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Tag der mündlichen Prüfung: 05. August 2020

Gutachter:
Prof. Dr.-Ing. Viktor Mechtcherine
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Abstract

Strain hardening cement-based composites (SHCC) and textile reinforced concrete
(TRC) are two types of novel cementitious materials which can be used for strength-
ening structural elements against impact loading. Under tensile loading, these
composites exhibit a strain hardening behavior, accompanied with formation of mul-
tiple cracks. The multiple cracking and strain hardening behavior yield a high strain
and energy absorption capacity, thus making SHCC and TRC suitable materials for
impact resistant structures or protective layers.

The design and optimization of such composites for impact resistant applications
require a comprehensive characterization of their behavior under various impact
loadings. Specifically, the rate dependent behavior of the composites and their
constituents, i.e. matrix, reinforcement, and their bond, need to be described.

In the context of dynamic testing, SHCC, TRC and their constituents require cus-
tomized experimental setups. The geometry of the sample, ductility of the material,
the need for adapters and their influence on the measurements, as well as the
influence of inertia are the key aspects which should be considered in developing
the impact testing setups.

The thesis at hand deals with the development process of various impact testing
setups for both composite scale and constituent scale. The crucial aspects to be taken
into account are discussed extensively. As a result, a gravity driven split-Hopkinson
tension bar was developed. The setup was used for performing impact tension
experiments on SHCC, TRC and yarn-matrix bond. Moreover, its applicability for
performing impact shear experiments was examined. Additionally, a mini split-
Hopkinson tension bar for high speed micromechanical experiments was designed
and built. In the case of compressive loading, the performance of SHCC was
investigated in a split-Hopkinson pressure bar.

The obtained results, with focus on tensile experiments, were evaluated concerning
their accuracy, and susceptibility to inertia effects. Full-field displacement measure-
ment obtained by digital image correlation (DIC) was used in all impact experiments
as a tool for visualizing and explaining the fracture process of the material in con-
junction with the standard wave analysis performed in the split-Hopkinson bars.
Moreover, the rate dependent behaviors of the composites were clarified with respect
to the rate dependent behavior of their constituents.





Kurzfassung

Hochduktiler Beton mit Kurzfaserbewehrung (SHCC) und Textilbeton (TRC) sind
zwei Arten von neuartigen Faserbetonen, die zur Verstärkung von Bauteilen bei
Stoßbelastung verwendet werden können. Unter der Zugbelastung zeigen diese
Verbundwerkstoffe ein Verfestigungsverhalten, das mit zahlreichen Rissbildungen
einhergeht. Die multiple Rissbildung und das Verfestigungsverhalten führen zu
einem hohen Dehnungs- und Energieabsorptionsvermögen. Diese begründen die
Eignung von SHCC und TRC als Material zur Herstellung von stoßbelasteten
Strukturen oder Schutzschichten.

Die Entwicklung und die Optimierung solcher Verbundwerkstoffe für die Anwen-
dung bei Stoßbelastungen erfordern eine umfassende Charakterisierung ihres Ver-
haltens bei solchen Beanspruchungen. Insbesondere muss das dehnratenabhängige
Verhalten der Verbundstoffe und ihrer Bestandteile, d. h. der Matrix, der Bewehrung
und des Verbundes zwischen beiden Komponenten, beschrieben werden.

Die Charakterisierung des mechanischen Verhaltens von SHCC und TRC einschließ-
lich ihrer Bestandteile bei dynamischer Beanspruchung erfordert die Entwicklung
und Anwendung materialspezifischer Versuchsmethoden. Die Geometrie der Probe,
die Duktilität des Materials, der Bedarf an Adaptern zu Lasteinleitung und deren Ein-
fluss auf die Messungen sowie der Einfluss der Masseträgheit sind Schlüsselaspekte,
die bei der Entwicklung der Prüfaufbauten berücksichtigt werden sollten.

In der vorliegenden Arbeit wird die Entwicklung von Versuchsanordnungen zur
Charakterisierung des mechanischen Verhaltens der Verbundmaterialien SHCC und
TRC als auch von deren Komponenten bei stoßartiger Belastung vorgestellt. Die
entscheidenden Aspekte der Entwicklungsarbeit werden ausführlich diskutiert. Ein
Ergebnis ist ein Split-Hopkinson Tension Bar (SHTB), der zur Durchführung von
Hochgeschwindigkeits-Zugversuchen an SHCC, TRC und Garn-Matrix-Verbunden
verwendet wurde. Darüber hinaus wurde die Anwendbarkeit des Versuchsaufbaus
für die Durchführung von stoßartigen Scherversuchen untersucht. Ein weiteres
Ergebnis ist ein Mini-Split-Hopkinson Bar für mikromechanische Hochgeschwindi-
gkeitsversuche. Das mechanische Leistungsvermögen von SHCC bei Druckstoßbelas-
tung wurde in einem für Druckversuche geeigneten Split-Hopkinson Bar untersucht.

Vor allem die Ergebnisse aus den Zugversuchen wurden hinsichtlich ihrer Genauig-
keit und Anfälligkeit für Masseträgheitseffekte ausgewertet. Aus der Anwendung
von Digital Image Correlation (DIC) erhaltene flächenhafte Verformungsmessun-
gen wurde in allen dynamischen Versuchen zur Visualisierung und Erklärung des
Bruchprozesses des Materials in Verbindung mit der in dem SHTB durchgeführten



Wellenanalyse verwendet. Des Weiteren wurde das dehnratenabhängige Verhal-
ten der Verbundwerkstoffe in Abhängigkeit vom Verhalten ihrer Komponenten
aufgeklärt.
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for their interest in reviewing my work. Their constructive remarks inspired me to
broaden my scientific horizons.

My sincere thanks also go to Dr. Iurie Curosu and Dr. Marko Butler for eagerly
sharing their knowledge, and the fruitful discussions we had in the past four years.

I wish to thank all my great colleagues at the Institute of Construction Materials.
Especially, Martina Awassi, Birgit Busch, Simone Hempel and Steffen Müller for
their willingness to help and their valuable time. Tilo Günzel, Kai-Uwe Mehlisch,
Christian Stahn, and Fabian Israel for their priceless expertise in the lab. Majid
Ranjbarian and Ting Gong for generously offering assistance, and for being great
office-mates.

I would also like to extend my gratitude to my colleagues in GRK 2250, especially,
Alexander Fuchs, Frank Liebold, Oliver Mosig, Petr Máca, Marcus Hering, Ammar
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Vorwort des Herausgebers

Zementbasierte Hochleistungsverbundwerkstoffe mit kontinuierlicher Faserbeweh-
rung (z.B. Textilbeton, engl.: textile reinforced concrete, TRC) oder disperser Faserbe-
wehrung (z.B. hochduktiler Beton, engl.: strain-hardening cement-based composites,
SHCC) können bei Impaktbelastungen sehr hohe Verformungen und Energiedis-
sipation infolge ausgeprägter multipler Rissbildung aufweisen. Dies macht den
Einsatz derartiger Komposite sowohl bei der Verstärkung als auch dem Neubau von
Objekten der kritischen Infrastruktur interessant. Zur gezielten Entwicklung von
SHCC, TRC und ähnlichen Verbundwerkstoffen und deren sichere Verwendung zur
Steigerung des Impaktwiderstandes der Bauteile werden adäquate experimentelle
Methoden für die Charakterisierung des Materialverhaltens unter hohen Verzer-
rungsgeschwindigkeiten benötigt.

In der vorliegenden Arbeit stellt sich Herr Ali Assadzadeh Heravi dieser Herausfor-
derung. Er entwickelt physikalisch begründete Prüfkonzepte und Versuchstechniken
zur Ermittlung von Spannungs-Dehnungs-Beziehungen von anisotropen, duktilen
und dehnungsverfestigenden Verbundwerkstoffen mit mineralischen Matrices bei
stoßartiger Beanspruchung. Die zentrale Rolle für den Versuchsaufbau und die
Ergebnisevaluation spielt dabei die Analyse der Wellenausbreitung in der Versuchs-
vorrichtung und insbesondere im Prüfkörper. Hierzu werden sowohl experimentelle
als auch numerische Methoden eingesetzt. Die untersuchten Werkstoffe TRC und SH-
CC sind repräsentativ für eine breite Gruppe an Hochleistungsverbund-werkstoffen,
so dass die erzielten Ergebnisse verallgemeinert werden können. Während das
Materialverhalten unter Zugbeanspruchung im Mittelpunkt steht, werden auch
erste Untersuchungen zum Druck- und Schubwiderstand vorgestellt.

Die Dissertation von Herrn Heravi leistet einen bedeutenden methodischen Beitrag
zur Charakterisierung der modernen, zementbasierten Faserverbundwerkstoffe.
Er entwickelte eine physikalisch klar begründete Methodik zur Ermittlung des
Spannungs-Dehnungs-Verhaltens von hochduktilen zementgebundenen Kompo-
siten unter hochdynamischer Zugbeanspruchungen und schaffte damit die zen-
trale Voraussetzung zur umfassenden Charakterisierung der mechanischen Leis-
tungsfähigkeit dieser vielversprechenden Werkstoffgruppe. Das von ihm ausgedach-
te und gebaute gravitationsgetriebene Split-Hopkinson-Tension-Bar zeichnet sich
durch einen originellen, eleganten sowie im Vergleich zu den bekannten Versuch-
seinrichtungen sehr kompakten und relativ leicht umzusetzenden Aufbau aus. Des
Weiteren entwickelte er ein Mini-SHTB zur Charakterisierung von Eigenschaften ein-
zelner Bestandteile mineralisch gebundener Komposite – Fasern bzw. Garne, Matrix
und Faser(Garn)-Matrix-Interphase – und setzte das neuartige Gerät erfolgreich ein.



Dank diesen neuen Untersuchungsmethoden konnten wichtige neue Erkenntnisse
zum Materialverhalten unter Impaktbelastung gewonnen werden.

Seine Forschung führte Herr Heravi im Rahmen des durch die Deutsche For-
schungsgemeinschaft geforderten Graduiertenkollegs GRK 2250 ”Impaktsicherheit
von Baukonstruktionen durch mineralisch gebundene Komposite“durch, einem
koordinierten, multidisziplinären Forschungsvorhaben, dessen zentrales Ziel ist, be-
stehende Gebäude und Bauwerke durch Applikation von flächigen, dünnschichtigen
Verstärkungen deutlich widerstandsfähiger zu machen. Da Herr Heravi im GRK
2250 nun als Postdoktorand weiterforscht, kann er seine Kenntnisse und Erfahrun-
gen dort weiter einbringen und ausbauen.

Für mich gestaltete sich die Zusammenarbeit mit Herrn Ali Assadzadeh Heravi
überaus bereichernd und angenehm. Ich freue mich über deren Fortsetzung im
Rahmen des GRK 2250 und wünsche ihm viel Erfolg in seiner weiteren wissen-
schaftlichen und persönlichen Entwicklung!

Viktor Mechtcherine
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1. Introduction

1.1 Motivation

As a result of concrete’s low tensile strength and pronounced brittleness, reinforced
concrete (RC) structures are vulnerable to dynamic loading caused by an earthquake,
impact, or blast, showing low damage tolerance and energy dissipation capacity. An
effective solution for enhancing these key features in existing structures is applying
thin strengthening layers made of ductile, mineral-bonded composites such as strain-
hardening cement-based composites (SHCC, also known as engineered cementitious
composites, ECC) [1, 2] and/or textile reinforced concrete (TRC) [3]. SHCC consists
of fine grained cementitious matrices and short, randomly distributed microfibers
[1, 2], while TRC is a composite reinforced with two or three-dimensional meshes
made of carbon, alkali-resistant glass, or polymer multi-filament yarns [4, 5, 6]. Both
SHCC and TRC yield a progressive formation of steady-state cracks in the strain-
hardening phase, showing high inelastic deformations before failure localization
and softening. Both types of composites can be considered as a promising solution
for building structural elements or strengthening existing elements which require
high energy absorption under extreme loading condition such as impact or blast
loading [7].

The strengthening concept for existing structures is shown in Figure 1.1. A thin
layer of mineral-bonded composite such as TRC or SHCC is applied to the surface
of the structural element, on both the impact-facing side and the impact-far side.
Thin layers of the strengthening material are applied to the exterior surface of the
structural element which experiences various stresses depending on their position
relative to the projectile. While the material on the impact-far side experiences high
strain rate tension, the stresses on the impact-facing side are mainly in the form of
shear and compression [8, 9]. Directly under the impactor, the material experiences
compressive loadings, while the region around the circumference of the impactor is
loaded in the shear. The tensile strength and tensile ductility of the material plays an
important role in the prevention of scabbing on the impact-far side of a strengthened
element. The shear strength and stiffness are crucial for the proper distribution

1



Introduction

Figure 1.1: The concept of strengthening structural elements using thin layers of strain
hardening cement-based composites such as SHCC and TRC, and their characteristic
behavior.

of the load to the structural element underneath. Therefore, appropriate testing
setups are required to investigate the behavior of the strengthening composites
under different impact loading conditions, namely tension, compression, and shear.
The high ductility of these composites, especially under tensile loading, as well
as the large representative specimen size, requires purposefully designed testing
equipment for the impact loading. The impact loading condition can be translated
to strain rates in the range of 10 to 1000 s−1 [10].

Since the complex constitutive features of SHCC and TRC result in strain rate
dependent tensile strength, ultimate strain and energy dissipation capacity [11, 12,
13, 14], mechanical investigations both at the level of composites and at the level
of individual constituents are necessary to clarify their strain rate sensitivities and
facilitate the exploitation of their full potential under high strain rates.

2



Introduction

1.2 Goal

The purpose of the research presented in the thesis is to develop the experimental
setups needed for a reliable mechanical characterization of the composites under
various impact loadings. The experimental techniques should be developed both at
the composite and constituent levels. Strain hardening cement-based composites
(SHCC) and textile reinforced concrete (TRC) are the two representative types of
strengthening materials to be studied under various impact loading conditions.
While the main focus of the research is on characterizing the composites under
impact tensile loading as their prime advantage over common fiber reinforced
concrete (FRC), compression and shear impact loading were also included in the
scope of the research.

Particular features of the composites such as the strain-hardening behavior and the
brittleness of the constituent cement-based matrix must be considered in the design
process. The brittleness of the constituent cement-based matrix combined with the
relatively large representative specimen size, imposed by the heterogeneous nature
of the composites, adds a challenge with respect to reaching the uniform stress level
in the specimen at high strain rates. Given the high ductility of the composites
under investigation, the required specimen size also imposes a challenge of reaching
deformation needed for failure in the specimen. While such issues do not exist
in the quasi-static experiments, they are critical problems in dynamic testing, and
should be considered in the design process of the testing setups [15, 16].

The customized impact testing setups should be capable of testing cylindrical
SHCC and plain matrix specimens as well as planar TRC specimens. The suitable
measurement techniques for each particular geometry should be investigated and
established.

After the design and assembly of the impact test setups, calibration and validation
of the measurements are performed. Using the setups, mechanical behavior of
composites should be explained and origins of the rate sensitivity need to be
investigated. Moreover, the inertia related effects that are influential in dynamic
experiments should be clarified. In line with explaining the sources of composites
rate sensitivity, specially under tensile loading, high-speed experimental setups
for investigations at constituents’ level have to be developed. The bond between
reinforcement, i.e. short fibers in the case of SHCC and multi-filament yarns in the
case of TRC, and the cement-based matrix is the primary feature to be studied at
a high slip rate. The slip rate should be comparable to the crack opening speed
observed in the composites under impact tensile loading.

3



Introduction

1.3 Structure of the thesis

The thesis is divided into 6 chapters. Chapter 1 explains the motivation and the
general concepts behind the conducted research. Furthermore, the goals for our
investigations and the structure of the thesis are presented.

Chapter 2 provides a thorough literature review on the subjects relevant to this
thesis. It starts with a discussion on the methods of strengthening concrete structures
to achieve higher impact resistance, specially using SHCC and TRC. Among all,
attention is paid to the rate sensitivity of the cement-based composites. An overview
of the experimental methods for mechanical characterization at high strain rates
is provided. Moreover, the Split-Hopkinson bar method which is the preferred
testing method in this thesis is discussed in detail. Accordingly, the basics of elastic
wave propagation are emphasized since they are used frequently in the subsequent
chapters. The chapter concludes by summarizing the state of the art on the inertia
effects in impact experiments.

Chapter 3 covers the design and calibration of various impact test setups. A split-
Hopkinson tension bar (SHTB), which was developed and built as part of this work,
is presented. Moreover, an analytical split-Hopkinson bar model was developed and
used for customizing the SHTB for cement-based composites. The configurations
of the SHTB for testing planar specimens are also described. Finally, a novel mini-
Hopkinson tension bar for high-speed micromechanical experiments is presented.

Chapter 4 provides discussions on the mechanical behavior of SHCC under various
impact loads. The discussion on the tensile and shear behavior is based on the
results obtained by the SHTB with reference to Chapter 3. The compressive behavior
is studied using an available split-Hopkinson pressure bar (SHPB) at the institute of
concrete structures. Additionally, the micromechanical investigations for explaining
the rate sensitivity of the fiber-matrix bond are presented. Only one type of SHCC
is discussed in this chapter since the purpose focuses on the mechanisms and the
physical phenomena involved in the mechanical behavior of SHCC at high strain
rates.

Chapter 5 deals with the behavior of a hybrid-reinforced TRC under impact tensile
loading. The results in this chapter are obtained by the customized configuration
of the developed SHTB for planar specimens. Furthermore, the discussion of
the composite behavior is supported by the results of high-speed yarn pull-out
experiments performed in the SHTB.

Chapter 6 provides conclusions to the research as well as the outlook for the
possible future steps in the field of mechanical characterization of strain hardening
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cement-based composites under impact loading.

Furthermore, Appendix A presents the numerical simulations of the planar speci-
men and the shear setup discussed in Chapter 3 and Chapter 4, respectively. The
numerical simulations of the SHTB configuration for the planar specimens were
performed in cooperation with Mr. Alexander Fuchs from the Institute of Structural
Analysis. The simulations of the SHTB configuration for shear tests were performed
in cooperation with Mr. Ghaith Alsous. Appendix B presents the impact tensile
behavior of the high-strength SHCC used in hybrid reinforced plates discussed in
Chapter 5. Appendix C contains the detailed derivation of an inertia model used
in Chapter 4. Finally, Appendix D shows a dispersion correction algorithm used in
Chapter 4 for correcting the wave recorded by strain gauges.
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2. State of the art

2.1 Strengthening of concrete structures against impact

loading

In recent decades, due to the increase in the probability of extreme loading con-
ditions such as impact and blast caused by various sources, e.g. terrorist attacks
and car crashes, there is greater attention on the safety of structures in such ex-
treme loading scenarios. As a result, extensive studies have been carried out on
the behavior of reinforced concrete structural members against impact loading as
well as the possible strengthening concepts. It is worth mentioning that the impact
loading commonly refers to a concentrated load, which may be result by a vehicle
crash, ship, airplane, or missile impact as well as the naturally originated impacts
such as rock-fall impact and wind-borne debris impact [17]. Blast loading, on the
other hand, is associated with higher loading rates and is typically referred to as a
distributed load applied to structures due to explosions.

Research has always addressed understanding and explaining the behavior of con-
crete structures under impact loading [18, 19, 20]. However, in the past two decades,
improving the impact safety of concrete structures has become the focus of much
research. Work in this field can be categorized into new construction and repair.
Firstly, there is research which focuses on optimizing ordinary concrete for impact
loading scenarios through adding short randomly distributed fibers [21]. Secondly,
there are works which focus on introducing new high-performance impact resistant
strengthening materials, which can significantly enhance the impact resistance of
an existing concrete structure [2, 17, 22]. Non-mineral-bonded composites like
fiber reinforced polymers (FRP), and mineral-bonded ones like strain hardening
cement-based composites (SHCC) and textile reinforced concretes (TRC) are the
most promising materials in this respect.

Various researchers have reported the superior behavior of concrete mixtures con-
taining different types of steel and polymeric fibers under impact loading [23, 24, 25].
Upgrading ordinary concrete may be a promising solution for building new impact
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resistance structures. However, it is not considered as a feasible solution for strength-
ening existing structures. In contrast, the application of layers of high-performance
impact-resistant materials on the surface of the structure draw attention as an
efficient approach for strengthening existing structural elements against impact
loading.

