported by Hanisch et al. [2006a] the production process must be chosen carefully with
respect to damaging effects reducing the overall performance of the textile.

The conventional textile structures are bi- and multi-axial scrims produced by superposing
thread systems with optimal fixtures at the crossing points. By orienting the threads
according to the desired main load direction and by choosing the number and type of
yarns and the structure of the mesh, the scrims can be custom-tailored for the intended
application. Fig. shows the textile MAG-07-03 designed and produced by the Institute
for Textile Technology at RWTH Aachen University [ The textile is a bi-axial
scrim with an almost equal reinforcement pattern for both 0 and 90 degree direction. The
threads made of Vetrotex 2400 tex (AR-glass) yarn are arranged in a distance of 8.3 mm
in both directions. This setup results in a cross sectional area of about 107 mm?/m.

Elalalalelalalate Tt

S e e —— — —
Figure 2.3: Bi-axial scrim MAG-07-03 [ITA, RWTH Aachen University].
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2.2.4 Concrete/Matrix

Traditional concrete is inadequate for the special demands of textile reinforced concrete.
First of all, the grain size of ordinary concrete hinders the penetration of the fine meshed
textile fabrics. For TRC the maximum grain size is typically limited to less than 2 mm and
hence suitable concrete can rather be considered as cementitious matrix. Furthermore, the
concrete must be chemically compatible with the textile reinforcement. For example, when
using AR-glass reinforcements a sufficiently low alkalinity is a must to ensure durability.
Additional requirements must be met depending on the desired production process (e.g.
injection: flowable consistency, lamination or pultrusion: plastic consistency). And of
course, the mechanical behavior is optimized with a special focus on a good bonding to
the textile reinforcement.

Although there is some experience with fiber reinforced concrete, the requirements with
TRC differ. The penetration of the textile bundles for example is of uttermost importance
for the bonding. Due to the often conflicting goals, the choice of the optimal concrete
mixture is strongly driven by the intended application and production process. For a
detailed overview the reader is again referred to the state-of-the-art report [Brameshuber
2006]. As an example of a concrete mixture optimized for the use with TRC, consider
the PZ-0899-01 mixture designed by [Brameshuber and Brockmann| 2001|. Table
summarizes its composition and some basic performance values.

Table 2.3: Data sheet for the PZ-0899-01 reference concrete mixture.

Cement content 490 kg/m?
Cement type CEM 1525 -

Fly ash 175 kg/m3
Silica fume 35 kg/m3
Total Binder 700 kg/m3
Plasticizer 1.5 % by mass of binder
Siliceous fines (0-0.125mm) 500 kg/m?3
Siliceous fines (0.2-0.6mm) 715 kg/m?3
Water 280 kg/m?
w/c 057 -

w/b 040 -
Young’s Modulus 33000 kN/mm?
Tensile strength 4.0 N/mm?

Compressive strength 67.1 N/mm?
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2.3 Modeling

Compared to other composite materials, textile reinforced concrete is characterized by
a high degree of heterogeneity. Fig. shows the REM image of a roving embedded
in the cementitious matrix. The heterogeneity introduces sources of randomness related
to similar scales of the material structure. As a consequence, the damage localization
process of textile reinforced concrete is dominated by the interaction of the elementary
failure mechanisms in the matrix, the textile reinforcement and in the bond between.
Obviously, the existing models for steel reinforced concrete are inadequate for reflecting
these phenomena. Hence, a number of models have been developed regarding the specific
characteristics of TRC.

Figure 2.4: REM image of a roving embedded in a cementitious matrix [DWI, RWTH Aachen].

The goal of a detailed representation of the damage mechanisms and localization processes
conflicts with the demand for efficient models suitable for the simulation of complete struc-
tural members. Three levels of abstraction are distinguished each with its own resolution
of the material structure and aiming at different target applications (Fig. :

e The macro-scale models aim at the computation of complete structural components.
A smeared representation of the material components is applied idealizing the textile
reinforcement either as a layer or combining it with the concrete matrix into a single
effective material with homogenized properties.

e On the meso-scale an idealized structure of the yarns is used, either as a monolithic
bar or by dividing its cross section into a small number of sections or layers [
\Combe and Hartig| 2006, Hegger et al.|2005|. These sections are usually equipped
with different bond characteristics in order to reflect the varying connection of the
filament groups to the matrix. As a consequence, these models require effective bond
laws for the highly imperfect bond between yarn and concrete matrix. Cracks are
explicitly modelled due to their strong impact on the damage of both the filaments
and the bond [Hegger et al. 2006].
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Figure 4.15: Debonding enrichment for a single crack using a local mesh (z¢ = 0.6, 7 = 0.3,
2 enrichment elements).