The entry of FRP technology in the construction industry introduced a new op-
portunity regarding reinforcing structures against impact. Many research studies
showed an improvement in the impact behavior of concrete members by using thin
FRP laminates [26, 27, 28]. However, the use of FRP laminates for improving impact
resistance is limited to the impact-far side of the structures. On the impact facing
side of the member, the FRP laminates are incapable of absorbing energy and prop-
erly distributing the load to the structure due to their low shear strength. Moreover,
the debonding problem of FRP layers caused mainly by the parallel cracking in the
structural member reduces the reliability of this strengthening approach [17].

Strain hardening cement-based composites made of short randomly distributed
fibers (SHCC) or made of continuous textile fabric (TRC) possess promising behavior
under impact loading [2, 22] with high energy absorption. They can be considered
as alternative material solutions for strengthening existing structures against impact
loading. The quasi-ductile behavior of these composites due to multiple cracking
makes them suitable for the reinforcing layer on the impact-far side, where the
scabbing of concrete should be prevented [7]. Moreover, the sufficient compressive
[29, 30] and shear resistance [8] of such composites justifies their applicability for
the strengthening of the impact facing side as well. Although numerous studies
have been published on the impact behavior of SHCC and TRC on the material
level [12, 13, 14, 31, 32, 33], only a few studies are available on the performance
of reinforced concrete elements strengthened with SHCC or TRC under impact
loading. In the case of strengthening using TRC, various types of TRC layers are
used [34] for confining concrete beams which showed a positive effect under impact
loading. In the case of strengthening using SHCC, the resistance of a masonry wall
reinforced with layers of SHCC was improved regarding the load bearing capacity
as well as the ductility [35, 36]. Moreover, a hybrid reinforced layer made of both
short randomly distributed fibers and textile fabric successfully prevented scabbing
in a concrete slab impacted by a projectile [7].

The state of the art general design concepts, mechanical characteristics, and the ap-
plications of the two types of cement-based composites, SHCC and TRC, introduced
above as promising material solutions for strengthening structures against impact
loading, are addressed in detail in the following sections.
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2.2 Strain hardening cement-based composite (SHCC)

Strain hardening cement-based composites (SHCC), also known as engineered
cementitious composites (ECC), are cementitious materials which show an increase
in load-bearing capacity after the formation of the first crack when subjected to
uniaxial tensile loading. Strain hardening is accompanied by pronounced multiple
cracking, which leads to the quasi-ductile behavior of the composite. The crack-
bridging load transfer is ensured by the addition of short fibers to a fine-grained
concrete matrix [1]. Figure 2.1 shows a typical stress-strain relation for a cylindrical
SHCC specimen as obtained for a uniaxial tension test performed in a quasi-static
regime.

Figure 2.1: A representative stress-strain relation of SHCC under quasi-static tensile loading.

Under uniaxial tensile load, SHCC behaves elastically at the beginning before the
formation of the first crack. The Young’s modulus is governed by the stiffness of the
matrix [37], since SHCC typically contains no more than 2% by volume fiber [38]
which influence is negligible before cracking. The microfibers may however affect
the first crack stress [37]. Once the first crack is formed in the matrix, the force is
transferred across the crack by short, randomly distributed fibers. A further increase
in force results results in the formation of more cracks in the other weak spots of
the matrix. In the representative stress-strain curve in Figure 2.1, the drop in stress
value corresponds to the formation of cracks in the matrix. The new cracks result in
relaxation due to a sudden reduction of the global stiffness in the specimen. The
multiple cracking process can lead to a high strain capacity. The multiple cracking
phase continues till failure localization occurs at a crack where the crack-bridging
capacity of the fibers is the lowest. Then, the rupture or complete pull-out of the
fibers, or a combination of both occurs with the opening of a main, final crack.
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2.2.1 Micromechanics behind strain-hardening behavior

The mechanism behind the strain hardening and multiple cracking behavior of
SHCC is defined by certain micromechanical conditions. The two prerequisites
for achieving strain-hardening and multiple cracking behavior in SHCC are the
strength criterion and the energy criterion. While the strength criterion controls the
crack initiation in the composite, the energy criterion regulates the mode of crack
propagation [38, 39].

The fundamental property of fiber reinforced composites is the crack-bridging
characteristic, referred to as σ− δ curve. See Figure 2.2, which shows the relationship
between the crack opening and the tensile stress transferred across the crack. The
link between composite constituents, i.e. fiber, matrix and their interface, and the
composite tensile ductility can be interpreted using this curve [1].

Figure 2.2: Typical σ − δ curve for strain-hardening composite [40, 41]. Jc is the crack tip
toughness.

The above-mentioned strength criterion says that the matrix tensile strength σa

(stress at which cracking occurs) must not exceed the maximum bridging stress
σb, see Figure 2.2. The matrix tensile strength is controlled by the large flaws and
fracture toughness of the matrix. If the strength criterion is not fulfilled, tensile force
cannot be fully transferred across the crack through the fibers bridging the crack.

The second criterion for multiple cracking is the energy criterion, which refers to the
mode of crack propagation controlled by micromechanics. When the fiber-matrix
interface is too weak, the pull-out of fibers occurs, resulting in a σ − δ curve with a
low peak strength σb. When the interface is too strong, the fibers can only stretch in
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the crack, resulting in their premature rupture and a small value of critical opening
ub. In either case, the complementary energy shown as the hatched area to the left
of the σ − δ curve in Figure 2.2 is small. Steady-state crack analysis [38, 39, 41]
reveals that when the complementary energy is small in comparison to the crack
tip toughness, the crack behaves like a typical Griffith crack, see Figure 2.3. Note
that the crack tip toughness, corresponding to the gray shaded area in Figure 2.2,
is the energy needed to break the crack tip material to extend the bridged crack.
As the crack propagates, the failure or pullout of the fibers occurs at the middle of
the crack, where the opening is maximum, and δm exceeds δb; see Figure 2.2 and
Figure 2.3.

Figure 2.3: Griffith type crack and the steady-state type crack, according to [1].

In the case that the energy criterion is not fulfilled, a stress-free or tension-softening
region is created behind the crack tip as the crack continues to propagate. Once
the crack is completely propagated through the matrix, the composite fails due
to the reduced load carrying capacity, similar to that induced by the tension-
softening behavior of conventional fiber reinforced concrete (FRC). Contrarily, if the
complementary energy is large, the crack remains well under control and opens in
a steady-state regime, where δss < δb as shown in Figure 2.3.
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2.2.2 Applications in the context of impact resistance

The high energy absorption capacity of SHCC as a result of multiple cracking
phenomena makes it a feasible material solution for structures exposed to extreme
loading conditions such as seismic, impact, and blast. In the case of seismic loading,
employing coupling beam elements made of SHCC [42, 43] is a remarkable example
of successful application.

A hybrid reinforced SHCC made of 1.5% per volume HDPE and 0.5% steel fibers
were used in [35, 36] to strengthen unreinforced masonry walls. The results showed
that in contrast to plain masonry walls, which failed catastrophically under impact
loading, the walls strengthened with layers of SHCC could withstand multiple
impacts. Another promising application of SHCC were protective panels tested
under impact loading [44]. The results of the experiments showed a considerable
improvement in the cracking behavior with a larger volume of material involved in
energy absorption through multiple cracking.

Although not the matter of direct interest in this work, the typical narrow cracks
created in SHCC with an average crack width below 100 µm [37] also makes SHCC
a proper solution for improving the durability of structures exposed to severe
environmental conditions [45, 46].

2.2.3 Rate sensitivity

Investigations of the strain rate sensitivity of SHCC can be categorized according to
the loading cases, namely tension, compression, and shear. However, most studies
have focused on rate dependent tensile behavior as the primary feature of SHCC.

Under tensile loading, the behavior of SHCC does not only depend on the range
of strain rate but also the type of the fibers in the composite. In the strain rates
ranging from 10 to 50 s−1, SHCC made of PVA fibers showed an increase in both
tensile strength and strain capacity [13]. At higher strain rates of around 200 s−1,
spalling experiments performed in [11, 14] on composites made of HDPE and PVA
showed a dynamic increase factor (DIF) higher than 5 for tensile strength. Note
that the dynamic increase factor (DIF) is the ratio of the material parameter value
as obtained in dynamic tests to the corresponding value obtained in quasi-static
tests. An evident change in the fracture surface concerning the condition of the
exposed fibers and a considerable reduction in multiple cracking was observed in
both studies. Tensile experiments on SHCC made of a high-strength matrix and
HDPE fibers, performed in a split-Hopkinson tension bar at a strain rate of 100
s−1, yielded a reduction of strain capacity and energy absorption capacity [12]. In
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contrast to the high-strength SHCC, the composite made of the same fiber and a
normal-strength matrix showed an improvement in the strain capacity and energy
absorption capacity at a high strain rate in comparison to the results of quasi-static
tests. The observed dramatic change in the performance of SHCC under dynamic
loading was related to the change in the fiber-matrix bond at high pullout rates.

Under compressive loading, the behavior of fiber-reinforced concrete at high strain
rates has been studied more frequently [21]. At a strain rate of approximately
100 s−1, experimental data on the compressive behavior is mostly available for
conventional steel fiber reinforced concrete. A reduction in compressive strength
was reported in [47] when adding straight steel fibers to a high-strength concrete.
Contrarily, a slight increase was reported in [48] for a normal-strength concrete with
spiral steel fibers and also in [49] for a high-strength concrete reinforced by straight
steel fibers.

In the case of cement-based composites made of polymeric fibers, especially SHCC,
the behavior of normal strength composites made of PVA fibers and granulated
blast furnace slag as a supplementary cementitious material was studied in [29].
A maximum dynamic increase factor (DIF) of 1.5 has been reported for SHCCs
under investigation at a strain rate of 140 s−1. Moreover, the performance of a high-
strength SHCC made of steel and HDPE fibers was studied in [30] at different strain
rates. A dynamic increase factor of 1.7 was reported at a strain rate of approximately
100 s−1. Although studies on the compressive behavior of different types of SHCC
under quasi-static and dynamic loading were reported in [29, 30], a comparison with
the plain matrix behavior was not provided. Such a comparison could reveal the
influence of fibers on the observed response. Moreover, the quasi-static experiments
were performed on specimens with a different geometry than those tested in impact
experiments.

No data is available on the strain rate sensitivity of SHCC under shear loading.
However, [8] reported a DIF of 1.6 for shear strength of the UHPC reinforced with
1.5% steel fibers. The complexity of the testing setup and the challenges related to
obtaining shear failure in impact experiments are the main reasons behind the very
low number of studies on impact shear behavior of fiber reinforced cement-based
materials.

2.3 Textile reinforced concrete (TRC)

Textile reinforced concrete (TRC) is a cement-based composite made of fine-grained
mortar and alkali-resistance glass, carbon, or polymer fabric [3, 4, 50, 51]. The fabric

13



State of the art

reinforcement consists of weaved or layered multi-filament warp and weft yarns.
Under direct tensile load, TRC shows an outstanding load bearing capacity, which
is accompanied by multiple cracking and strain hardening behavior. The formation
of multiple cracks in the composite provides for a considerable strain capacity and
energy absorption capacity. The unique characteristics of TRC in terms of tensile
ductility as well as the low thickness, makes this composite a promising solution for
strengthening and retrofitting structural members.

2.3.1 Material behavior and design concept

A typical stress-strain relation for TRC made of carbon fabric is shown in Sec-
tion 2.3.1. It is divided into three distinct zones [5, 31]. The first zone (I) corresponds
to the linear-elastic behaviors of both the matrix and the fabric. In this stage, the
behavior of the composite follows the rule of mixture. The linear-elastic behavior
ends once the first crack forms in the matrix. At this point, the second zone of
the curve starts. It is characterized by the formation of numerous cracks under
increasing tensile force. The redistribution of force by the fabric reinforcement
creates cracks in other cross-sections of the matrix. Through the formation of cracks,
the stiffness of the composite reduces gradually. The multiple cracking capacity
of the composite depends on the bond between the textile and the cement-based
matrix, and on the volume fraction of the textile reinforcement in the composite as
well as the distance between weft yarns [5]. At the end of the zone (II), maximum
crack density is reached. In the following zone (III) no more cracks can be formed.
The increase in the tensile load applied to the composite leads to the widening of the
existing cracks until textile yarns fail. A comparison between the stress-strain curve
of TRC and that of the reinforcement alone proves the tension stiffening effects,
which means that at the same stress level, a lower strain value is obtained in the case
of the TRC specimen compared to the textile due to the load bearing contribution of
uncracked matrix regions.

Several parameters should be considered in material design of TRC: the amount of
reinforcement and its contact area with the matrix, fabric geometry, bond strength
between the textile and cement-based matrix. They all can substantially influence
the behavior of TRC [52].

The reinforcement degree can clearly change the load transfer from the fabric to
the matrix, which happens next to the crack surfaces [32]. Generally, the length
in which the load is transferred to the matrix, also known as shear lag [31, 32],
decreases with an increasing reinforcement ratio [52]. The contact area between
the warp yarns and the matrix, and the bond strength should also be taken into
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Figure 2.4: A representative stress-strain relation of TRC under quasi-static tensile loading.

account as they influence the load transfer from the textile fabric to the matrix. The
bond strength can be adjusted by applying different types of coating on the yarns
[53]. The contact area may also be adjusted through using multiple layers of even
thinner textile while keeping the total area of the reinforcement in the cross-section
the same [52].

Moreover, the geometry of the fabric, particularly the distance between the weft
yarns, can alter the overall behavior of TRC. While warp yarns act as the main load
bearing element in the composite, weft yarns have dual action. On the one hand,
their joints with the warp yarns can provide additional anchorage, on the other hand,
they can be considered as defects in the matrix cross-section which may facilitate
crack formation parallel to them, and the delamination of the textile from the
concrete matrix [52]. Depending on the distance between the weft yarns, one of the
roles mentioned above dominates over the other. As a result, a considerable change
in the behavior of TRC, especially in terms of strain capacity, may be observed.

2.3.2 Applications in strengthening of structures

The outstanding behavior of TRC under uniaxial tensile load in terms of tensile
strength, ultimate strain and energy absorption capacity, as well as the low required
thickness of the composite layers makes this material an exceptional solution for the
repair and strengthening of existing structures [51]. TRC jackets were used in [50] to
improve the shear resistance of reinforced concrete beams under quasi-static loading.
Similarly, TRC strengthened beams were investigated in [54] regarding their flexural
and shear performance, where a significant improvement in load bearing capacity
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of the beam was reported. A considerable strengthening effect was reported for
reinforced concrete columns in [51], where the columns were confined by wrapping
TRC layers around them.

In the case of impact loading, although the remarkable performance of TRC was
demonstrated at the material level by some researchers [22, 31, 32], its strengthening
action on the structural level has not been examined comprehensively yet. The
impact behavior of TRC reinforced elements was investigated in [7, 34]. The RC
slabs strengthened by a layer of textile reinforced SHCC and tested by the impact
of a projectile can be considered as an encouraging first step in the field [7]. Small
scale beams reinforced with various layers of TRC in [34] also showed an enhanced
performance under the impact of a projectile.

2.3.3 Rate sensitivity

The investigations on the strain rate sensitivity of TRC, especially at the strain rates
typical for the impact loading condition, i.e., in the range of 100 to 200 s−1, are
rare. TRC specimens made of alkali-resistant glass fabric were tested in [31, 32, 55]
at strain rates ranging from 25 to 100 s−1. A reduction in strain capacity and an
increase in tensile strength were reported in comparison to the behavior under
quasi-static loading. The difference was explained based on the change in the
behavior of the textile and its bond to the matrix. However, no impact tests at the
constituent level were performed to support the assumptions made.

It should be noted that the characterization of planar specimens under impact
tensile loading is still a challenge [56, 57, 58] due to the geometrical complexity
of the specimen with respect to the wave propagation and the necessary gripping
devices influencing the derived measures based on recorded waves. This issue will
be further investigated in this thesis.

2.4 Material characterization at high strain rates

As discussed above in Sections 2.2.3 and 2.3.3, the behavior of SHCC and TRC can
be significantly dependent on the strain rate. The change in strain rate may alter
the behavior of constituent elements of the composite, namely cement-based matrix,
reinforcements, and their bond to the matrix. The result is a change in the behavior
of the composite. The change in the behavior is even observable in lower ranges of
strain rate, as presented in [52, 55]. The mechanical characterization at high strain
rates corresponding to impact loading is specifically crucial for the impact-resistant
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strengthening composite.

For mechanical characterization of materials, the strain rate regimes can be catego-
rized with respect to the typical loading scenarios. Figure 2.5 shows various ranges
of strain rate and the associated loading condition according to [10]. Strain rates
between 101 s−1 and 103 s−1 correspond to the impact loading and are commonly
referred to as high strain rates in the literature.

Figure 2.5: Strain rate ranges and the corresponding loading cases and typical experimental
techniques, according to [10].

2.4.1 Experimental techniques

Mechanical characterization under dynamic loading covers a broad range of loading
scenarios such as seismic, impact, and blast; see Figure 2.5. In all these cases, time
plays an important role in the evaluation of the results, and its role becomes more
prominent as the loading rate increases.

In terms of testing techniques, if a conventional testing frame is used for a mechanical
characterization under dynamic loading, the force measured at a distance from
the specimen cannot be related to the deformation measurement on the specimen.
Unlike under quasi-static loading conditions, there is no equilibrium in the testing
system, which means that the stress in the specimen cannot be assessed using
sensors mounted in the machine far from the specimen [59]. Moreover, transient
effects and limited high passing band in the force sensors may also influence the
force measurement. Finally, the transient effects in the testing frame should also be
considered, as the ringing and vibration of the loading equipment under applied
high-speed load affects the measurement [60, 61]. Similar issues are present in
the case of drop-weight testing setups. The influence of a specimen’s inertia and
transient effects in the force-cell invalidates a reliable characterization of the material
behavior [19].

The solution to these problems is the Kolsky bar method [62], which is a modification
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of the original Hopkinson-bar method. The Kolsky bar is also commonly referred to
as the split-Hopkinson bar in literature [63], which is often used for characterizing
different materials under impact compressive and tensile loading. In this method,
the testing system is equipped with two bars at the two ends of the specimen, while
the load is applied as a stress wave that propagates in the elastic input bar toward
the specimen. The force sensor is replaced by strain gauges that record the waves on
the bars on two sides of the specimen. Adding two long bars isolates the specimen
from the vibrations of the testing frame, as a certain amount of time is needed for
the waves to reach the frame and reflect back to the strain gauge position. It is
noteworthy that the split-Hopkinson bar method was firstly developed for testing
metals under compressive loading. However, the reliability of the results and the
robustness of the setup encouraged researchers to modify the setup for other types
of loading, and material.

The split-Hopkinson bar testing setup has been extensively used for performing
impact compression [64], tension [12], and shear [9] experiments on cement-based
materials. Since the testing principle is similar in all these loading regimes, the
typical setup for tensile loading is described here.

The split-Hopkinson tension bars (SHTB) [65, 66] are modifications of the original
split-Hopkinson pressure bar configuration and represent the most common testing
method for material characterization under impact tensile loading. The SHTB
consists of an input bar in which the loading wave is induced, of a transmitter bar in
which the wave transmitted by the specimen is recorded, and of a specimen which is
glued between the two bars. As opposed to the Kolsky bar configuration, the SHTBs
are designed for directly generating a tensile loading pulse, which is normally done
by using a striker system or a pre-tensioned bar.

In the first case, a circular or semi-circular striker is positioned centrically along the
input bar. The striker is launched towards the free end of the input bar, where it hits
the impact flange, thus generating the tensile pulse. For ductile materials and/or
for long specimens, it is important to generate a sufficiently long loading pulse,
which can induce a critical deformation leading to specimen failure in one loading
cycle, which is the passage of one wave. Since the length of the loading pulse, i.e.,
displacement at the bar–specimen interface, depends on the length of the striker,
special loading devices and strikers are needed for enabling a longer pulse duration
[16, 67]. At the same time, an important advantage of this configuration is that it
allows the shaping of the loading pulse, which is important for achieving dynamic
stress equilibrium in the composites made of brittle matrices prior to cracking
[68, 69, 70, 71]. The pre-tensioned systems make possible the generation of long
loading waves by using long pre-tensioned bars [72]. However, such systems do not
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allow for pulse shaping, thus a reduction of specimen length might be required to
achieve dynamic stress equilibrium before crack initiation. This is a disadvantage
with regard to testing SHCC and TRC because of their multiple cracking behavior
and because the geometry of the textile reinforcement imposes relatively large
minimum representative specimen lengths [6].

The problem of representative specimen dimensions is generally valid for het-
erogeneous cement-based materials, such as concrete or fiber reinforced concrete.
Moreover, the specimen’s geometry strongly influences the mechanical response
derived in split-Hopkinson bar tests [73, 74]. The spalling configuration of the
Hopkinson bar does not require dynamic stress equilibrium in the specimens and
offers the possibility of testing larger specimens compared to those tested in split
Hopkinson tension bars [75]. This testing method enables a reliable characterization
of quasi-brittle materials in terms of dynamic tensile strength and fracture energy.
However, there is no reliable evaluation method for quasi-ductile materials [76],
such as SHCC, and it is not possible to characterize the tensile behavior of the
specimens in terms of stress-strain relationships [11, 13]. Furthermore, the loading
principle uses a compressive wave which reflects as a tensile one at the end of the
specimen. This approach is not appropriate for reaching the failure localization
in ductile SHCC and TRC specimens [11]. Thus, the particular tensile behavior of
strain hardening cement-based composites, necessitates a targeted adjustment of
the SHTB.

As pointed out in the previous paragraphs, the principle of elastic wave propagation
in round bars is used in the split-Hopkinson bar experiments. Therefore, a brief
introduction to the topic is provided in the next section, according to [77].

2.4.2 Elastic wave propagation

In a straight prismatic rod, as presented in Figure 2.6, the coordinate x is the position
of a cross-section of the rod, which has a longitudinal displacement as u(x, t). Given
a time-dependent stress field σ(x, t) in the rod, the equation of motion in the x
direction can be written as:

−σA + (σ +
∂σ

∂x
dx)A = ρAdx

∂2u
∂t2 (2.1)

where A is the cross-sectional area of the rod, which remains constant over the
length of the bar. By assuming positive sign for tensile stress, Eq. 2.1 can be reduced
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to:

∂σ

∂x
= ρ

∂2u
∂t2 (2.2)

Figure 2.6: The stresses acting on a differential element of a bar as a wave passes.

At this point, we can assume that the material behaves elastically and follows the
Hooke’s law:

σ = Eε (2.3)

where E is Young’s modulus and ε is the axial strain, defined as:

ε =
∂u
∂x

(2.4)

By inserting Eqs. 2.3 and 2.4 in the equation of motion presented in Eq. 2.2, the
following results:

∂(E ∂u
∂x )

∂x
= ρ

∂2u
∂t2 (2.5)

With the assumption that the material of the bar is homogeneous, Young’s modulus
and density remains constant with varying x, so the equation Eq. 2.5 can be
simplified to:

E
∂2u
∂x2 = ρ

∂2u
∂t2 (2.6)

Given
√︂

E
ρ = c as the one-dimensional wave propagation velocity, the well-known
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wave equation is attained:

∂2u
∂x2 =

1
c2

∂2u
∂t2 (2.7)

It should be noted that in the derivation of Eq. 2.7, a uniaxial state of stress in the
bar is assumed. Therefore, as a result of the Poisson effect, lateral deformations
occur in the bar. However, the resulting lateral inertia forces are neglected. The wave
propagation formula presented in Eq. 2.7 has a solution according to D’Alembert
principle as

u(x, t) = f (x − ct) + g(x + ct) (2.8)

Where f and g are arbitrary functions defining the displacement prescribed by
two waves propagating in opposite directions without any distortion over time.
Accordingly, particle velocity and stress in the bar can be expressed using Eqs. 2.9
and 2.10, respectively.

v(x, t) =
∂u
∂t

= c(− f́ (x − ct) + ǵ(x + ct)) (2.9)

σ(x, t) = E
∂u
∂x

= E( f́ (x − ct) + ǵ(x + ct)) (2.10)

2.4.2.1 Wave propagation at interfaces

Particularly important in the split-Hopkinson bar is the propagation of the wave at
the interfaces. The propagation of the wave at the input bar-specimen and specimen-
transmitter bar interfaces can be evaluated based on the following analysis. Certainly,
an elastic behavior in the specimen should be assumed, which is a valid assumption
at the very beginning of the experiments in a split-Hopkinson bar. The basics
provided in this section are used in Chapter 3 to develop an analytical model, which
is used to predict the evolution of stresses at two ends of a specimen tested in a
split-Hopkinson bar.

In a discontinuity as presented in Figure 2.6, the balance of force and continuity of
velocity at the interface can be assumed according to Eqs. 2.11 and 2.12, respectively.

A1(σi + σr) = A2σt (2.11)
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vi + vr = vt (2.12)

Figure 2.7: Waves propagating in different directions after facing a discontinuity.

According to Eq. 2.9, one can rewrite the strain history as given in Eq. 2.13. Since,
E = c2ρ, the stress induced by the wave can be described by Eq. 2.14.

ε(x, t) =
v(x, t)

c
(2.13)

σ(x, t) = v(x, t)cρ (2.14)

Now, by combining Eqs. 2.12 and 2.14 in Eq. 2.11 the reflection and transmission
from the joint can be found according to Eqs. 2.15 and 2.16, respectively.

σr =
ρ2c2A2 − ρ1c1A1

ρ2c2A2 + ρ1c1A1
σi (2.15)

σt =
2ρ2c2A1

ρ2c2A2 + ρ1c1A1
σi (2.16)

The two equations given above are then used in Section 3.1.2 as a basis for develop-
ing an analytical model of the wave reverberation phenomenon happening in an
elastic specimen tested in a split-Hopkinson bar.
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2.5 Inertia effects in the split-Hopkinson bar tests

The use of the split-Hopkinson bar (SHB) technique for the mechanical charac-
terization of materials also triggered a discussion on the effects of inertial forces
on the obtained results [62]. By assuming an elastic behavior in the specimen,
various researchers tried to analytically find the contribution of inertial forces to the
strength obtained in SHB [78]. The models developed for this purpose are mostly
used for designing the geometry of the specimens made of metals to minimize the
contribution of inertia in the high strain rate compression experiments.

Generally, two main approaches are used in developing the inertia models, an
energy-based approach and a stress-based approach [78]. In the first case, en-
ergy balance in the specimen is considered for finding the additional stress on the
specimen-bar interfaces due to the inertia forces [74, 79]. In the second approach,
the acceleration field in the specimen is used to find the inertia induced stresses
in the specimen [80, 81]. While the energy-based approach gives a more straight-
forward estimation of the additional stresses derived on the bar, the stress-based
approach provides a more detailed description of the distribution of inertia forces
in the specimen, i. e. in the radial direction of the specimen’s cross-section. Both
approaches deliver similar results about the contribution of inertia forces to the
stress derived based on the recorded waves as the material response. Although such
simplified models assume elastic deformation in the specimen, they can still be used
as a tool for specimen design concerning structural inertia effects. However, their
simplicity does not enable a comprehensive study on the behavior of quasi-brittle
materials such as concrete in SHB experiments.

The pronounced increase in the strength of cement-based materials such as the
concrete obtained in split-Hopkinson tension or compression bar experiments [12,
64] in conjunction with the relatively large representative specimen size used in
these experiments triggered numerous investigations to find the possible reasons
behind this phenomenon.

In the case of impact compressive experiments performed in SHB, the noticeable
increase in the obtained compressive strength is predominantly related to the
confining effect created in the specimen during the test [82, 83]. The sources of the
lateral confinement can be either interface friction with the bars or radial inertia in
the specimen. Given the lateral-stress-dependent compressive strength of concrete,
the lateral confinement provided against expansion and dilation of the concrete
specimen under loading results in an enhanced compressive strength. The obtained
compressive strength may not be directly attributed to the rate dependency of the
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concrete, since it is affected by structural inertia.

For tensile loading, several publications suggested that the lateral stress-dependent
behavior of the cement-based material could not be the reason behind the remarkable
increase in tensile strength at high strain rate [84, 85], though the damage growth
being slower than the loading in the specimen was identified as the main reason
[84, 85, 86, 87]. Micro-inertia forces at the crack tip are considered to be responsible
for the delay in damage propagation. Furthermore, structural level inertia caused
by the damage and softening of the material in the specimen was introduced in
[88, 89, 90] as a contributing effect to the apparent increase in tensile strength under
impact loading. It is shown in Section 4.2.3.3 that the contribution of the structural
inertia caused by damage in the specimen is considerably higher than the one
estimated by the inertia models based on an elastic behavior of the specimen.

Finally, the various mechanisms for the inertia effects can be categorized as structural-
level and micro-level inertia [90]. The structural-level inertia is attributed to the
acceleration created in the bulk mass of the specimen. The sources of acceleration
are the inherent acceleration in the loading wave, as considered in the initially
mentioned simplified models, see e.g. [79], and the acceleration generated due to
the damage and softening in the material, see [90]. In contrast to the structural level
inertia, micro-level inertia is related to the acceleration created at the vicinity of the
crack upon propagation of the crack [87].

2.6 Summary

The exceptional performance of modern cement-based composites such as SHCC
and TRC, specially under tensile loading, makes them a promising material solution
for the strengthening of already existing concrete structures against impact loading.

The purposeful design of such composites for various impact loadings requires
proper impact testing setups. The split-Hopkinson bar (SHB) method is a reliable
and well-established testing technique for impact range of strain rate (101 − 103

s−1), it can be used for investigating the behavior of cement-based composites.
However, special attention should be paid to the tuning of the SHB method under
consideration of the characteristics of SHCC and TRC, as the testing method has
been initially developed for metals. The brittleness of the constituent matrix, overall
ductile behavior, and large representative specimen size are the main characteristics
of SHCC and TRC to be taken into account.

Even after having the customized setup, the results of the impact experiments
should be dealt with care, as they cannot be directly related to the genuine rate

24



State of the art

sensitivity of the material. Various inertia effects exist in impact experiments while
their contributions depend on the loading type and the properties of the specimen.
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3. Designing experimental setups for
impact testing

Various testing setups were developed for characterizing the impact resistant cement-
based composites under investigation, namely TRC and SHCC. The developed
setups enabled a comprehensive material analysis at both the composite level, i.e.,
plate-like TRC and cylindrical SHCC specimens, and at the constituent level, i.e.,
single yarn and single fiber tension, and pullout experiments. In this chapter, the
first section presents the design process of a gravity-driven split-Hopkinson tension
bar (SHTB). An analytical split-Hopkinson bar model, which was developed and
used in the designing process, is presented as well. The second section discusses
the configuration of the developed SHTB for testing textile reinforced composite
(TRC) plates, where adapters were required for attaching the sample to the bars of
the SHTB.

Finally, a high-speed micromechanical test setup is presented. The setup was
developed in order to study the fiber-matrix bond behavior at a high pullout rate
comparable to the crack opening speed of the composite tested in SHTB.

3.1 The split-Hopkinson tension bar (SHTB)

The gravitational split-Hopkinson tension bar is presented in Figure 3.1, which
shows the configuration of the setup for cylindrical SHCC specimens glued to the
bars without any adapter. Impact tensile tests on planar specimens, and impact
shear experiments can also be performed using the setup, however, with some
modifications. The case that the cylindrical specimen is glued directly to the
bars’ ends is best suitable to explain the design process of the setup. The specific
modifications and details for tensile test on planar TRC specimens and shear test
are described in Section 3.2 and in Appendix A.2, respectively.

The input bar (bottom) has a length of 1.84 m, and the transmitter bar (top) is
2 m long. The transmitter bar is rigidly attached at its top end to an aluminum
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Figure 3.1: The gravity-driven split-Hopkinson tension bar: a) schematic view of the setup;
b) main components; c) position of the strain gauges and length of the bars; d) dimensions
of the specimen and its attachment to the bars.

frame. The input bar is attached to a flange which is hit by the impactor. The
two bars are laterally fixed at the position of the horizontal beams placed on the
main frame of the setup, see Figure 3.1. At the fixing points, plastic bushings
with a low coefficient of friction are used to keep the bars in position. The low
friction between the bushings and the bars is necessary to prevent any unwanted
reflection of the wave at the lateral fixing points. Since the input wave consists of
a longitudinal tensile wave and the reflection and transmission from the sample
may only have negligible bending moments because of an uneven (non-uniform)
failure in the sample’s cross-section, the lateral constraints do not influence the wave
measurement. They are only needed to maintain the alignment of the bars after
the measurement duration and prevent their free movement after the failure of the
sample. Both bars have a diameter of 24 mm. The total height of the setup is 4.2
m, which is restricted by the height of the laboratory room it was installed in. The
length of the input and transmitter bars are selected based on several critical criteria.

The setup is designed for testing strain hardening materials, meaning that a long
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input wave is needed to reach sample failure in one wave passage. Note that
the dynamic strain capacity of SHCC can easily reach 3% [12]. Recording a long
input wave requires a sufficiently long input bar. Conventionally, in the horizontal
split-Hopkinson bars, the input bar has at least the same length as the input wave
so that both input and reflected waves can be recorded using the strain gauges in
the middle of the input bar. This type of recording using one measurement point
in the middle of the input bar is only reliable if no superposition of the waves
occurs so that the input and reflected waves are recorded separately in time [15].
This condition cannot be fulfilled in the designed gravity-driven SHTB since the
input wave is generated by the rigid body movement of the impact flange, which
continues its movement even after losing contact with the striker; see Figure 3.5.
This issue can be solved by using two measurement points on the input bar, which
has the advantage that disregarding the length of the input wave, both input and
reflected waves can be captured for any arbitrary recording duration [91, 92]. In this
method, the strain gauges must have at least a distance of five times the diameter
of the bar to the bar’s end to ensure stress uniformity in the bar’s cross-section
[59, 93]. Moreover, the influence of wave dispersion becomes more prominent when
the method is used for longer recording times [94], which is not the case here.

In the developed split-Hopkinson tension bar, the strain gauges positioned at the
top end of the input bar are used to determine the wave reflected from the sample.
The input wave recorded by strain gauges at the bottom side of the input bar is
shifted (see Figure 3.1) to the position of the top strain gauges and subtracted from
the wave recorded at that point. The result is the wave reflected from the specimen.
The determined reflected wave is only valid for 0.57 ms, which is equal to twice
the time needed for the wave to travel between the top and bottom strain gauges.
This time is sufficient to capture the failure of the materials under investigation.
The input wave, which is time-shifted to the position of the upper strain gauges,
is recorded for 0.63 ms by bottom strain gauges before the arrival of the reflected
wave from the specimen; see Figure 3.3. The obtained input and reflected waves
are then time-shifted to the bottom side of the sample in contact with the input bar
and are used for a wave analysis as explained in Section 3.1.1. Certainly, the wave
analysis is performed for the time span when both the input and reflected waves are
available, i.e. the first 0.57 ms. Finally, it was concluded that an 1840 mm long input
bar with two measurement points with a distance of 1440 mm, not only provides
enough recording duration for SHCC and TRC but also places the sample at the
height of 2 meters. The proper height of the sample is of high practical convenience,
as it is necessary for setting up and calibrating the high-speed cameras, and gluing,
cutting and removing the specimen, etc.
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The chosen input bar imposes a 2 m long transmitter bar, although theoretically,
a shorter transmitter bar can also capture the transmitted wave corresponding to
the recorded input and reflected waves. The transmitted wave is also recorded
at two points along the bar with a distance of 780 mm; see Figure 3.1. The two
measurement points are used to accurately find the wave velocity needed for shifting
the wave to the upper side of the specimen in contact with the transmitter bar.

At each measurement point on the input and transmitter bars, three strain gauges
are attached to the bar axis-symmetrically to prevent any error induced by any
possible bending moments. Note that both types of strain gauges, foil and semi-
conductor, were tested in the setup. Foil strain gauges of the type SGT-1/350-TY11
by Omega, with a gauge factor of 2.13, a gauge length of 1 mm, and a resistance
of 350 Ohms were initially used. Although the semiconductor strain gauges had a
significantly lower noise to signal ratio, they were susceptible to having different
gauge factors in tensile and compressive strain. The different gauge factor in tension
and compression could cause an error in measuring the reflected wave from the
sample. As a result, after performing a series of experiments using semi-conductor
strain gauges of the type KSP-1-350-E4 by KYOWA, it was decided to use foil strain
gauges again. Calibration of strain gauges was performed by placing a load-cell
in between the two bars and pressing them against each other, see Figure 3.2a.
Figure 3.2b shows a good agreement between the measurements of the load-cell
and the force calculated based on the recorded strain on the transmitter bar, even at
low force levels in order of 100 N.

Figure 3.2: a) Setup for calibrating the strain gauges, b) Force measured by a load-cell
compared to the one calculated based on recordings of strain gauges on transmitter bar
(load is applied quasi-statically).

All strain gauges are sampled with a rate of 1 MHz and are subsequently filtered
with a zero-phase, 60 kHz low-pass filter to cancel the electrical noise and to

30



Designing experimental setups for impact testing

avoid any phase shift in the signal. Data acquisition is done with the help of two
synchronized SIRIUSi R⃝ HS-STG+ systems produced by DEWEsoft R⃝. An example
of the recorded input and transmitted waves, and the derived reflected wave in a
test on a SHCC specimen is presented in Figure 3.3. A Fast Fourier Transform (FFT)
analysis was performed on the average recordings of the three strain gauges at all
measurement position on the bars to prove the suitability of the selected low-pass
filter. Figure 3.4 shows that the contribution of frequencies higher than 20 kHz is
close to zero. Thus, the role of the selected zero-phase 60 kHz low-pass filter is
only eliminating the noise. It should be noted that the FFT analysis is performed on
the signals recorded for 0.7 ms at a sampling rate of 1 MHz. Thus, the frequency
resolution of the FFT results is limited to sampling frequency divided by the number
of samples recorded in 0.7 ms, and that is 1428 Hz.

Figure 3.3: Example of the recorded input, reflected and transmitted waves in an impact
tensile test on a cylindrical SHCC specimen. The scale for the transmitted wave is given on
the secondary vertical axis.

The striker device in the SHTB developed in this thesis consists of two parallel 0.4
m long steel bars tightened to two steel blocks and positioned on both sides of
the input and transmitter bars. The steel blocks are connected by an aluminum
plate. The distance between the parallel strikers is 60 mm, which allows their
vertical motion along the entire SHTB without interfering with the instrumented
bars or with the recording field of the high-speed optical equipment. Conventionally,
cylindrical strikers are used in split-Hopkinson tension bars imposing a certain
length on the input bar, which cannot be instrumented with strain gauges. As a
result, the necessary length of the setup is increased significantly [73]. Moreover, in
a gravity-driven split-Hopkinson bar, the drop height is limited to the mentioned
free length on the input bar, if a cylindrical striker is used. The striker used in
the developed setup overcomes the mentioned limitations, thus it can be released
from any height up to 3.5 m to generate tension waves with various amplitudes and
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Figure 3.4: Fast Fourier Transform (FFT) of the signals recorded by the strain gauges in an
impact tensile test on a cylindrical SHCC specimen.

provide different strain rates. The 30 kg weight assembly slides down a vertical rail
from the selected drop height, and if dropped from the maximum height, it ensures
a 7.5 m/s impact velocity at the moment of contact with the impact flange. The
impact flange is rigidly attached to the bottom end of the input bar at a height of
0.1 m from the base level.

In order to ensure a sufficiently long input wave, the principle of rigid body motion
was applied by using an impact flange made of stainless steel [95]. Owing to the
high sound velocity in stainless steel and to the high structural stiffness of the
flange itself, the phase of transient stress waves in the flange is considerably shorter
in comparison to the total length of the loading pulse. In this way, rigid body
motion of the flange occurs under the direct action of the strikers (impulse-response
rigidity or force-response rigidity) [96]. In this configuration, the length of the
resulting input wave is more than double the striker lengths, which enabled the use
of relatively short strikers. Figure 3.5 shows the matching of the particle velocity
of the input wave and the speed of the flange. The flange speed was measured
on the surface at its center of mass by a high-speed optical extensometer, while
particle velocity was calculated using the recorded input wave on the bar according
to Eq. 2.9. The transient stress state in the flange has a negligible role in shaping
the input wave, which is prescribed by the movement of the flange. Furthermore,
the contact between striker bars and the flange was checked before each experiment
to prevent eccentricity in the loading wave. Figure 3.6 shows an example of the
signals recorded by the strain gauges at the bottom end of the input bar, indicating
the negligible eccentricity in the loading wave.

This pulse generation principle was checked by monitoring the contact between
the striker and the flange using a high-speed camera. It was shown that the rising
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Figure 3.5: Particle velocity of the input wave and the speed of the impact flange.