where d;;, and d;’f . denote the degrees of freedom associated with the approximation
functions causing a jump of the reinforcement field on either side of the crack. In Fig.
the corresponding enrichment functions are denoted by N; and N;*. The kinematic
constraint is used in the formulation of a transformation matrix T' mapping the initial
discretization into the constrained one by eliminating dy

(

or

)

dy

)

1

2NS(JZ‘§)

( )

dw 1

01 0 0 (4.79)

(4.80)
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With the help of the transformation matrix T the discretization becomes

. = N.d, (4.81)
with
No= | Nm o | ¥ NG00 (4.82)
N N% 0 N

Eq. (4.81) can also be written as

G = Nnde (4.83)
i = Nid, (4.84)

Fig. illustrates the effect of the constraint on the local approximation of the reinforce-
ment displacement field. The constrained enrichment is continuous over z¢ by design.

1

051

0.2 0.4 0l6 0.8 1

05"

-1

(a) Unconstrained functions. The colored lines show the four functions with jumps.

1,

0.5+

0.2 0.4

—O.5i

-1

(b) Continuous functions after constraint. The modified functions are shown in color.

Figure 4.16: (a) Unconstrained enrichment functions and (b) set of enrichment functions for
the reinforcement after recovering the continuity of the approximation field (z¢ = 0.6, 7 = 0.3).
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4.5.3 Variational form and linearization

Inserting the decomposed fields (4.69) into the general variational formulation (4.11]) yields

(5us T Emub T + Emum x)Q (5am,xa Emus,a: + Emﬂm,x)g +

+
(5u5 T Efub T + Efo x)Q + (5af,xa Efus,x + Efﬂf,x)Q -
) (4.85)
(6Um, Tmf)Q + (5Uf, Tmf)Q -

(5us7£m)th - ((S’ELm tm)Ft - (5usa Ef)th - <5ﬂf>ff)l“tf = O

m

With the global approximation (4.71) and the constrained local approximations (4.83))
and (4.84) we can again substitute the fields wus, uy, and us yielding

od! (B, EnByds + EnBud.), + 6d] (Bl EyByds + EnBud.),  +

o
od. (BI,EBsds + E;Bid.), + 6d. (B, E;Byd + E(Bd,),, —
5dl (NL, Tt) o, + 0dl (NY, Tt —~ (486)
0dg (N tw)p, = 0de (N, tm)p, = 0dS (NS E) = ode (Ny L B)p, = 0.
Separation of variables results in
6dl| (B!, EuBsds+ EyBund.), + (B{,EiBsd,+ EBd,.), —
(NS )y, - (NS ), I+
6d;| (Bl,EuwBsds+ EynBud.), + (B, EByd,+ EBd,), (4.87)
— (N1 Tme) + (NT )
- (NLtw)e, - (NT.B),,] -0

Since the left-hand side of Eq. (4.87)) must vanish for arbitrary variations of dds and dd,
the following system of equations must be fulfilled

R, = (B!, EwBds+ EynBud.), + (B!, EtBsd; + EBid.)
— (N7 Tw),, — (NTB),, - 0 s
R. = (B, EwByd+ EnBud.), + (B}, E:Bsd, + ExBd.),, '

— (N & Tat) g + (VY Trat) o, — (Nfl,fm)rtm - (NfT,ff)th - 0.
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With
Dy = FEy + Ef
Do = {Ew, Et},
D, = D, and (4.89)
D.=| )
0 E
the summation in Eq. can be rewritten more compactly as
R, = (B{,DsBgd, + DyB.d.), — (N 1) =0
R. = (B!,D«B.d;+ D.B.d.), (4.90)

+(N{ = Ny mt) g = (N ), — (N;‘ﬂ,t‘f)th = 0.

Linearizing with respect to the unknowns ds and d, yields

OR.(d,,d.) OR.(d,,d.)