Figure 3.6: Recordings of the three strain gauges at the bottom end of the input bar. Strain
gauges are placed axis-symmetrically on the perimeter of the bar.

segment of the curves in Figure 3.5 is related to the phase when the speed of the
striker decreases as the flange gains velocity. The slope and duration of this part is
related to the impedance of the input bar as well as the properties of the contact
between striker and flange. After reaching the same velocity, at the end of the rising
segment, a slight reduction of speed caused by the resistance of the aluminum input
bar against the applied shock through the movement of the flange is observable. The
contact between the striker and the flange is lost after the arrival of the compressive
reflection from the top end of the input bar. At this time, the flange velocity increases
relative to the striker, which is observable from the curves in Figure 3.5. The particle
velocity of the wave decreases rapidly as the reflected wave from the specimen
reaches the bottom strain gauge on the input bar after 0.4 ms; see Figure 3.1. The
descending trend of the downward flange speed caused by the impedance of the
input bar also stops and the speed increases again as the reflected compressive wave
reaches the flange. It should be noted that in Figure 3.5, a shorter input bar than
that used in Figure 3.3 was used. Thus, the duration that the input wave is recorded
without being superposed by the reflected wave is shorter.

The input pulse presented in Figure 3.3 corresponds to a drop height of 1 m. This
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pulse can ensure a 3.2 mm deformation in a 40-mm long sample at a maximum
strain rate of 200 s−1. A displacement of 3.2 mm is enough to achieve failure
(complete separation) in 40 mm-long SHCC specimen with a strain capacity of 8%.
Such a sample length is representative for SHCC as judged by the typical crack
spacing [12].

3.1.1 Wave analysis

It should be noted that in the experiments with the gravity-driven SHTB, the
wave analysis was performed according to the theory of one-dimensional wave
propagation [62]. The stresses at both ends of the specimen are compared for
evaluating the dynamic stress equilibrium. Their average is considered for the
evaluation of the material properties. Eqs. 3.1 and 3.2 are used in calculating the
forces at each end of the specimen based on the input, reflected, and transmitted
signals: ε In, εRe, εTr. The subscripts i, t, and s denote the properties attributed input
bar, transmitter bar, and specimen, respectively. The displacements at the ends of
the specimen are calculated based on Eqs. 3.3 and 3.4, where Ci and Ct are elastic
wave velocities in the input and transmitter bars, respectively. The stress in the
specimen is calculated using Eq. 3.5, where As is the cross-sectional area of the
specimen. The strain in the specimen is estimated using Eq. 3.6, where ls is the
initial length of the specimen. The strain rate is calculated using Eq. 3.7.

Using two measurement points on the input and transmitter bars derive the elastic
wave velocity and Young’s modulus of the bar material directly. The correct mea-
surement of these parameters is of great importance in shifting the signals towards
the specimens’ ends as well as in deriving the stresses in the specimens.

Fi(t) = Ei Ai(ε In(t) + εRe(t)) (3.1)

Ft(t) = Et AtεTr(t) (3.2)

δi(t) = Ci

∫︂ t

0
(ε In(t)− εRe(t))dt (3.3)

δt(t) = Ct

∫︂ t

0
εTr(t)dt (3.4)
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σs(t) =
Fi(t) + Ft(t)

2As
(3.5)

εs(t) =
δi(t)− δt(t)

ls
(3.6)

ε ṡ(t) =
(ε In(t)− εRe(t))Ci − εTr(t)Ct

ls
(3.7)

3.1.2 The analytical split-Hopkinson bar model

The stress generated in the specimen in a split-Hopkinson bar is the result of
numerous reflections of the part of the input wave transmitted into the specimen.
So, the stress can be mathematically expressed as the summation of the amplitudes
of the wave reflections superposed inside the specimen. The idea behind the model
was adopted from [97] and extended to the more generalized case that the input
and transmitter bars are made of two different materials.

In a split-Hopkinson bar, as the front of the input wave reaches the specimen, the
stress rises at the side of the specimen connected to the input bar while the end
connected to the transmitter bar experiences no stress. When the pulse reaches the
other end of the specimen, it is partially reflected with the same sign and partially
conveyed to the transmitter bar in proportion to the impedance mismatch between
the specimen and the transmitter bar. After a certain number of reflections at the
specimen’s ends connected to the bars, the difference between the stresses at its two
ends becomes negligible, which is referred to as the dynamic equilibrium condition.

Using subscripts s for the specimen, i for the input bar, and t for the transmitter bar,
Eq. 3.8 shows the ratio of the input bar cross-section area to that of the specimen.
Eqs. 3.9 and 3.10 show the ratios of the input and transmitter bars’ impedances
respectively to that of the specimen, while Eq. 3.11 shows the travel time of the
wave through the specimen. In these equations, ρ, A, C and l are density, area,
one-dimensional wave velocity, and length, respectively.

γ =
Ai

As
(3.8)
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ri =
AiρiCi

AsρsCs
(3.9)

rt =
AtρtCt

AsρsCs
(3.10)

t0 =
ls
Cs

(3.11)

Based on the parameters presented, the coefficients D, Bi and Bt can be determined
using Eqs. 3.12 to 3.14. The coefficient D defines the transmission ratio of stress
to the specimen for any given input stress. Bi and Bt define the reflection rates of
the wave propagating inside the specimen back to the specimen at the interfaces
connected to the input bar and the transmitter bar, respectively.

D =
2γ

ri + 1
(3.12)

Bi =
ri − 1
ri + 1

(3.13)

Bt =
rt − 1
rt + 1

(3.14)

By the iterative application of the abovementioned coefficients for each wave re-
flection in the specimen, the stress developed over time in the specimen at the
input bar-specimen and the specimen-transmitter bar interfaces can be calculated
respectively by using Eqs. 3.15 and 3.16. In these equations, σi(t) is the function
of the input wave over time, t0 is the time needed for one wave passage in the
specimen, n and m are respectively even and odd integers.

σis = D · σi(t) + D ·
n
2

∑
j=1

(Bj−1
i Bj

t + Bj
i B

j
t) · σi(t − 2jt0) for nt0 ≤ t ≤ (n + 2)t0 (3.15)
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σts = D ·
m+1

2

∑
j=1

(Bj−1
i Bj−1

t + Bj−1
i Bj

t) · σi(t− (2j− 1)t0) for mt0 ≤ t ≤ (m+ 2)t0 (3.16)

These two equations consider the impedance mismatch between the specimen and
the bars in the iterative usage of Eqs. 3.13 and 3.14 for each time the wave reflects at
the ends of the specimen. The presented coefficients are commonly used to show
the wave reverberation process in a specimen tested in the split-Hopkinson bar. The
basics behind their derivation has been explained in Section 2.4.2.

It is also possible to introduce a coefficient that defines the reflected part of the
input wave back to the input bar, see Eq. 3.17.

Bre f =
1 − ri

ri + 1
(3.17)

The transmitted part of the wave from the specimen to the input and transmitter
bar can be defined based on the coefficients given in Eqs. 3.18 and 3.19, respectively.
Note that in these equations, it is assumed that the cross-section area of the input
and transmitter bars are the same. Thus, γ remains unchanged in both equations.

Ki =
2ri

γ(ri + 1)
(3.18)

Kt =
2rt

γ(rt + 1)
(3.19)

Additionally by using the coefficients D, Bi and Bt, one can analogously define the
reflected and transmitted wave from the specimen, respectively by Eqs. 3.20 and
3.21. Same as before n is an even integer, while m is an odd one.

σr = D · Ki ·
n
2

∑
j=1

(Bj−1
i Bj

t) · σi(t − 2jt0) + Bre f σi(t) for nt0 ≤ t ≤ (n + 2)t0 (3.20)

σt = D · Kt ·
m+1

2

∑
j=1

(Bj−1
i Bj−1

t ) · σi(t − (2j − 1)t0) for mt0 ≤ t ≤ (m + 2)t0 (3.21)
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Experiments on an aluminum specimen with the dimensions as presented in Fig-
ure 3.1 were performed in the first place. The purely elastic behavior of the alu-
minum specimen under dynamic tension load until the point when the glue fails
can be used to investigate the reliability of Eqs. 3.15 and 3.16. Figure 3.7 shows
stresses at the two ends of the specimen found experimentally and those calculated
using the presented simplified model. The input wave generated in the experiments
is used as the input wave in the model. Parameters γ, ri, and rt are calculated based
on the material and geometrical properties of the bars as presented in Table 3.1. The
agreement of the experimental and analytical stresses at the ends of the specimen
shows the reliability of the model. Such a simple analytical model, based on a one-
dimensional wave propagation in an elastic specimen, can be used for optimizing
any split-Hopkinson bar setup regarding the shape of the loading wave and the
impedance of the bars for a particular type of material being tested.

Figure 3.7: Stresses predicted by the analytical model in comparison to the stresses derived
on the two sides of an aluminum specimen.

3.1.3 Applications of the model for optimizing the developed split-

Hopkinson tension bar

To analyze the material response accurately based on the wave analysis, the stress
equilibrium must be attained in the specimen before crack localization. Stress
equilibrium is associated with a uniform stress magnitude in the specimen, and thus
is reached after a certain number of wave reverberations in the specimen. Reaching
the equilibrium state in the specimen depends on the length of the specimen, the
rise time of the input wave and the number of needed reflections. The number
of wave reverberations attained before crack initiation in cementitious materials
depends on the length of the specimen, on the first crack stress, and on the wave
velocity in the specimen material. Since the specimen length can only be reduced
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Table 3.1: Physical and geometrical properties of the input bar (aluminum) and transmitter
bar (brass) and specimen.

Input bar Transmitter bar specimen
Wave speed [m/s] 5060 3290 4100
Density [kg/m3] 2850 8470 1865
Cross-section area [mm2] 452 452 380

down to a certain limit, it is the initial phase of the loading wave, i.e. the rise time,
which should be adjusted in the first place for attaining a stress equilibrium prior to
cracking [70].

To achieve a smooth rising phase of the loading wave, brass caps were rigidly
attached to the ends of the two steel striker bars, in this way reducing the contact
stiffness. Additionally, thin brass inserts were placed on the impact flange at the
contact points with the striker bars. These measures ensured a 0.12 ms rise time of
the input wave.

The required number of reverberations for reaching stress equilibrium in the spec-
imen is dependent on the impedance mismatch between the specimen and both
input and transmitter bars [97, 98]. The presented analytical model describing the
stresses at the specimen’s ends was used to examine the effectiveness of increasing
the impedance mismatch at the specimen-transmitter bar interface in reaching stress
equilibrium.

The results of the analytical model showed that using an aluminum input bar
and a brass transmitter bar facilitates a faster realization of stress equilibrium in
the specimen. The significantly higher impedance of the transmitter bar material
compared to the specimen increases the amplitude of the reflected wave with
the same sign back into the specimen, leading to a faster rise in the stress at the
corresponding end of the specimen connected to the transmitter bar. Table 3.1
shows the geometrical and physical parameters which define the impedances of the
input bar (aluminum), the transmitter bar (brass) and the specimen. The properties
of the specimen are based on the post cracking behavior of a normal strength SHCC,
which will be discussed in more detail in Chapter 4.

Figure 3.8 shows the ratio of the difference between stresses at two ends of the spec-
imen to the mean stress value as a parameter to define the proximity of equilibrium
in percentage [97]; see Eq. 3.22. The specimen’s length was 40 mm and an input
wave with a rise time of 120 µs to 56 MPa followed by a plateau was considered for
the analysis; see Figure 3.3. Here a 10% difference is assumed as the equilibrium
limit; perfectly matching stresses on the two ends of the specimen is only achievable
after the first rising portion of the input wave. The time needed to reach a stress
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difference below this limit is considerably lower in the case of an output bar made
of brass, 32 µs for brass output bar comparing to 48 µs for aluminum output bar. In
Figure 3.8, the case of an aluminum transmitter bar is generated by substituting the
material properties of the transmitter bar with those of the input bar, see Table 3.1.
Certainly, other types of metals are available with higher impedance than brass.
However, the relatively low Young’s modulus of brass significantly diminished the
noise level in the recorded signals.

To demonstrate the prediction of the analytical model about the influence of
impedance mismatch on the stress equilibrium in the specimen, experiments were
performed on normal-strength SHCC made of HDPE fibers using both types of
transmitter bars. The results of the experiments are presented in Section 4.1.

R(t) =
σi − σt

(σi + σi)/2
· 100 (3.22)

Figure 3.8: Ratio of the stress difference at the two ends of the specimen to the mean stress.
The calculations are based on the analytical model using an input pulse with a rise time of
120 µs, followed by a plateau at a stress level of 56 MPa.

The discussion above showed the application of the analytical model in adapting
the materials of the bars in the SHTB in order to facilitate the testing of the strain
hardening materials under investigation. Furthermore, the developed model can be
used to study the influence of the loading wave on the time needed for reaching
equilibrium, and the corresponding strain rate and loading rate created in an elastic
specimen. To obtain the loading rate, the average of stresses on the front and back
of the specimen can be derived with respect to time by using Eqs. 3.15 and 3.16,
respectively. By using the loading rate and Young’s modulus of the specimen, one
can also find the strain rate. However, the input, reflected and transmitted waves
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Figure 3.9: a) Examples of the recorded input wave in the SHTB, used as an input to the
analytical model and the resulting b) equilibrium evolution, c) loading rate, and d) strain
rate in a specimen with a length of 40 mm in the first 150 µs. Loading waves 1 and 2
corresponds to the drop heights of 1 m and 0.5 m for the striker, respectively.

(Eqs. 3.20 and 3.21) may also be used for this purpose, similar to real experiments.
Figure 3.9 shows the comparison of two recorded input waves created by dropping
the striker from heights of 1 m and 0.5 m. The input waves were used as inputs to
the analytical split-Hopkinson bar model. The predicted stress difference between
the two sides of the specimen, the loading rate and strain rate in the first 150 µs are
presented as well. It can be observed that in the case of the input wave with the
steeper rising part, the stress difference between two ends of the specimen decreases
slower, see Figure 3.9b. The steeper rising part also leads to a considerably higher
loading rate and strain rate. In the case of the loading rate and strain rate diagrams,
it can be seen that they tend to zero after the first 150 µs, see Figure 3.9c, d. The
reason is the assumption of an elastic behavior of the specimen. Once the first rising
part of the wave ends and the plateau starts, the specimen maintains its stress and
strain level as the part of the wave with constant amplitude passes. In the real
experiments, the damage of the specimen leads to a non-zero strain rate during the
whole test. If a specimen is not damaged in the initial loading phase, it does not fail
during the test at all.

The results enable tailoring the input wave for a required strain rate or loading rate
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in the specimen. Moreover, the influence of the loading wave on the level of stress
uniformity in the specimen can be investigated. The proper shape of the input wave
and the length of the specimen, which result in the desired strain rate, can also be
optimized using the model.

3.1.4 Applications of Digital Image Correlation (DIC)

The setup is equipped with two high-speed cameras of type SA-X2 produced by
Photron R⃝. Using two cameras enables a full-filed strain measurement on the
specimens tested in the SHTB through 3D DIC. The main challenge was to trigger
the camera at the right moment. The whole test had to be captured in the recording
period of the camera.

For this purpose, a light barrier was placed in the path of the falling striker close to
the impact flange; see Figure 3.1. Upon the passage of the striker, the light barrier
sends a signal to the data acquisition system. An alarm is set in the system to
send a 10 V signal to the camera as it receives the signal from the light barrier.
Although theoretically, it was possible to trigger both the data acquisition system
and the camera system with the signal from the light barrier, the selected option
was preferred due to its more straightforward technical implementation. Moreover,
for synchronizing the frames of the camera with recordings of the strain gauges
a signal from the camera, showing the exact triggering time of the cameras, were
recorded by the data acquisition system.

The synchronized 3D DIC was used as a supporting measurement tool throughout
the experimental campaign performed using the SHTB. The purpose was to monitor
the damage in the specimens during high-speed experiments and to describe the
fracture process, and so to provide a deeper understanding of the high-speed
experiments.

3.2 Configuration of the SHTB for testing planar spec-

imens

One of the applications of the developed gravity driven SHTB presented in the
previous section was characterizing textile reinforced concrete (TRC). This specific
configuration of the SHTB is presented here. The setup was adapted for testing the
plate-like specimens of TRC under impact tension; see Figure 3.10. The specimens
are attached to the input and output bars by specially designed adapters. Since these
elements represent additional geometrical discontinuities in the testing setup, their
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effect on the wave propagation was analyzed experimentally and numerically, which
facilitated the formulation of appropriate evaluation techniques for differentiating
the specimen response from various wave effects related to the setup itself.

Based on a set of design conditions, the length of the input bar was set to 1.23
m, while that of the output was 2.5 m. The drawback related to the small length
of the input bar compared to the length of the loading wave was overcome by
using two measurement points on the input bar, which is discussed in the previous
section. In order to comply with the condition of one-dimensional wave propagation
(Saint-Venant’s principle), which is necessary for an accurate wave analysis [59], the
distance between the strain gauges and the bar’s ends must be at least five times
the diameter of the bar, which resulted in a distance of 830 mm between the strain
gauges on the input bar. The transmitted wave is recorded in the transmitter bar at
a distance of 225 mm from the specimen; see Figure 3.10.

Figure 3.10: The configuration of the gravity driven SHTB for testing textile reinforced
composites: a) schematic view of the setup; b) main components; c) position of the strain
gauges and length of the bars; d) dimensions of the specimen and its attachment to the bars.

A similar wave separation technique as explained in Section 3.1 was used here. The
strain gauges positioned at the top end of the input bar are used to determine the
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wave reflected from the specimen. This is done by shifting the input wave recorded
by strain gauges at the bottom side of the input bar on the time axis to the position
of the top strain gauges and subtracting it from the wave recorded at that point;
see Figure 3.10a. The shifting on the time axis is performed according to the time
needed for the wave to travel between the two measurement points on the input
bar. The obtained reflected wave is only valid for 0.47 ms, which is equal to twice
the time needed for the wave to travel between the top and bottom strain gauges.
Though this time is sufficient to capture the failure of TRC. The input wave, which
is time-shifted to the position of upper strain gauges, is recorded for 0.6 ms by the
bottom strain gauges before the arrival of the reflected wave from the specimen. So,
the wave analysis based on the input and reflected waves is only valid for 0.47 ms;
see Figure 3.11b. The obtained input and reflected waves are subsequently shifted
on the time axis to the bottom side of the specimen in contact with the input bar
and are the used for the wave analysis, as explained in Section 3.1.1. The input
wave shown in Figure 3.11 is created by releasing the striker from a drop height of
1 m. The created wave can induce a 5% strain in a TRC specimen with a length of
50 mm. Such a length is representative for TRC specimens with textile mesh sizes
of around 10 mm [99].

With a length of 2.5 m, the transmitter bar allows for recording considerably longer
waves and could be made shorter in favor of the input bar. However, the 1.23 m-long
input bar also facilitates specimen placement at a height of 1.5 meters from the
ground, which is of high practical convenience in setting up and calibrating the
high-speed cameras and especially the optical extensometer, as well as in mounting
and removing the specimens. Note that in the setup for TRC both the input bar
and the transmitter bar are made of brass. Since it was intended to test planar
specimens, the use of adapters to attach the specimens to the bars was inevitable.
The high impedance of the brass bars allows the design of the adapters to have a
larger cross-section area, but maintain the same general impedance, when made of
metals like aluminum.

Same as for the bars used for testing cylindrical SHCC specimens, each measurement
point on the input or transmitter bar consists of three strain gauges attached at
equal distances from each other on the bar’s circumference to prevent any error
induced by possible bending moments. All strain gauges are sampled with a rate of
1 MHz and subsequently filtered with a zero-phase shift 30 kHz low-pass filter to
cancel the electrical noise and avoid any phase shift in the signal. Data acquisition
is done with the help of two synchronized SIRIUSi R⃝ HS-STG+ systems produced
by DEWEsoft R⃝. Figure 3.12 shows the Fast Fourier Transform performed on the
average of the three strain gauges at each of the measurement positions, and the
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Figure 3.11: . a) Recordings of the strain gauges on the bottom and top ends of the input
bar, and the calculated reflected wave; b) example of the recorded input, reflected and
transmitted waves. Transmitted wave is represented on the secondary vertical axis.

signals obtained from the optical extensometer. Frequencies higher than 30 kHz
have a negligible contribution, which proves that the above-mentioned low-pass
filter only eliminates the noise of the measurement.

3.2.1 Benchmark impact test on an elastic planar specimen

As explained above the adapters between the bars and specimen are additional
geometrical discontinuities in the testing configuration with a certain effect on
the wave propagation. For an accurate derivation of the mechanical properties
of the tested specimens, the influence of the adapters must first be assessed and
subsequently subtracted from the derived (apparent) sample response to loading.

For this reason, the benchmark dynamic tensile tests were performed first on an
elastic sample. An aluminum plate with dimensions of 90 mm ×40 mm ×10 mm
and Young’s modulus of 75 GPa was glued in the testing device. With 20 mm of
anchorage in the aluminum adapters at both ends, the free length of the specimen
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Figure 3.12: Fast Fourier Transform (FFT) of the signals recorded by the strain gauges and
by the optical extensometer in an impact tensile test on a planar TRC specimen. Amplitudes
of the signals recorded by optical extensometer are shown on the secondary vertical axis.

was 50 mm. The aluminum specimen was only 10 mm thick to match its impedance
with that of the cementitious specimens. Since the adapters were designed for 20
mm-thick composite specimens, the resulting gaps were filled with glue and spacer
plates made of the same matrix material as used for TRC under investigation, see
Figure 3.13a. The planar aluminum specimen was instrumented with a strain gauge
on its front and rear faces. The elastic behavior of the specimen up to the failure of
the glue enabled a reliable comparison between the stress in the specimen as derived
from the strains recorded by the strain gauges and the stress calculated based on
the wave analysis in the bars. Based on these results, an evaluation technique that
eliminates the effect of the adapters on the measurement was proposed.

Figure 3.14 shows a significant difference between the stress histories derived
using the wave analysis in the input bar and those derived based on the strain
measurement directly on the specimen. However, the stress calculated based on the
transmitted wave matches the actual stress in the specimen. It is worth mentioning
that the strain history recorded in the middle of the aluminum specimen was shifted
on the time axis to the same point where the transmitted wave was shifted. This
was done for a better comparison of the curves. Initially, their rising points were
different as the transmitted wave was shifted to the bar-adapter interface, while the
strain history on the specimen was measured in the middle of its gauge length.

The discrepancy between the stresses derived based on the waves in the input
and transmitter bars cannot be traced back to a non-uniform state of stress in the
specimen. The higher calculated stress based on the input and reflected waves
up to the peak shows the influence of the adapter’s inertia on the reflected wave.
As the wave travels through the input bar towards the specimen, it reaches the
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Figure 3.13: a) Schematic view of the plate-like specimen and its connection to the bars; b)
Lagrange diagram of the wave propagation between the input and transmitter bars.

tightening nut first, subsequently the adapter and finally the specimen. Each of
these elements reflects a part of the wave, as shown in the Lagrange diagram in
Figure 3.13. Hence, the wave history in the input bar is not entirely related to the
response of the specimen. A similar phenomenon occurs with the transmitted wave
as it passes through the adapter and reaches the transmitter bar. In the Lagrange
diagram, only the input wave, the reflection at point B, and the transmission from
point C are related to the specimen. These waves cannot be recorded directly in the
experiments. It should be noted that in drawing the Lagrange diagram, the wave
propagation velocities in different sections of the adapter were estimated according
to their general Young’s modulus and density, which was calculated using the
rule of mixture. These estimations were proved using the results of the numerical
simulation of the test setup presented in Appendix A.1. Moreover, the specimen
was assumed to be made of high-strength SHCC.

The obtained results of the elastic specimen indicate that the influence of the adapters
on the amplitude and shape of the waves should be studied. Furthermore, as the
equilibrium cannot be verified directly, an alternative method is needed to verify
stress uniformity in the specimen.
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Figure 3.14: Stress histories in an impact tension experiment on aluminum specimen, based
on the wave analysis in the input and output bars and direct strain measurements on the
specimen.

In order to study the influence of the adapters on the waves recorded on the bars,
an optical extensometer was used to track the vertical displacement of both adapters
during the tests on the aluminum specimen. Targets were placed at a distance
of 5 mm from the specimen’s ends, and their displacements were recorded; see
Figure 3.13. The difference between the speed of the adapters measured optically,
and the velocity derived based on waves recorded on the bars can illuminate the
influence of the adapters on the waves. The optical measurement shows the real
velocity of the adapters, while the velocity calculated using Eq. 2.9 is based on
the recorded waves and may be impaired by the adapter’s inertia, impedance
discontinuity with the bars, and the threads which connect the adapters to the bars.
This comparison was made for the adapters on the input and transmitter bars, and
is shown in Figure 3.15. Note that for performing the wave analysis, the waves
were shifted in time to the bar-adapter interface, points A and D in Figure 3.13. The
difference in the shape of the optically recorded velocity histories of the adapters and
those calculated based on the wave analysis revealed the significance of influence of
the adapters and of the threaded connections on the wave propagation.

In the case of the adapter on the input bar, the difference between the optical
measurement and the wave analysis is considerable. The velocity calculated based
on the wave analysis starts to rise earlier than the optically measured velocity. The
reason behind this artifact is the inertia of the adapter. As the input wave reaches
the adapter, a certain time is needed for the adapter to start its rigid body movement.
The reflected wave during this time is mainly affected by the interaction between the
input wave and the adapter rather than by the specimen. As a result, the calculation
for the stress and displacement at the bottom side of the specimen using Eqs. 3.1
and 3.3, respectively, are not correct. Thus, the values obtained by Eqs. 3.5 to
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Figure 3.15: The Velocity of the adapters measured optically (black curves) is compared to
the velocity calculated based on the waves (red curves) on a) input bar, and b) transmitter
bar.

3.7 would be inaccurate as well. In the case of the adapter on the transmitter bar,
there is an acceptable agreement between the optical speed measurement and the
particle velocity of the wave, which shows that the delay and the effect on the
amplitude of the transmitted wave induced by the adapter are negligible. The stress
histories presented in Figure 3.14 also support this statement. The reason behind
the more pronounced influence of the adapter on the input bar can be the higher
acceleration and thus higher inertia forces in this adapter, when compared to the one
on the transmitter bar. Furthermore, as the velocity and stress on the input bar are
calculated based on the input wave and the corresponding reflection, the influence
of the adapter on the time-shifting process also contributes to the discrepancy of
stresses presented in Figure 3.14.

To verify the experimental results on the influence of the adapters presented in this
section, a transient 3D finite element simulation of the wave propagation in the test
setup was carried out; see Appendix A.1. The results of the simulation also showed
that the use of the adapters causes considerable error in the stress and strain values
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obtained by the regular wave analysis according to Section 3.1.1.

Finally, it can be concluded that the transmitted wave can be used reliably in Eq.
3.2 to determine the stress history in the specimen. The strain in the specimen,
however, needs to be obtained optically to eliminate the influence of the adapter on
the reflected waves in the input bar.

The concurrence between the stress histories based on the wave analysis in the
transmitter bar and based on the recordings of the strain gauges on the specimen,
as shown in Figure 3.14, can be considered as a proof of stress uniformity along the
specimen, i.e., dynamic stress equilibrium. However, one should consider the lower
wave propagation speed in the cement-based sample compared to that of aluminum.
The time needed to reach stress uniformity in the sample highly depends on the
speed of the wave in the material being tested, the sample’s length and the rise
time of the input wave. Furthermore, to a lesser extent, dynamic stress equilibrium
depends on the impedance mismatch between the specimen and the bars. Thus,
the stress equilibrium in cylindrical specimens tested without adapters made of
the same material and having the same length as the planar specimens can also
provide an assessment of the stress uniformity along the planar specimens. This is
because among the mentioned parameters that influence reaching equilibrium, only
the impedance mismatch between the sample and the bars can slightly change by
using planar specimens with adapters.

Accordingly, an investigation was performed by testing a series of cylindrical high-
strength SHCC specimens with a length of 50 mm, corresponding to the gauge
length of the planar specimens. The SHCC was the same as the one used as
matrix in the production of TRC plates, see Section 5.1. The specimens were glued
directly to the bars without any adapter. Figure 3.16 shows the stress-time histories
at both specimen’s ends in contact with input and transmitter bars, respectively.
There is an acceptable agreement between the stresses calculated in the input and
transmitter bars before the formation of the first crack, which corresponds to the
first stress peak of the stress-strain curve. With the initiation of multiple cracking
in the specimen, equilibrium is lost to some extent [100]. Generally, such long
representative specimens made of cement-based composites have been frequently
tested by other researchers at the expense of an inevitable loss of stress uniformity
along the specimen [71, 74, 101]. In the case of TRC, the anchorage of the textile
mesh and its geometric properties define a sufficiently large specimen length, which
should however also fulfill the equilibrium condition. The results of the experiment
on 50 mm cylindrical are provided in Appendix B.
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Figure 3.16: Stress histories at the ends of the cylindrical SHCC specimen tested without
adapters with the same length as the gauge length of the specimen made of textile reinforced
cementitious composites (50 mm).

3.3 The high-speed micromechanical test setup

The fundamental mechanism behind the strain hardening and multiple cracking
behavior of SHCC is the crack-bridging action of the short randomly distributed
fibers. Once a crack is formed in the matrix, the fibers are activated. Under
impact loading, the crack opening speed and the pullout speed of the fibers can be
considerably higher than that of the quasi-static case. The different pullout speed
can substantially change the crack-bridging behavior of the fibers.

A mini-Hopkinson tension bar was developed to investigate the influence of pullout
speed on the crack-bridging behavior of the fibers. The setup is capable of per-
forming single fiber pullout and tension experiments at displacement rates up to
1800 mm/s. This speed was selected based on the crack opening speed, which was
observed using DIC on the SHCC specimens tested in the SHTB at a strain rate of
200 s−1.

Figure 3.17 shows the schematic view of the developed mini-Hopkinson tension bar.
In the developed setup, an input bar with a diameter of 4 mm and a length of 2 m is
used. A cylindrical flange was screwed on the right end of the input bar. A hollow
cylinder made of steel, with a length of 1 m and an outer and inner diameter of
10 mm and 7 mm, respectively, was used as a striker. The striker was accelerated
by being pushed against a spring and then released. Once the striker was released,
it moved around the input bar and hit the impact flange. The input bar and the
impact flange were supported laterally to prevent their free movement during the
test. Moreover, the striker was placed on two roller supports to ensure its smooth
movement and to prevent its contact with the input bar once it is shot toward the
impact flange. The supports of the input bar and the supporting rollers of the striker
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are shown in Figure 3.17 in blue color.

Since the setup was designed for high-speed micromechanical experiments such as
fiber pullout testing and single fiber tension testing in which the recorded forces are
typically close to 1 N, the typical wave analysis of the split-Hopkinson bar based on
the recorded strain waves on the bars was not feasible [102, 103]. The transmitter
bar was replaced with a load-cell to solve this issue. A load cell of type Kistler 9205,
with a capacity of 50 N, was placed on the block shown in Figure 3.17 in red color
on the left side of the setup.

Figure 3.17: a) Schematic view of the mini-Hopkinson tension bar developed for high-speed
micromechanical investigations, and b) a fiber pullout specimen tested in the setup.

To record the input wave, two semi-conductor strain gauges of the type KSP-1-350-
E4 produced by KYOWA were attached to the input bar at the position of 1.1 m
from the impact flange. Since the length of the input bar was 2 m, and the length
of the striker was 1 m, it was not possible to separately record both the input and
reflected waves by the strain gauges positioned at 1.1 m from the impact flange. A
considerably longer input bar was needed for recording input and reflected wave
using only one measurement point on the bar. Nevertheless, taking into account
the negligible impedance of the specimens tested in this setup in comparison to
the aluminum input bar with a diameter of 4 mm, it is possible to assume that the
reflected compressive wave from the specimen has the same shape and amplitude
as the input wave. This simplifying assumption enables the displacement to be
estimated at the end of the input bar without directly measuring the reflected wave.
The assumption was scrutinized by measuring the displacement of the specimen
connected to the end of the input bar using an optical extensometer. The black and
white target on the adapter in Figure 3.17 was used for this purpose.
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The data from semiconductor strain gauges and optical extensometer are recorded
using a SIRIUSi R⃝ HS-STG+ data acquisition system produced by DEWEsoft R⃝.
The piezoelectric load-cell is first connected to a charge amplifier. The data is
transformed to a voltage signal between 0 V and 10 V by the charge amplifier and is
then captured using the data recorder mentioned above.

Several calibration tests were performed without a specimen attached to the end
of the input bar to assess the accuracy of the assumption about the reflected wave.
Figure 3.18 shows the comparison between the displacement calculated based
on Eq. 3.3 and displacement measured by optical extensometer directly on the
adapter where the specimen is fixed; see Figure 3.17. Eq. 3.3 was used with
the assumption that the reflected wave is identical to the input wave but having
an opposite amplitude. The two methods of obtaining displacement shows an
acceptable agreement in the first 0.2 ms. However, they start to deviate from each
other afterwards, gradually. Since the optical measurement is done at a negligible
distance from the matrix block, it is considered as the more reliable method. Thus,
throughout the experiments performed on single fiber pullout specimens, the
displacement measured by optical extensometer was used. The results of the
experiments are presented and discussed in Section 4.4.

Figure 3.18: The comparison between pullout displacement measured by the optical ex-
tensometer and that derived by the wave analysis in the mini-Hopkinson tension bar; the
corresponding input wave is shown on the secondary vertical axis.

3.4 Summary

A gravity-driven split-Hopkinson tension bar (SHTB) was developed to investigate
the behavior of SHCC and TRC, under impact tensile loading. This SHTB had to
fulfill a number of requirements, related to both the materials under investigation
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and the available space in the laboratory. Special attention was paid to reaching
the equilibrium condition in the specimen as the most important prerequisite of
a reliable impact test. The rise time and the impedance mismatch between the
specimen and the transmitter bar were the parameters to be adjusted for improving
the stress uniformity in the specimen. A simple analytical model was proposed to
objectively study the influence of impedance mismatch and the shape of the wave on
the evolution of stress in the specimen. Finally, it was shown that both a transmitter
bar made of brass and a long rise time are of great importance in achieving stress
uniformity in the specimen. Furthermore, an innovative method for generating the
input wave based on the rigid body movement of the flange was adopted. The
method was not only favorable with respect to the limited possible length of the
setup but also enabled generating a long input wave with an adjustable rise time.

Since one of the applications of the developed SHTB is performing impact tension
tests on TRC plates, the proper configuration of the setup for these experiments was
studied. The focus was on evaluating the influence of the adapters, which are used
to attach the specimen to the bars as well as on the stress and strain of a planar
specimen obtained by a conventional wave analysis in SHTB. Experiments on an
aluminum plate and the corresponding numerical simulation were performed in
order to find the influence of the adapters on the results. Subsequently, proper
alternative measurement techniques using an optical extensometer were used.

Finally, the design process of a high-speed micromechanical testing setup was
explained. Same as for the SHTB, the principle of wave propagation in round bars
was used in this setup in order to achieve a displacement rate of up to 1800 mm/s in
single-fiber pullout experiments. Proper measurement techniques were also selected
based on the calibration experiments. The test setup was required for explaining
the rate sensitivity of SHCC tested under impact tensile loading.
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4. Testing the behavior of SHCC
under impact loading

This chapter focuses on testing and describing the behavior of SHCC under different
impact loading conditions, namely tension, compression and shear. Throughout
this chapter, mechanical behavior of only one type of normal strength SHCC is
discussed to keep the focus on the experimental techniques and explaining the test
results rather than on the effects of SHCC composition. All the experiments are
performed at the age of 28 days.

After presenting the SHCC under investigation in Section 4.1, the experimental de-
tails and the results related to the impact tensile loading are provided in Section 4.2.
The experimental campaign was performed using the developed gravity-driven
split-Hopkinson tension bar (SHTB) described in Section 3.1. Section 4.3 focuses on
the behavior of SHCC under the dynamic compression loading. The experimental
campaign presented in this section was performed using a split-Hopkinson pressure
bar. Section 4.4 discusses the experimental details and the mechanical performance
of SHCC under dynamic shear loading. The corresponding results are obtained
by performing impact tests using the SHTB and the special adapter presented
in Appendix A.2. The final section provides the results of the micromechanical
experiments which were performed by the mini-Hopkinson bar as described in
Section 3.3.

4.1 Material under investigation

The studied SHCC consists of a normal-strength cement-based matrix M1 and high-
performance polymer fibers. The matrix contains a high volume of fly ash and has
a water-to-binder ratio of 0.3. The matrix is reinforced with 6 mm-long Ultra-High
Molecular Weight Polyethylene (UHMWPE) fibers in a volume ratio of 2%; see
Table 4.1. The Dyneema R⃝ UHMWPE fibers, also known as HDPE, are produced by
DSM, in the Netherlands. The physical mechanical properties of the fibers are given
in Table 4.2 according to the information received from the producer. The fibers

55



Testing the behavior of SHCC under impact loading

have a weak frictional bond with the matrix, but as it is shown in Section 4.5, the
bond strength increases with an increasing pullout rate.

In the previous works performed at the TU Dresden [12], this type of SHCC was
named M1-PE according to its constituent matrix name and fiber. The name is
changed to M1-6PE in this study to indicate the length of the HDPE fibers.

Table 4.1: Composition of the SHCC under investigation.

M1-6PE [kg/m3] Producer
Cement CEM I 42.5R-HS 505 SCHWENK
Fly ash Steament H4 621 STEAG
Quartz sand 0.06 - 0.2 mm 536 Strobel
Viscosity modifying agent 4.8 Sika
Water 338 -
Superplasticizer ACE 30 10 BASF
UHMWPE fiber Dyneema SK62 (6 mm) 20 DSM

Table 4.2: Physical and mechanical properties of the HDPE fibers.

Density [g/cm3] 0.97
Diameter [µm] 18
Tensile strength [MPa] 2500
Young’s modulus [GPa] 80
Strain capacity [%] 4

4.2 Impact tensile loading

The experimental series consisted of impact and quasi-static tension tests on M1-6PE
SHCC and its constituent plain matrix M1.

The split-Hopkinson bar presented in Section 3.1 was used to perform experiments
on cylindrical specimens with a length of 40 mm and a diameter of 22.5 mm at a
strain rate of up to 200 s−1. The results of the model presented in Section 3.1.2, and
a number of calibration experiments were used to select the appropriate length of
the specimen. The specimen needed to fulfill the dynamic equilibrium condition,
and to be large enough as a representative part of the material. Note that the same
sample geometry as the one used in the split-Hopkinson tension bar tests was used
in quasi-static experiments.

In the case of cylindrical specimens, as explained in Section 3.1.3, a 1.84 m aluminum
input bar and a 2 m transmitter bar made of brass were used; see Figure 4.1. In these
experiments, the specimens were glued directly on the bars using a bi-component
epoxy resin, Barrafix EP, produced by PCI, in Germany.
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Figure 4.1: SHCC specimen glued in the split-Hopkinson tension bar.

In addition to the wave analysis according to the procedure explained in Sec-
tion 3.1.1, Digital Image Correlation (DIC) was used as a full-field strain evaluation
method. A high-speed stereo system consisting of two Photron SA-X2 cameras
was used for this purpose while the subsequent DIC analysis was done using a
commercial software, Aramis developed by GOM GmbH. The cameras captured
160000 frames per second with a resolution of 120 x 512 pixels. 3D DIC allowed for
a detailed analysis of the crack formation process as well as the strain distribution
in the cracked cylindrical specimens. Additionally, the strain calculated based on
the wave analysis was compared with the DIC results. Based on the DIC analysis,
a discussion on the accuracy of the obtained stress-strain diagram is provided in
Section 4.2.3.4.

For measuring the dynamic Young’s modulus of the materials under investigation,
strain gauges were glued on 100-mm long specimens, as shown in Figure 4.2. With
a known distance between the two longitudinally positioned strain gauges, the
wave velocity can be calculated, and then by applying Eq. 4.1 the dynamic Young’s
modulus is derived. The reason behind using a longer specimen for measuring the
wave velocity was to increase the accuracy of the obtained Young’s modulus. The
signals of the strain gauges on the SHCC specimens were recorded with a sampling
rate of 200 MHz, while in the case of matrix specimens, the sampling rate was 1
MHz.

Edyn = C2ρ (4.1)

4.2.1 Specimen production

The M1-6PE SHCC and its constituent matrix were cast in prismatic molds with the
dimensions 100 mm x 100 mm x 400 mm. At the both ends of the prisms, slices with
a thickness of 30 mm were cut to prevent the wall effect on the fiber orientation in
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Figure 4.2: Dimensions of the long specimen used for deriving the Young’s modulus, and
positions of the strain gauges attached to the specimen.

the specimens. The cylindrical specimens were then core drilled in the longitudinal
direction of the prisms. Five specimens were tested for each parameter combination.
However, for finding the Young’s modulus only three specimens were tested to
reduce the one-time usage of strain gauges on specimens.

The core-drilled specimens with a length of 40 mm were used to study both the
quasi-static and dynamic behavior of the materials under investigation. However, in
order to obtain the dynamic Young’s modulus, core-drilled specimens with a length
of 100 mm were used, see Figure 4.2.