ZE\TS ) Al 4 2SS e
od, T o4,

OR.(d,,d.) OR.(dy, d.)
od. kT o,

Using the standard matrix notation the system is expressed as

Rs ~ Rs(JsaJe)“— Ade
(4.91)

R. ~ R.(d,d,)+ Ad,

KSS Kse AClS — _ RS (4.92)
Kes Kee Ade Re
with the components of the stiffness matrix evaluated to
Ky = OR;(ds, d.) _ / B DB, (4.93)
od, Q
K, = OR,(d,. do) _ / BI'D,.B.d" (4.94)
od, Q
(&} CiS7 d_e
Ko = OR.(d d.) _ / B'D B0 (4.95)
od, Q

d..,d
K. — w _ / B'D..B.d + / (N — No)JTD,(Nw — N1)dQ  (4.96)
e Q

Q
In the derivation of the bond stiffness in Eq. (4.96]) the chain rule was applied as follows
aTmf . aTmf 0s
od. — 0s od,
_ Dﬁ(—um + us) (4.97)
od,

— —D,(N.— Ny
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The right hand side of the system equation (4.92) i.e. the internal and external forces can
be directly evaluated from Eq. (4.90).

From the structure of the linearized problem it becomes obvious that the non-linearity
arises from the evolving shear forces and stiffness. Note that in contrast to the crack-
centered analytic approach there are no special unknowns requiring treatment in the
solution procedure (see Sec. debonded length a). Here, the linear system has the
conventional structure and can be solved for example with standard Newton-Raphson
algorithm.

It should be noted, that suitable integration schemes must be applied in the numeric
evaluation of the above integrals. Using quadratic polynomials in the choice of the en-
richment approximation, renders the bond stiffness integrand in Eq. a forth order
polynomial. Additional care must be taken in the integration of the mixed global-local
terms in and ([£.95)): Integration cells must be chosen that respect element borders
both in standard and enrichment mesh.

4.5.4 1D example

The approach shall be demonstrated by means of the sample problem that was first
introduced in Sec. A composite bar with a single predefined crack is clamped at
one end (z = 0) and loaded with a tensile force at the other (x = 1). The parameters
given in Table are retained unchanged. On the global level, the discretization is build
using a single bar element with linear shape functions. For the local mesh we choose a
crack-centered enrichment with 5 enrichment elements per side and material layer.

The present approach has been developed for arbitrary bond laws such that we are free
in its choice now. In order to compare the results to the earlier approaches, we compute
the example twice: First, a constant bond stiffness D, = 100 is assumed just like in
the example for the global two-field approach (cf. Sec.[£.3.3). Then, the same problem
is solved for constant shear stress 7, = 2.0. This allows for direct comparison to the
crack-centered analytic approach as applied in Sec. [£.4.4]

Fig. shows the displacement, strain and stress fields for the first case (constant bond
stiffness). As can be seen, the results are far superior to those computed with the global
two field approach of Sec. Additionally, less degrees of freedom are required (42 versus
62) such that the present approach should obviously be preferred.

The crack-centered analytical approach (cp. Sec. is restricted to bond laws with con-
stant shear stress. In order to compare the approaches, the present example is recomputed
for this case. Fig. depicts the resulting displacement, strain and stress fields. It is
known from the analytical solution of the shear lag problem (Appendix [A]) that the stress
and strain fields are linear and the displacement field is quadratic over the length. With
the present approach, the results are not as smooth as in the analytical counterpart but
nevertheless exhibit a high quality especially in the vicinity of the crack. The number of
DOFs is larger than that of the analytical approach (42 versus 5) but the crack-centered
rough approach is by far more flexible than the analytical one: We can easily exchange
the bond law because we do not need a specific analytical solution. Additionally, we avoid
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Listing shows the realization of the described proceeding in the framework of adaptive
strategies. Again, the sub-tasks (refinement, switch of element types et cetera) are not
detailed. The implementation is lengthy but straight-forward. Instead it should be noted,
that the relevant aspects of the strategy can be written down in only a few lines of code
using the prescribed interface.

Fig. depicts the initial discretization of the shear zone example (right after the mesh
has been adapted to the marker grid in the initialize _strategy() method). Fig. shows
the stress magnitude in the reinforcement for the last load step just before global failure.
Note the additional h-refinement in the vicinity of the cracks. The distribution of matrix
strains is depicted in Fig.[8.12] The slip field is visualized in Fig. With the described
method the slip could be quantified and hence it was possible to identify th critical zones.

Although this application is very different from a standard simulation, there was no need
to modify the time stepping algorithm. With a few lines of code the time loop was
configured with the additional control features. Also note that the application specific
features are collected in a single place, namely the strategy. This property is known as
“locality of implementation” and greatly improves code maintenance.

Figure 8.9: Initial discretization corresponding to the photogrammetric grid of markers.
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Figure 8.10: Magnitude of reinforcement stress plotted on the refined mesh.
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Figure 8.11: Distribution of slip magnitude plotted on the deformed field.
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Figure 8.12: Distribution of matrix strain magnitude.
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