4.2.2 Quasi-static tensile test setup

The quasi-static tension tests were performed in a Zwick 1445 testing machine in a
deformation-controlled regime with a cross-head displacement rate of 0.04 mm/s.
The strain rate in the specimens before cracking was 0.001 s−1.

For these experiments, two brass cylinders were glued at both ends of the specimen
as extensions. These cylinders were then glued inside two steel rings which can be
attached to the testing machine; see Figure 4.3. The use of extension cylinders at the
two ends of the specimen prevented loading through contact between the glue and
circumference area of the specimen, which generates a tri-axial stress state at the two
ends of the specimen. As a result, it can be assumed that the boundary conditions of
the specimens in quasi-static experiments are similar to those of SHTB tests. A fast
hardening, bi-component glue consisting of a fluid component DEGADUR R⃝1801
and a powder component DEGADUR R⃝ 7742 F(N), produced by Evonik Röhm
GmbH, was used for gluing the extension cylinders inside the steel rings. While the
bi-component epoxy resin Barrafix EP used for the SHTB tests was used to glue the
specimens to the extension cylinders. It is worth noting that the extension cylinders
were made of brass since through mild heating, the epoxy glue can be removed
from its surface relatively easily.

The relative displacement of the two steel rings at the ends of the specimen were
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Figure 4.3: Setup used for quasi-static tension tests.

measured in order to derive the strain in the specimen. An optical extensometer,
type 200XR produced by H.-D. Rudolph GmbH, Germany, was used for this purpose.
A Canon-DSLR camera was also used to monitor the specimen during the test. It
took 1 frame every 5 seconds with a resolution of 5100 × 2100 pixels. Subsequently,
a 2D digital image correlation was performed using the photos.

4.2.3 Results and discussion

4.2.3.1 Results of the quasi-static tensile tests

Results for unreinforced matrix

Considering the pronounced strain rate sensitivity of the cement-based materials,
it is necessary to investigate the non-reinforced matrix as a separate constitutive
phase both under quasi-static and dynamic loading conditions for a comprehensive
evaluation of the rate dependent behavior of SHCC.

The cementitious matrix was tested under identical loading scenarios with identical
specimen geometries as the SHCC. Figure 4.4 shows the obtained stress-strain
relations. The evaluation of the curves provided mechanical parameters as given
in Table 4.3. In the quasi-static loading regime, the tensile strength of the matrix
was 3.3 MPa. The tensile Young’s modulus was derived from the stress-strain
relationships in the range between 30% and 60% of the peak tensile stress [104]. The
low value of the Young’s modulus is a result of the high binder content, specifically
that of fly ash; see Table 4.1.

Results for SHCC
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Figure 4.4: Stress-strain behavior of the M1 matrix under quasi-static loading.

The primary mechanical parameters that define the tensile behavior of SHCC are
first crack stress, tensile strength (peak tensile stress), and strain at the peak tensile
stress, also called strain capacity. First crack stress depends on the tensile strength of
the matrix, but also on the bond between fibers and matrix. The hydrophobicity of
the HDPE fibers ensures an exclusively mechanical interaction with the cementitious
matrices with no chemical bond [37]. Additionally, a relatively high porosity and
considerable inhomogeneity of the M1 matrix at the fiber level further reduces the
fiber-matrix bond strength. Despite all that, the fibers have a positive effect on the
first crack stress of SHCC compared to the tensile strength of the corresponding
non-reinforced cementitious matrix, showing an enhancement from 3.3 MPa to 4.5
MPa. This can be traced back to the fact that the well distributed microfibers hinder
microdefects’ development to a larger crack.

The low fiber-matrix bond strength and the resulting weak crack-bridging capacity
led to a relatively low average tensile strength of 3.6 MPa for the SHCC under
investigation, which is considerably lower than the first crack stress; see Figure 4.5
and Table 4.3. A strain-softening behavior due to pullout of the fibers from crack
surfaces took place without any multiple cracking. Thus, the average number of
cracks was only one. The cracking pattern on the only specimen with two cracks
is presented in Figure 4.6 as an example. The weak interfacial bond between the
HDPE fibers and M1 matrix can also be judged by the shallow descending branches
of the stress-strain curves in the softening phase, which indicate a complete fiber
pullout, and shows that the high tensile strength of the fibers is not fully exploited;
see Figure 4.5. A higher bond strength leading to both the rupture and pullout of
the fibers at larger crack openings would result in a steeper softening branch [12].
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Figure 4.5: Stress-strain behavior of the M1-6PE SHCC under quasi-static tensile loading.

Figure 4.6: Cracking pattern of a M1-6PE specimen under quasi-static tensile loading; image
was obtained from DIC analysis.

After the formation of the first crack, the tensile stresses induced in the matrix are
limited by the crack-bridging capacity of the fibers. Since in the present type of
SHCC crack-bridging under quasi-static loading was relatively low, only one crack
in the weakest cross-section was formed. Therefore, an early localization of failure
and transition into a softening regime with no multiple cracking occurred. The
result was a low tensile strain capacity of approximately 0.6%; see Table 4.3. The
low tensile strength and tensile ductility also lead to a mediocre work-to-fracture of
19.7 kJ/m3. Obviously, energy is also dissipated in the softening regime; however,
this is not a matter of prime interest in the current study.

The Young’s modulus was derived similarly as for the non-reinforced matrix spec-
imens. The differences between the average values of the Young’s moduli of the
SHCC and the plain matrix are in the range of the corresponding standard de-
viations, indicating that the reinforcing fibers have no pronounced effect on the
pre-crack stiffness of the composite. The contribution of high modulus HDPE fibers
may however be the reason for the slightly higher Young’s modulus of SHCC.
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Table 4.3: Mechanical properties of the non-reinforced cementitious matrix M1 and SHCC
M1-6PE under quasi-static tensile loading; standard deviations are given in the parentheses.

Matrix M1
Tensile strength [MPa] 3.3 (0.2)
Young’s modulus [GPa] 17.8 (2.7)
SHCC M1-6PE
First-crack stress [MPa] 4.5 (0.6)
Tensile strength1[MPa] 3.6 (1.1)
Young’s modulus [GPa] 21.3 (4.2)
Ultimate strain1 [%] 0.6 (0.2)
Work-to-fracture1 [kJ/m3] 19.7 (2.8)
1 Obtained at the maximum stress after the first crack.

4.2.3.2 Results of the impact tensile tests

Results for unreinforced matrix

The dynamic equilibrium condition was checked for the tested specimens using
Eqs. 3.1 and 3.2. The physical meaning of the equilibrium in a specimen tested in
SHTB, and the parameters that affect reaching this condition were already discussed
in Section 3.1.3. An example of the stress histories at the specimen-input bar and
specimen-transmitter bar interfaces for a specimen made of plain matrix is shown
in Figure 4.7. After the initial non-equilibrium state in the specimen is reached,
the stresses at the specimens’ ends nearly match, and stress equilibrium is reached
before the failure. The equilibrium in the specimen ensures an accurate derivation
of the stress and strain values based on the split-Hopkinson bar wave analysis.

Figure 4.7: Stress-time histories calculated at the specimen-input bar interface and specimen-
transmitter bar interface for a plain M1 matrix specimen.
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The stress-strain diagrams of all the tested specimens are presented in Figure 4.8.
The full-field strain evaluation done with DIC is also presented in the figure for
a representative test to show the fracture mechanism; the corresponding stress-
strain curve is the thicker black line in the diagram. For the presented frames, the
associated stress and strain values are also given. Since the high-speed cameras
captured a frame every 6.25 µs in these experiments, the DIC results are only
available for some points on the stress-strain diagrams, for which data was collected
with a temporal resolution of 1 µs.

Figure 4.8b provides: I) a frame before peak stress at a stress level of 4.9 MPa show-
ing minor damage in the form of microcracks which appear as a bright blue region
in the strain field; II) the frame right after the peak stress, showing an extensive
growth of microcracks in the entire specimen; and III) a frame corresponding to a
significantly low stress level at the end of the softening branch of the curve showing
merged microcracks in the middle of the specimen. The time given in Figure 4.8
for each frame is the time passed from the moment that the input wave reached the
specimen.

The cement-based matrix shows an apparent increase in the tensile strength under
dynamic loading, with a dynamic increase factor (DIF) of 3.0; see Table 4.6. Note
that for a specific material parameter, DIF is the ratio of the value obtained in a
dynamic test to the quasi-static value. DIF is used in this study to quantify the
change in material performance due to dynamic loading.

It is commonly reported that in addition to the genuine material rate sensitivity
the following mechanisms are responsible for the apparent increase of the tensile
strength of cement-based matrices at strain rates higher than 1 s−1: a) viscous
behavior of the bulk material related to the influence of water trapped in the
concrete capillary system [105, 106], b) inertia at the crack tip which acts against an
arbitrary increase in the crack-propagation speed when increasing the loading speed
[84, 85, 86], and c) structural level inertia which is related to the mass and geometry
of the specimen as well as the acceleration applied to the specimen [79, 90]. The
contribution of each of the mentioned mechanisms to the DIF obtained can vary in
different cement-based matrices and different split-Hopkinson bar configurations. A
detailed discussion on the last two mentioned mechanisms related to inertia effects
can be found in Section 4.2.3.3.

The amount of water trapped in the capillary pores of the specimen plays an
important role in the viscosity of the cement-based matrix, and as a result, on
the strain rate sensitivity of its tensile strength [106, 107, 108]. However, several
researchers indicated that the micro-level inertia and structural level inertia, are the
predominant mechanisms contributing to strain rate sensitivity of cement-based
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Figure 4.8: a) Stress-strain curves of the non-reinforced M1 matrix specimens tested in
SHTB; b) a representative DIC sequence showing local strains for various stress and average
strain levels corresponding to the thicker black stress-strain curve.

materials at strain rates higher than 1 s−1 [86, 90, 109].

The formation of a crack and its propagation speed controls the contribution of
micro-level inertia to the tensile strength by reducing the stress intensity at the crack
tip [86, 87]. In contrast, the structural level inertia depends neither on the viscous
behavior nor the failure mechanism of the material. Even in the case of a purely
elastic material without any failure tested in the split-Hopkinson bar, the stress
in the specimen may slightly deviate from the stress history calculated based on
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the wave analysis according to Eqs. 3.1, 3.2 and 3.5 because of the inertia forces
of the specimen which are applied to the bar [74, 79, 80]. The inertia forces in the
specimen are generated both in axial and radial directions as a result of acceleration
applied to the specimen. The sources of the acceleration in the specimen are: a)
the loading wave which prescribes an acceleration to the specimen in its rising
time, and b) the damage and softening of the specimen. While the acceleration
applied by the loading wave can be controlled by shaping the input wave, the
acceleration generated due to the damage in the specimen depends solely on the
behavior of the tested material. See Section 4.2.3.3 for a detailed discussion on
effects of inertia. A detailed quantitative analysis on the influence of the three
abovementioned parameters is only possible with the help of numerical simulation
while using proper material models taking into account the physical phenomena
involved in the fracture of cement-based materials at a high strain rate.

As discussed at the beginning of this section and in Section 3.1.2, the specimen
tested in a split-Hopkinson bar experiences a non-uniform stress condition at the
initial moments of the test, so Young’s modulus cannot be directly calculated based
on the initial rising part of the stress-strain curve. The Young’s modulus of the M1
matrix was found using the time difference between the rise of the recorded signals
from the two strain gauges glued on the 100 mm-long specimens, based on Eq.
4.1; see Table 4.4. The average of the two strain gauges positioned symmetrically
at the two sides of the specimen with a distance of 80 mm was used to find the
time difference between the rises of the signals, see Figure 4.2. The data acquisition
system was the same as described in Section 3.1.

An example of the signals recorded by these strain gauges is presented in Figure 4.9.
The same low-pass filter as the one used for strain gauges on the bars was used.
Figure 4.9 shows that the filter only eliminates the high-frequency noise. A moderate
increase in the Young’s modulus of the cement-based matrix under dynamic loading
was observed in the present investigation as expected. A similar effect was also
demonstrated in spall testing based on the compressive input wave in a previous
study [11].

Table 4.4: Mechanical properties of the plain matrix M1 obtained in the impact tension tests;
standard deviations are given in parentheses.

Matrix M1
Tensile strength [MPa] 9.8 (1.8)
Young’s modulus [GPa] 23.7 (4.8)

Results for SHCC

In the case of SHCC specimens, when the multiple cracking starts, the equilibrium
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Figure 4.9: An example of the signals recorded by the strain gauges positioned on the
specimen (∆t denotes the time difference between their rising points). Continuous lines
represent the filtered signals. The distance between the gauges was 80 mm.

is partially lost; see Figure 4.10. Depending on the position of the crack and the
extent of the damage in the specimen, the unloading wave created by each crack
reaches the input and transmitter bar at different times. For this reason, multiple
cracks introduce unsteadiness in stress values derived at both ends of the specimen.
Moreover, as multiple cracking occurs in the specimen, the wave propagation
velocity decreases significantly. The reduction in wave velocity negatively influences
reestablishing the equilibrium in the specimen after the first crack.

As discussed in Section 3.1.3, the use of the transmitter bar with higher impedance
can reduce the time needed to reach equilibrium in the specimen. The effective-
ness of this method was already shown using the provided analytical model; see
Figure 3.8. Moreover, the tests performed on the SHCC specimens using both
aluminum and brass transmitter bars provide solid experimental proof as well. The
representative stress-time histories at two ends of an SHCC specimen in Figure 4.10
are obtained in the case that the transmitter bar was made of brass. In this figure,
the first region of 100 µs is magnified to show the extent of equilibrium. Figure 4.11
shows a representative stress-time history at two sides of a specimen made of the
same SHCC while an aluminum transmitter bar was used. The comparison of the
stress-time histories for the same type of SHCC attained with two different trans-
mitter bars proves that the equilibrium in the specimen is significantly improved
by increasing the impedance mismatch between the specimen and the transmitter
bars. In the case of the brass transmitter bar, the stresses at the two ends of the
specimen equalize before peak stress. In contrast, the specimen tested with the
aluminum transmitter bar shows deviating stresses at the sample ends all the way
in the ascending branch of the curve, i.e., all the way before formation of the first
crack.

The stress-strain relations of M1-6PE presented in Figure 4.12 show a peak in stress
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Figure 4.10: Stress-time histories in an SHCC specimen derived in the aluminum input bar
and brass transmitter bar.

Figure 4.11: Stress-time histories in an SHCC specimen derived in the aluminum input and
transmitter bars.

value at the beginning. The pronounced stress peak appears as a result of the inertia-
related rate effects, which are partially responsible for an apparent higher tensile
strength of the cement-based matrix, as discussed briefly in the previous section. A
detailed discussion on the influence of inertia forces on the tensile strength obtained
in the impact tensile tests is provided in Section 4.2.3.3.

Five DIC frames showing the strain field on a representative specimen are presented
in Figure 4.12b. The thick black curve shows the corresponding stress-strain relation.
The frames are recorded: I) before the stress peak, II) right after the stress peak, III)
at the end of the stress drop after the first peak, IV) at the end of the hardening
branch and V) in the middle of the softening branch. A comparison of the first two
presented DIC frames for M1-6PE with those for the plain M1 matrix (Figure 4.8b)
reveals similar fracture processes. The first crack visible as a localized strain field,
always appears after the first stress peak. Before this point, the damage evolution in
the form of microcracks occurs in the matrix. Moreover, the tensile strength of M1
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Figure 4.12: a) Stress-strain curves of the M1-6PE SHCC specimens tested in SHTB; b) a
representative DIC sequence showing local strains for various stress and average strain
levels corresponding to the thicker black stress-strain curve.

fits the first stress peak in the stress-strain diagrams of M1-6PE. These similarities in
experimental data show that the stress peak can be attributed to the first crack stress
of the matrix. Both the first stress peaks in the case of SHCC specimens and the
maximum stress obtained for plain matrix specimens show the apparent increase in
the tensile strength of the cement-based matrix due to the mechanisms discussed
above.

The slight difference in tensile strength of the matrix (9.8 MPa; see Table 4.4) and
the stress peak observed in SHCC specimens related to first crack stress (10.3 MPa;
see Table 4.5) can be a result of the fibers acting against the propagation and the
merging of microcracks. Although more specimens should be tested in the future to
improve the statistical significance of the minor difference in tensile strength of the
matrix and the first crack stress of SHCC, the fact that a similar trend was observed
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in the quasi-static experiments makes it noteworthy.

The merging of microcracks and the creation of new macro-cracks continue after the
peak. The first crack formation causes specimen relaxation and a dramatic stress
reduction, which stops as the increasing crack opening activates the crack-bridging
action of the fibers. At this moment, stress rises again, and the multiple cracking
stage starts. The cracks generated at this stage appear at significantly lower stress
levels. This behavior can be explained based on the fact that before the first crack, a
distributed damage occurs in the matrix; see the second frame in Figure 4.12. As
a result, the subsequent cracks are formed in a partially damaged, thus a weaker
matrix.

Additionally, DIC indicates that the strain rate after the first crack is not uniform in
the specimen; see Figure 4.13. The regions between the opened cracks experience
considerably lower strain rates as compared to the global strain rate. The global
strain rate is considered to be the speed difference of the two ends of the specimen
divided by the length of the specimen. At the beginning of the test and before
the formation of the first macro-crack, i.e. up to 50 µs, the strain rate in the small
selected region is same as the average one calculated for the entire specimen length.
As the first macro-crack is formed, the strain rate in the uncracked region decreases
to values close to zero. At the same time, due to the generation of cracks in the
particular region of the specimen, the local strain rate can rise to values higher than
the average. As a result, the previously discussed mechanisms responsible for the
increase in tensile strength of the cement-based matrix cannot be activated to the
extent to which they were in the pre-crack phase; see Table 4.5. Thus, the dynamic
increase factor of the maximum crack-bridging stress (DIF = 1.8) is lower than that
of the first crack stress (DIF = 2.3); see Table 4.6.

The importance of fiber-matrix bond and fiber strain rate sensitivity on the perfor-
mance of SHCC under impact loading was previously shown in [11, 12]. At higher
strain rates, tensile strength of the matrix, tensile strength of the fiber, and fiber-
matrix bond strength change as well. The unbalanced enhancement of these material
parameters due to dynamic loading leads to an alteration of the micromechanical
equilibrium necessary for strain-hardening and multiple cracking [1].

An experimental program consisting of quasi-static and high-speed fiber pullout
tests was performed using the mini-Hopkinson tension bar presented in Section 3.3.
The results of the micromechanical investigations at high strain rates indicated that
in M1-6PE, the fiber-matrix bond is strongly enhanced in comparison to the weak
bond observed in the quasi-static regime. As a result, the crack-bridging capacity of
the fibers is also enhanced; see Section 4.5 for a detailed discussion on the results.
At the same time, the dynamic increase in the tensile strength of the matrix is only
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Figure 4.13: Global strain rate in the specimen in comparison to the local strain rate in a
selected region: a) strain rate-time diagram; b) the corresponding DIC sequence.

significant for the first crack. The distributed damage of the matrix before the first
macro-crack, and the reduction of the local strain rate in the uncracked regions of
the matrix allow for further multiple cracking at lower stress levels. The increase
in multiple cracking results in a significantly enhanced strain capacity and energy
absorption compared to the quasi-static regime.

Same as for the plain matrix M1, the Young’s modulus of M1-6PE was calculated
by measuring the wave propagation speed in specimens with a length of 100 mm
instrumented with strain gauges as shown in Figure 4.2. A data recorder with a
sampling rate of 200 MHz was used in these particular experiments to increase
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Table 4.5: Mechanical properties of M1-6PE SHCC obtained in impact tension tests; standard
deviations are given in parentheses.

SHCC M1-6PE
First-crack stress [MPa] 10.3 (0.9)
Tensile strength1 [MPa] 6.9 (0.7)
Young’s modulus [GPa] 27.2 (2.1)
Ultimate strain1 [%] 2.1 (0.9)
Work-to-fracture1 [kJ/m3] 117.4 (19.1)
1 Obtained at the maximum stress after the first crack.

Table 4.6: DIF of the mechanical properties for the investigated plain matrix and SHCC.

Matrix M1
DIF tensile strength 3.0
DIF Young’s modulus 1.3
SHCC M1-6PE
DIF first-crack stress 2.3
DIF tensile strength 1.8
DIF ultimate strain 3.5
DIF Young’s modulus 1.3
DIF Work-to-fracture 5.9

the temporal resolution of the signal recorded by the strain gauges. Thus, the
derived Young’s modulus. Nevertheless, no significant difference was observed
in comparison to the Young’s modulus of the plain matrix (Table 4.4), calculated
based on the signal recorded with a sampling rate of 1 MHz. Note that the Young’s
modulus of SHCC and the constituent matrix should be close, since a 2% volume
fraction of the added fibers has a negligible influence on the behavior of the material
in the elastic region. According to the rule of mixture, adding HDPE fibers with
a Young’s modulus of 80 GPa in a volume ratio of 2% to a matrix with a Young’s
modulus of 23.7 can result in a 5% increase in the Young’s modulus of the composite.

4.2.3.3 Effect of inertia in the impact tensile tests

The stress-strain relations of the M1-6PE specimens obtained from the split-Hopkinson
tension bar shows a peak in the stress value at the beginning; see Figure 4.12. Based
on the obtained frames and the subsequent DIC analysis, it was shown that the peak
in stress is related to the first crack stress of the matrix. This conclusion was made
based on the fact that the first localized strain field appeared in the frames obtained
after the first stress peak. The non-reinforced constituent matrix of M1-6PE was also
tested under the same tensile impact load. The results showed comparable tensile
strength to the first stress peak of the SHCC and the same fracture process at this
stage; see Figure 4.8.
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Both the tensile strength of the cement-based matrix and the first stress peak in
the case of SHCC were considerably higher in the impact tests as compared to the
quasi-static tests; see Table 4.6. The reasons behind the increase in tensile strength
under dynamic load in addition to the genuine rate sensitivity, are the viscosity of
cement-based matrix, inertia acting on micro-level against the propagation of the
crack and the structural level inertia. These three mechanisms led to an apparent
increase in the tensile strength, which is not related to the genuine rate sensitivity
of the material. Nonetheless, in the range of strain rate obtained in the split-
Hopkinson tension bar, reaching 50 s−1 at the moment that the first crack is formed,
the predominant factors are structural inertia and crack tip inertia rather than
the viscosity of the cement-based matrix [90, 106, 108, 109]. The inertia related
mechanisms are discussed in more detail in the following parts.

Structural inertia

The structural inertia is related to the acceleration of the bulk mass of the specimen.
The sources of the acceleration are the loading applied to the specimen as well as
the softening and damage of the material which occurs under the loading.

The first step was considering only the acceleration induced by the loading, with the
simplifying assumption that the specimen is deforming elastically under the applied
load. This approach is frequently used in the literature to predict the contribution of
inertia, and to optimize the geometry of the specimen and the shape of the loading
wave [78]. Several analytical models have been developed for such purposes. A
recent reformulation [74] of the model developed by Gorham [79] is used here. The
model considers both tractions and velocities acting on two sides of the specimen.
Figure 4.14 shows the schematic specimen considered for developing the model
according to [74]. By considering Eq. 4.2, which is the equation of motion in the
specimen, the energy balance equation, Eq. 4.3, in the specimen can be reformulated
to Eq. 4.4. The reformulated energy balance equation is arranged in a way, so that
the average of the stresses applied on the two sides of the specimen equals the
real stress in the specimen plus inertia contribution. Derivation of this equation is
done with following assumptions: a) Axis-symmetric radial deformation and axial
deformation in the specimen are uniform; furthermore, b) the specimen’s material
is linear elastic, rate-independent and independent on the lateral stress component,
and c) a constant Poisson’s ratio was assumed for the specimen. Appendix C
provides the detail derivation of Eq. 4.4.

σ1 − σ2 = ρsls(v̇2 + 0.5v̇d) (4.2)
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Figure 4.14: Schematic view of the specimen considered for developing the inertia model
according to [74].

Ėk + Ėp = Ẇext (4.3)
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The terms on the right-hand side of Eq. 4.4, which are added to real stress in the
specimen, are related to the inertia forces. In this equation, εx, ε̇x, and ε̈x are strain,
strain rate, and strain acceleration, respectively. v1 and v2 are velocities on the two
ends of the specimen, as shown in Figure 4.14. The five mentioned variables are
calculated over time based on the recorded waves. In addition, ρ, µs, ds, and ls
are density, Poisson’s ratio, diameter, and length of the specimen, respectively. It
has been shown in [74] that the contribution of the strain acceleration term is the
predominant one. The importance of strain acceleration in controlling the influence
of structural inertia has been frequently discussed in the literature [74, 80, 110].

Eq. 4.4 was used to estimate the contribution of the inertia forces to the tensile
strength of the matrix observed as the first crack stress in the SHCC specimens
tested in the SHTB. Thus, the share of inertia in the stress history of the speci-
men calculated based on the wave analysis can be estimated. In the calculations,
Poisson’s ratio and density of the specimens are considered as 0.2 and 1865 kg/m3,
respectively. Certainly, in the mechanism assumed for the action of inertia forces, the
specimen behaves elastically up to the point where the first crack is formed. Indeed,
the equation is only applicable up to the point that the assumption of uniform
deformation in the specimen is applicable. In the case of the cement-based materials,
the formation of multiple micro-cracks before the creation of the final macro-crack
makes the mentioned assumption questionable. Note that the model was initially
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developed for metals [79], for which the assumption of uniform deformation in the
specimen seems reasonable.

The model was applied to the results obtained from the M1-6PE specimens; see
Figure 4.12. Results in Figure 4.15 indicate a contribution of around 6% from inertia
forces to the first crack stress, which is nearly negligible. As the contribution of the
inertia calculated from the model is controlled mainly by the acceleration applied
by the input wave, it remains almost constant in the experiments as long as the
specimen’s geometry and the input wave remain unchanged.

Figure 4.15: Result of the analytical model according to [74], showing the contribution of
structural inertia to the average stress calculated based on the wave analysis in a M1-6PE
specimen.

Experiments on the M1-6PE specimens with different geometries than the ones
presented in Section 4.2.3.2 were performed to check the reliability of the model. As
mentioned above, the magnitude of the first stress peak in the stress-strain diagrams
of SHCC specimens is directly related to the apparent increase in the tensile strength
of the cement-based matrix at a high strain rate. The model indicates that the
mechanism assumed for the contribution of inertia, based on an elastic behavior, is
not significantly responsible for the apparent increase in the tensile strength of the
matrix. Moreover, if the input wave is kept constant, the parameters influencing the
contribution of inertia are the length and diameter of the specimen. Therefore, by
changing the geometry of the specimen, the first stress peak remains unchanged, so
it can be concluded that other mechanisms are responsible for the apparent increase
in the tensile strength of the matrix.

Firstly, specimens with a shorter length were tested; see Figure 4.16. The reduction
of the specimen length from 40 mm to 20 mm should considerably decrease the
inertia contribution to the stress calculated based on the wave analysis, σavg, as
can be seen from Eq. 4.4. However, the obtained stress-strain relation for shorter
specimens show almost no difference. In the case of the first stress peak, the
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apparent increase in the tensile strength is still observable to the extent it was for the
long specimens, as shown in Figure 4.12. Note that the tensile impact experiments
on shorter specimens were performed using an adjusted input wave, which resulted
in a similar strain rate and strain acceleration in the specimen. The releasing height
of the striker was reduced to 0.4 m to reduce the amplitude of the input wave and
achieve a strain rate-time relation similar to the long specimens.

Figure 4.16: a) Geometry of the short M1-6PE specimens, and b) stress-strain curves obtained
in SHTB.

Secondly, annular specimens with a length of 40 mm were tested in the SHTB
under the same impact tensile loading as the reference experiments, see Figure 4.17.
According to Eq. 4.4, the contribution of inertia also depends on the diameter of
the cylinder. Thus, by taking out the inner core of the specimen, the contribution of
inertia to σavg should decrease. Indeed, by creating an opening in the center of the
cylindrical specimen, the mass which is radially accelerated is considerably reduced.
Thus, the influence of radial inertia should decrease [110].

Moreover, it is proved that the inertia-induced radial confinement decreases with an
increasing distance from the center of the cylinder [80]. Therefore, by taking a part
of the material from the inner core of the specimen, the portion of the specimen
which is subject to the confinement is reduced. So, the influence of inertia-induced
confinement on the obtained tensile strength of the matrix was also indirectly
examined in these experiments. Remarkably, the results of the annular specimens
also showed no noticeable change in the first stress peak, standing for the apparent
increase in the tensile strength of the cement-based matrix.

Finally, the results obtained from the experiments on specimens with different
geometries indicate no significant change in the first crack stress in comparison
to the reference experiments presented in Figure 4.12. Analogously, the model
presented in Eq. 4.4, based on the assumption that the specimen deforms elastically,
suggests a minor contribution from inertia forces; see Figure 4.15. The two facts
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Figure 4.17: a) Geometry of the annular M1-6PE specimens, and b) stress-strain curves
obtained in SHTB.

mentioned above imply that other mechanisms are causing the apparent increase
in the tensile strength of the cement-based matrix at high strain rates, mechanisms
that cannot be captured in a model where the specimen is considered to be elastic.

As the next step, the softening and damage in the specimen were considered.
Figure 4.18 shows a specimen schematically undergoing damage. Once a crack
starts to form, the two created parts of the specimen accelerate in opposite directions.
The part connected to the input bar was already accelerating in the direction of
the input bar because of the input wave. As the damage occurs in the specimen,
an extra acceleration component appears in this part in the direction of the input
bar. The part connected to the transmitter bar on the right side in Figure 4.18, was
also experiencing an acceleration in the direction of the input bar. However, as
cracks develop and softening starts, this part of the specimen starts to accelerate
in the opposite direction toward the transmitter bar. An extra force component is
applied to the input and the transmitter bars due to the created acceleration. The
force components are shown schematically in Figure 4.18 with red arrows and are
applied on the bars combined with the response of the material.

Figure 4.18: Schematic view of the inertia forces caused by the damage in the specimen.
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The mentioned mechanism is observable in the results of DIC analysis. Figure 4.19
shows the strain field and the corresponding acceleration field on an M1-6PE
specimen tested in the SHTB. The first frame on the left side shows the state 12.5
µs from the moment that the wave reached the specimen. The moment of the first
crack formation is shown in the last frame on the right. Frames were taken every
6.25 µs. It can be seen that as the wave reached the specimen, in the first four
frames, the whole specimen moved as one body only in the direction of the input
bar. During this time, the behavior of the specimen can be considered as elastic.
Moreover, the acceleration field observed on the specimen exhibits only acceleration
in the direction of the input bar. Once cracking and softening in the specimen start,
the acceleration field is not uniform anymore. Dark and light blue regions on the
acceleration field on the upper half of the specimen indicate an acceleration in the
direction of the transmitter bar. The damage can be observed on the strain field
as regions with light blue color, which can be considered as merging microcracks
creating macro-cracks.

Figure 4.19: DIC results showing an example of a) strain field on a M1-6PE specimen, and
b) the corresponding acceleration field. Directions of the input and the transmitter bars are
shown with +x and −x, respectively.

The DIC analysis also yields the acceleration history in the direction of the input and
the transmitter bar. In Figure 4.20, the red and the blue curves show the average
acceleration in the direction of the input and the transmitter bar, respectively. Same
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as Figure 4.19, in Figure 4.20 +x and −x show the direction of the input bar and the
transmitter bar, respectively. The average acceleration in each direction is calculated
by taking an average over all points on the acceleration field, showing an acceleration
in the respective direction. At the beginning and before the arrival of the input
wave, the two curves show no acceleration. Once the wave reaches the specimen, the
average acceleration in the direction of the input bar rises. However, the blue curve
is still at zero for the average acceleration in the direction of the transmitter bar.
Only after initiation of damage in the specimen, a rise in the blue curve is observed,
which shows acceleration in the direction to the transmitter bar. At the same time, a
sudden rise in the red curve indicates an extra acceleration in the direction of the
input bar.

Figure 4.20: a) Average acceleration history in the direction of the input (+x) and the trans-
mitter bar (−x), and b) the corresponding DIC sequence showing acceleration distribution
on the specimen.

The calculated average accelerations can be converted to a force component acting
on the bars, as presented with red arrows in Figure 4.18, by taking into account
the density of the tested material. Based on the DIC results, the accelerated mass
in each direction is estimated using the number of points on the acceleration field,
which show an acceleration in the corresponding direction. The ratio of the number
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of points showing an acceleration in the particular direction to the total number of
points on the acceleration field of the specimen can be used to estimate the mass
of the specimen accelerated in that direction. Figure 4.21 shows the percentage
of the specimen’s mass accelerated in each direction during the first 80 µs. At
the very beginning, when the input wave reaches the specimen, the mass is split
equally as the points showing negative and positive values are equal due to the
random nature of the measurement noise. Once the input wave interacts with the
specimen, the mass accelerated in the direction of the input bar constantly increases.
At about 37.5 µs, when the cracking in the cement-based matrix starts, the share of
the mass accelerated in the direction of the transmitter bar increases, while the mass
accelerated in the other direction begins to decrease.

It is worth noting that the average acceleration history can be used for finding the
inertia forces acting on the bars only related to the formation of the first crack,
which breaks the specimen into two parts. By having one softening cross-section,
the acceleration field is divided into two regions directly connected to the bars,
showing accelerations in opposite directions. So, the resulting inertia force can be
directly related to the bars. However, during the following multiple cracking stage,
the specimen is divided into more segments, while each is showing a different
acceleration. At this stage, it is not possible to calculate the exact contribution of
inertia by the created parts to the force applied on the bars of the SHTB. Nevertheless,
as presented in Figure 4.13, it can be assumed that such an effect is inactive in the
multiple cracking stage because the regions between the cracks are experiencing a
loading condition close to the quasi-static case.

Figure 4.21: Estimated percentage of the specimen’s mass accelerated in the direction of the
input bar (+x) and the transmitter (−x).

The inertia force component is changing over time according to the actual accel-
eration. Before the cracking starts in the specimen, see the first four frames in
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Figure 4.19, the contribution of inertia is only notable on the input bar; see the red
curve in Figure 4.22. After 37.5 µs, a crack develops, and a considerable contribution
of inertia on the transmitter bar is observed; see the blue curve in Figure 4.22. The
contribution of the inertia forces to the average stress calculated on the bars based
on the recorded waves, shown by the black curve in Figure 4.22, reaches almost 20%
at 50 µs when the peak stress is recorded.

Figure 4.22: Contribution of inertia based on the average acceleration history to the stress
calculated on the input bar and on the transmitter bar.

A comparison between the results of the simple inertia model mentioned above
and the results presented in Figure 4.22 can be made at this point. Note that
the mechanism considered in the model for inertia is active from the moment the
input wave reaches the specimen. Since the assumption of elastic behavior and
uniform deformation is only correct for the first 37.5 µs, thus, up to the first crack,
the application of the model is only valid up to this point. After 37.5 µs, the
specimen indeed consists of two segments deforming differently. However, before
considering the DIC analysis in Figure 4.19, the deformation in the specimen was
falsely assumed to be uniform up to the first stress peak. The contribution of inertia
found based on the model according to Eq. 4.2 up to 37.5 µs is significantly lower
than the one calculated based on the acceleration field measured on the specimen.

The accelerations at the specimen-bar interfaces were also obtained using DIC.
Measurement points were selected on the bar closest possible to the specimen; see
Figure 4.23. The red points at the ends of the bars close to the specimen were
selected for obtaining the acceleration. The average acceleration of these points
was compared to the one calculated based on the wave analysis. The results for
the input bar, presented in Figure 4.23, indicate a good agreement between the
acceleration of the bar obtained from DIC and that obtained by the wave analysis.
However, none of these methods can show the actual acceleration in the specimen
accurately. The red curve shows the acceleration derived directly on the specimen
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by averaging all the points which show an acceleration in the direction of the input
bar on the calculated field. A similar procedure was applied for the acceleration in
the transmitter bar. The reason behind the difference between the acceleration at
the end of the bar and the one averaged over the specimen may be the variation
of the acceleration over the length of the specimen, which is neglected in the case
that only the end of the bar is considered for calculating the acceleration. Thus,
Figure 4.23 shows the importance of the full-field acceleration measurement using
DIC for reliable estimation of structural inertia.

Figure 4.23: a) An example of the acceleration field on the specimen and the bars calculated
by DIC; b) Comparison between calculated acceleration at the end of the input bar and the
one averaged on the specimen.

Micro-level inertia

Upon propagation of the crack, the material around the crack tip must move to
enable crack opening. The movement of the material around the crack tip creates an
acceleration field in the adjacent mass. The acceleration causes inertia forces that
tend to prevent crack propagation. The counteracting influence of inertia against
the opening of the crack limits it’s propagation speed [87]. Theoretically, when
neglecting the inertia forces, the crack propagation speed should reach Rayleigh
wave speed, which is related to the waves traveling on the surface of a solid.
However, once inertia forces are considered, crack propagation speed proved to
be significantly lower than the Rayleigh wave speed [87, 104]. The limited crack
propagation speed and the very high loading rate in the split-Hopkinson tension bar
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also lead to an apparent increase in the tensile strength obtained by the specimen.
The specimen does not exhibit damage as fast as it is loaded, so it can bear higher
loads.

To illustrate the effect of inertia at the micro-scale on the crack tip, the mode I
crack propagation speed under quasi-static and dynamic loading were measured
in compact-tension specimens using a high-speed camera. Figure 4.24 shows the
geometry of the specimen. The quasi-static experiments were performed in a Zwick
1445 testing machine, while the developed split-Hopkinson tension bar was used for
the high-speed experiments. The displacement rate in quasi-static experiments was
0.05 mm/s; in impact experiments, it reached 1000 mm/s at the moment of crack
formation. The average crack propagation speed was calculated by dividing the
length of the crack by the total time it needed to propagate. In the case of high-speed
experiments performed in the SHTB, the crack was mostly created in the time span
of three or four frames at a frame rate of 135000 fps. In the quasi-static experiments,
the crack propagation could be captured in an average of 60 frames at a frame rate
of 115000 fps. Figure 4.25 shows the propagation of a crack in a specimen tested
in the SHTB. In this example, from the moment the crack appeared to the moment
the crack tip went outside the observation area of the camera, only three frames
were captured. The obtained quasi-static and dynamic crack propagation speeds are
summarized in Table 4.7. For the high-speed experiments no standard deviation
were provided as only two tests were performed.

Figure 4.24: Geometry of the tested compact-tension specimens.

The results showed a crack propagation speed of 1 mm/µs under dynamic loading,
which is considerably lower than the Rayleigh wave speed (≊ 1.9 mm/µs for M1
matrix). Now, the average loading rate in the specimen up to the failure of the
matrix, which is the first stress peak, should be estimated. For this purpose, the split-
Hopkinson bar model presented in Section 3.1.2 is used. Based on the discussion
above on the structural inertia, the direct calculation of the loading rate based on the
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Figure 4.25: Propagation of a crack captured by the high-speed camera in a compact tension
specimen tested at high speed. The path of the crack is shown by a black line for a better
visualization. 0 µs shows the first frame before the crack initiation.

Table 4.7: Crack propagation speed obtained in quasi-static and dynamic experiments on
compact-tension specimens made of the M1 matrix.

Crack propagation speed in M1 matrix [m/s]
Quasi-static1 88 (56)
Dynamic2 1020 (1080, 961)
1 Standard deviation is provided in the parentheses.
2 Only two tests were performed, values are given in the parentheses.

average of the stress calculated on input and transmitter bar may include errors due
to structural inertia effects. The model calculates the loading rate based on the wave
reverberations in the specimen, assuming an elastic behavior. The assumption of an
elastic behavior is relatively accurate up to the time when softening and damage
happen in the specimen. According to Figure 4.20, only after 37.5 µs the acceleration
of the specimen in the direction of the transmitter bar starts. Therefore, the behavior
up to this point is assumed to be elastic. Based on the model, the loading rate after
37.5 µs is 0.2 MPa/µs. Figure 4.26 shows the loading rate history in the specimen.

As an example, a crack initiated on the surface of the of the specimen with a
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Figure 4.26: Loading rate history in an elastic specimen calculated using a recorded input
wave and the split-Hopkinson bar model.

diameter of 22 mm, propagating through the cross-section, can be assumed. Based
on the crack propagation velocity found above (1 mm/µs), the crack needs 22 µs to
reach the surface of the specimen and cause separation of the specimen into two
parts. During this time, the stress in the specimen can rise 4.4 MPa according to the
calculated loading rate of 0.2 MPa/µs. Note that, the loading rate can be roughly
estimated up until 37.5 µs after the start of the loading. After the first 37.5 µs, due
to the loss of continuity in the specimen, neither the stress on the bar shows the real
loading of the specimen, nor the model can be used to estimate the loading rate. The
explained micro-inertia phenomenon contributes to the considerably higher tensile
strength of the cement-based matrix under dynamic loading, which is observed as
the first crack of SHCC. However, the contribution of this phenomenon vanishes in
the multiple cracking stage. As shown in Figure 4.13, the regions of the specimen
between the existing cracks experience a low loading rate, and as a result, the effect
of micro-inertia cannot be activated for the new cracks forming in these regions
during multiple-cracking.

4.2.3.4 Accuracy of the derived stress-strain relations under impact tensile load-
ing

The accuracy of the stress-strain curves obtained from the SHTB tests is controlled
by two types of factors [111]: a) the accuracy of the stresses and velocities calculated
at the specimen-bar interfaces by the wave analysis, and b) aspects related to the
specimen’s behavior such as strain distribution and stress-equilibrium.

Regarding the first group of the factors, the accuracy of the performed wave analysis
according to Section 3.2 can be checked by comparing the deformation in the
specimen obtained by the wave analysis to the one obtained by the DIC. Moreover,
the influence of wave dispersion in the bars of SHTB on the stress-strain curve is

84



Testing the behavior of SHCC under impact loading

evaluated. Concerning the second group of factors, an evaluation of the uniformity
of strain along the specimen is to be performed using DIC.

Accuracy of the wave analysis

The accuracy of the strain gauge measurements was checked by comparing the
derived force to that recorded by a force sensor, as presented in Figure 3.2. The
precision of the wave propagation velocity was controlled by directly measuring
the wave propagation velocity using two measurement points on each bar; see
Section 3.1.1.

Additionally, two targets with a grid pattern were attached to the input bar and
the transmitter bar close to the specimen. So, the DIC analysis was extended to
the input and transmitter bar close to the specimen; see Figure 4.27. The average
deformation in four virtual gauges created in DIC was calculated; as presented in
Figure 4.27. The relative displacement of the two ends of the specimen calculated
by the wave analysis is then compared to the deformation obtained by DIC. For the
five specimens presented in Figure 4.12, the results of the comparison are presented
in Figure 4.28, in terms of the absolute difference between the deformation obtained
by two methods. The difference increases over time and reaches 0.15 mm after 500
µs. It is worth mentioning that for all five presented experiments, the deformation
obtained by the camera always showed higher values than that calculated by the
wave analysis. To eliminate the chance of misalignment between the axis of SHTB
and the vertical coordinate vector in DIC, the frame of high-speed cameras and
the SHTB were both leveled using the same laser leveling tool. Then, in the DIC
analysis, the x axis was set in the direction of the specimen’s length parallel to the
image border. Further investigations are needed to find out the reasons behind the
mismatch between the two measurement methods.

Figure 4.27: An example of virtual gauges used in the DIC analysis for measuring deforma-
tion in the specimen.

Influence of the wave dispersion

Another important factor influencing the stress-strain curves obtained in a split-
Hopkinson bar is the dispersion of the waves during their propagation in the bars.
The basics of one-dimensional wave propagation in elastic bars, as presented in
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Figure 4.28: The difference between deformation obtained by DIC and that derived by wave
analysis for the five tested M1-6PE specimens.

Section 2.4.2, neglect the lateral deformation caused by an axial wave in a round
bar. By considering the lateral equation of motion, 3D wave propagation equation,
also known as Pochhammer and Chree equation, can be derived [112]. The 3D
wave propagation equation indicates that the propagation velocity is a function
of frequency [77, 112]; higher frequency components of the wave propagate with
lower velocities in the bar. The wave propagation equation has multiple roots
corresponding to different modes of vibration in the bar. However, only the first
mode, which corresponds to the vibration in the longitudinal direction of the bar, is
excited in SHB experiments [112, 113].

In the SHTB, the input, reflected, and transmitted waves were all recorded at a
distance from the specimen. It is assumed that the shape of the waves at the moment
they reach the specimen is precisely the same as the one recorded at a distance using
strain gauges. The validity of this assumption and its influence on the obtained
stress-stress curves is evaluated by applying dispersion correction to the waves. A
dispersion correction algorithm presented in [113], based on the Bancroft results in
[114], namely on the phase velocities of different wavelengths for the first mode of
vibration and a Poisson’s ratio of 0.3, was used. The algorithm was implemented as
a MATLAB code and is provided in Appendix D. The stress-strain curves obtained
by the wave analysis before and after applying dispersion correction are presented
in Figure 4.29.

The corrected stress-strain curves show a minor deviation from the original ones,
indicating a negligible influence of wave dispersion on the results. The minor effects
of dispersion were predictable based on the fact that the contribution of frequencies
higher than 10 kHz to the waves is negligible; see Figure 3.4.

Based on the results presented above on the influence of wave dispersion, no
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Figure 4.29: Stress-strain curves with and without dispersion correction. Four experiments
performed on M1-6PE are presented.

correction was applied to the recorded waves, and the stress-strain curves were
drawn based on the originally recorded waves.

Stress and strain uniformity in the specimen

Having the factors related to the testing setup discussed, is the last step in evaluating
the accuracy of the stress-strain curves to control the uniformity of strain distribution
in the specimen. Conventionally, the stress equilibrium in the specimen, as presented
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in Figure 4.10, is considered as the proof of uniform deformation and stress states in
the specimen before failure. The uniform deformation in the specimen is necessary
for drawing the stress-strain curve based on the average stress calculated at the
two ends of the specimen and the overall deformation of the specimen calculated
according to the displacement of the two ends of the specimen. However, as it was
shown in Section 4.2.3.3, the stress calculated at the ends of the specimen could
be affected by inertia forces generated due to local damage and softening in the
specimen. Thus, an alternative method based on the DIC analysis was used for
checking the strain uniformity in the specimen.

The length of the specimen was divided into four distinct sections, each having
a length of 10 mm, as shown in Figure 4.30. Global strain in the sections is
calculated using the results of DIC. The standard deviation of the strain measured
in the individual sections can be a measure of strain uniformity, since it indicates
the agreement between strain values in the four sections under consideration.
Figure 4.31 shows the results of the analysis on four M1-6PE specimens, which was
presented before in Figure 4.12.

Figure 4.30: The four sections of the specimen for evaluating the uniformity of strain
distribution.

In the results presented in Figure 4.31, the four light gray curves in each diagram
show the strain in the individual sections marked on the specimen. A frame
that shows the strain state on the specimen at the moment that the first macro-
crack is formed is also provided. In all the cases, strains measured in the sections
start to show significant discrepancies after the formation of the first macro-crack.
Nevertheless, before the formation of the first crack in the matrix, the measured
strains are reasonably close to each other. Indeed, the standard deviation of the
strains in the four sections is much smaller than the average of them, indicating an
acceptable uniformity of strain distribution in the specimen loaded dynamically. The
limitations of the DIC analysis based on the images taken by high-speed cameras
should also be considered. The intrinsic noise of the measurement results in a
non-zero standard deviation even before having strain in the specimen. So, upon the
start of loading, there is no increase in the standard deviation due to a non-uniform
strain in the specimen before the crack formation. Furthermore, the frames used for
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Figure 4.31: Examples of strain deviation in four distinct sections of the specimen used for
evaluating the deformation uniformity in the specimens tested in SHTB.

DIC were captured at 6.25 µs intervals, resulting in approximately one frame per
reflection of the wave at the ends of the specimen.

At this point, an analogy can be made with the findings of the split-Hopkinson bar
model provided in Section 3.1.3. The model indicates that an elastic specimen with
a Young’s modulus same as the matrix used in M1-6PE, exhibits a difference lower
than 10% between the stress derived at its ends, connected to the aluminum input
and brass transmitter bar, in the first 32 µs.
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4.3 Impact compressive loading

The current section presents an experimental study on the impact and quasi-static
compressive behavior of M1-6PE. Additionally, to gain a better insight into the
influence of the fiber on the compressive behavior, another type of SHCC made of
the normal-strength M1 matrix and 12 mm HDPE fibers was investigated. The plain
M1 matrix was also investigated for the sake of comparison. The composition of the
SHCC is provided in Section 4.1.

Compression experiments at high strain rates were performed using a split Hop-
kinson pressure bar (SHPB). Figure 4.32 shows a schematic view of the SHPB. The
setup consists of an input and an output bar with a length of 2.75 m and a diameter
of 50 mm made of aluminum with a Young’s modulus of 72 GPa. A gas gun
accelerates a striker with a length of 130 mm made of brass to a velocity of 17 m/s.
The striker hits the input bar and generates a pressure wave that propagates almost
unidimensionally along the bar at the speed of sound in aluminum.

Figure 4.32: Schematic view of the split-Hopkinson pressure bar [115].

The three waves: incident, reflected and transmitted, were recorded in the middle of
the respective bar using two strain gauges positioned symmetrically on the two sides
of the bar’s surface. Strain gauge measurements were recorded with a frequency of
1 MHz using a SIRIUS R⃝HS-STG data acquisition box by Dewesoft R⃝. A digital band
stop filter in the range of 10 to 40 kHz was used for data preprocessing. An example
of the recorded input, reflected and transmitted waves is presented in Figure 4.33.
The wave analysis is performed according to the theory of one-dimensional wave
propagation, as explained in Section 3.1.1. Moreover, a high-speed camera capturing
90000 frames per second was used to monitor the specimen during the impact test.
The results of the DIC were only used for visualization of the failure mode in the
specimen, as no synchronization signal from the camera was recorded.

For both the quasi-static and impact experiments, cylindrical specimens with a
length of 80 mm and a diameter of 50 mm were tested. A specimen with a
length of 450 mm was also tested for all the mixtures in the split-Hopkinson
pressure bar in order to calculate the dynamic Young’s modulus based on the wave
propagation speed in the specimen. Furthermore, to investigate the influence of
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Figure 4.33: An example of the recorded input, reflected and transmitted waves in the
SHPB.

the specimen’s length on the failure mode in quasi-static and dynamic experiments,
shorter specimens with a length of 50 mm were also tested in the case of M1-6PE.

In addition to the normal-strength SHCC presented in Section 4.1, the high-strength
M2-6PE SHCC, which is presented in Section 5.1.1, was tested in the SHPB. However,
the maximum permissible amplitude of the input wave, which is limited by the yield
strength of the bar material, was insufficient of breaking the specimen. Moreover, by
increasing the amplitude close to the limit, strain-gauges on the bar were frequently
failing during the test.

4.3.1 Specimen production

The mixes were produced in an Eirich mixer with a capacity of 30 liters and then
cast in beams with dimensions of 100 mm × 100 mm × 750 mm. One beam was cast
per mixture. At first, the long specimen with a length of 450 mm was core drilled
from each beam. Then the beams were then cut into sections with a length of 80
mm in order to core drill the specimens with a length of 80 mm used for quasi-static
and dynamic compression tests. All specimens had a diameter of 50 mm, same as
the bars of SHPB, and were core drilled in the longitudinal direction of the beams.

Moreover, two blocks with a length of 50 mm were cut from each end of the beam
to eliminate possible end effects on the core-drilled specimens. Finally, a grinding
machine was used to make the two ends of the specimen flat and parallel. In the
case of quasi-static experiments, five specimens were tested per mixture, while in
the case of impact experiments, seven specimens were tested per mixtures.
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4.3.2 Quasi-static compressive test setup

Quasi-static experiments were performed in a Zwick-Roell 1200 testing machine
at a cross-head displacement rate of 0.08 mm/s, which resulted in a strain rate of
0.001 s−1 in the specimen. The force was recorded using a load-cell with a sampling
frequency of 5 Hz. The deformation of the specimen was recorded utilizing digital
image correlation (DIC). A stereo camera system, which captures five frames per
second with a resolution of 870 × 520 pixels, was used to monitor the specimens
during the experiments. Subsequent digital image correlation had been conducted
using VIC-3D Software developed by Correlated Solutions. The recordings of both
the frames and the force signal were performed using the same data acquisition
system. As a result, the DIC results were automatically synchronized with the force
measurements.

4.3.3 Results and discussion

4.3.3.1 Results of the quasi-static compressive tests

Stress-strain relations of the three mixes and their typical final failure patterns are
presented in Figure 4.34. Note that the stress-strain curves are presented up to the
peak compressive stress. After the sudden failure of the specimen, the vibration of
the load cell, impaired the recording of the force. Furthermore, in all cases, the final
failure surface was inclined due to the shear induced by the friction between the
specimen and the loading plates.

A comparison of the results obtained for the three mixtures under investigation
revealed a slight reduction in strength by adding fibers to the cementitious matrix,
see Table 4.8. While the non-reinforced matrix M1 possessed a compressive strength
of 48.6 MPa, the two SHCC mixtures M1-12PE and M1-6PE showed compressive
strengths of 45.3 MPa and 35.9 MPa, respectively. The fact that HDPE fibers
generate a weak frictional bond to the matrix makes them a flaw in the matrix.
So, the addition of fibers introduces more voids in the matrix, which results in a
reduction in the compressive strength. This seems to be more pronounced for the
specimens containing 6 mm fibers. When fibers are oriented in the direction of
loading they cannot hinder development of cracks, but rather trigger the cracking
process. It should be noted that the fiber orientation in the specimens were likely
unfavorable with respect to crack control. Considering the production method
of specimens it can be assumed that the majority of fibers were oriented in the
direction of loading. The assumption of unfavorable fiber orientation in the present

92



Testing the behavior of SHCC under impact loading

investigation are supported by the results of earlier quasi-static compressive tests;
see [116].

Figure 4.34: Stress-strain curves and corresponding typical failure modes (DIC images) of
specimens obtained under quasi-static loading for the mixtures: a) M1, b) M1-12PE, and c)
M1-6PE. The specimen’s length was 80 mm and the diameter was 50 mm.

Generally, two effects, namely the role of the fibers as flaws in the matrix, and their
action as reinforcement in preventing damage growth, counteract in influencing
the compressive strength of the SHCC. However, the obtained results indicate that
the hydrophobic fibers have a more substantial influence as flaws, as both SHCC
mixtures showed lower compressive strength than the plain matrix. In the case of
strain capacity, considering the scattering of the results, it can be concluded that
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Table 4.8: Mechanical properties of the matrix and SHCC mixtures obtained in quasi-static
compression tests (standard deviations are given in parentheses).

Matrix M1 M1-12PE M1-6PE
Compressive strength [MPa] 48.6 (1.4) 45.3 (3.7) 35.9(1.3)
Ultimate strain [%] 0.38 (0.04) 0.43 (0.08) 0.35 (0.06)
Young’s modulus 19.7 (1.7) 17.7 (1.9) 15.7 (1.8)

there was no significant influence by the addition of fibers. The Young’s moduli
indicate a trend similar to the one observed for compressive strength. The addition
of fibers slightly reduced the stiffness while the hydrophobic fibers act like voids
inside the matrix.

The Young’s modulus was calculated based on the secant line in the stress-strain
curves between 10% and 40% of the maximum stress. In this range of stresses, it was
assumed that the damage and microcrack growth in the specimen are still negligible,
so the crack arrest action of the fibers is not yet activated.

Shorter specimens with a length of 50 mm made of M1-6PE were also tested under
quasi-static loading. The purpose of the experiments was to investigate the failure
mode in the specimen. Similar to the longer specimens, these specimens exhibited
slightly diagonal shear cracks at failure under a quasi-static compressive load.
Figure 4.35 shows examples of failure patterns in the tested specimens. The same
size of the specimen was also tested in SHPB to show the change in failure pattern
of short specimens under impact compressive loading.

Figure 4.35: Two examples of failure mode in M1-6PE specimens with the length of 50 mm
tested under quasi-static compression.

4.3.3.2 Results of the impact compressive tests

In the dynamic compressive experiments on brittle and quasi-brittle materials
performed in a split-Hopkinson pressure bar, the influence of friction between the
ends of the specimen and the bars has been emphasized by several researchers
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Figure 4.36: Failure mode in a M1-6PE specimen tested in the SHPB: a) cracks parallel to
the loading direction, b) middle cross-section of the specimen.

[117, 118]. The combined effect of the friction and radial inertia, generated by
acceleration applied to the specimen, provides lateral confinement for the inner core
of the specimen [83]. The multiaxial pressure generated causes an increase in the
compressive strength of the specimen, which is not genuinely related to the rate
sensitivity of the material.

The abovementioned mechanisms not only lead to an overestimation of the compres-
sive strength of the cement-based materials due to their confining stress-dependent
behavior but also causes different failure modes in the experiments performed in
split-Hopkinson pressure bars compared to quasi-static experiments. Figure 4.36
shows an example of a specimen made of M1-6PE with a length of 50 mm tested
in the split-Hopkinson bar. There is a clear distinction in the failure modes of the
specimens in Figure 4.35 and Figure 4.36 tested respectively under quasi-static and
impact compression. While the quasi-static experiments on cylinders with a length
of 50 mm show a diagonal shear crack, the dynamic experiments mostly show
damage on the outer surface in the form of cracks parallel to the loading direction,
and a less damaged inner core of the specimen, which can be traced back to the
higher strength of the material due to the confinement [110]. The difference in the
stress states and the failure mode in quasi-static and impact experiments makes it
difficult to compare the compressive strength under the two loading conditions.

To obtain similar stress states and failure modes in experiments performed in split-
Hopkinson pressure bar and under quasi-static loading, specimens with identical
geometry, length of 80 mm and diameter of 50 mm, were used for both quasi-static
and impact tests. The selected geometry resulted in comparable failure modes in
both loading regimes. However, at the cost of reducing the stress uniformity along
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the specimen tested in the SHPB. The specimens with a length of 80 mm show slight
deviations of the stresses calculated on two sides of the specimen connected to the
input and transmitter bar, respectively. An example of the stresses calculated on
both sides of the specimen is presented in Figure 4.37.

Figure 4.37: Stress-time histories in a matrix M1 specimen recorded at the specimen-input
bar and specimen-transmitter bar interfaces. The specimen’s length was 80 mm.

Same as the quasi-static tests, the unreinforced matrix shows the highest compres-
sive strength followed by M1-12PE and M1-6PE with compressive strengths of
99.2 MPa, 94.1 MPa, and 81 MPa, respectively. Moreover, the same trend in the
results can be observed. While M1-12PE showed a compressive strength slightly
lower than that of the unreinforced matrix, M1-6PE possesses a significantly lower
compressive strength. The average compressive strength of the three mixtures and
the corresponding dynamic increase factor (DIF) is given in Table 4.9. The stress-
strain diagrams obtained in the split-Hopkinson bar experiments are presented in
Figure 4.38. A representative strain rate curve is also presented for each mixture.
Similar to the results of quasi-static tests, the stress-strain curves under impact
loading are also plotted up to the maximum compressive stress. For a reliable
characterization of the post peak behavior, an input wave with a stable plateau
after the first rising portion is needed. Otherwise, the shape of the input wave
significantly influence the obtained post-peak behavior, which was the case for the
experiments presented here. Moreover, a synchronized DIC is needed to correlate
the state of damage in the specimens with the recorded signals.

Since a precise synchronization of DIC and the stress calculated based on the wave
analysis was not possible, an approximate synchronization was performed. It was
possible to find the start of the loading in the DIC, using the movement of the input

96



Testing the behavior of SHCC under impact loading

Table 4.9: Mechanical properties of the matrix and SHCC mixtures obtained in the split-
Hopkinson pressure bar.

Matrix M1 M1-12PE M1-6PE
Compressive strength [MPa] 99.2 (4.5) 94.1 (4.7) 81 (5.1)
DIF of compressive strength 2.0 2.1 2.3
Ultimate strain [%] 0.15 (0.03) 0.14 (0.04) 0.15 (0.01)
Young’s modulus [GPa] 24.0 - 22.3
Strain rate at failure [s−1] 111 (14) 109 (20) 113 (9)

Figure 4.38: Stress-strain curves and the corresponding typical failure modes of the speci-
mens (DIC images) obtained in SHPB for mixtures: a) M1, b) M1-12PE and c) M1-6PE.
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bar. It was found that the frame showing the start of the diagonal crack formation
corresponds to the maximum compressive strength.

Young’s modulus

The specimens tested in a split-Hopkinson bar experience a non-uniform stress
distribution at the initial part of the loading wave. As a result, the Young’s modulus
cannot be calculated from the obtained stress-strain curves. So, in order to obtain
the Young’s modulus of the three mixtures under investigation at high strain rate,
specimens with a length of 450 mm were tested in the same split-Hopkinson pressure
bar [119]. In these experiments, the amplitude of the wave was reduced to prevent
any damage in the specimen through the passage of the stress wave. The time
needed for the wave to travel from one side of the specimen to the other side was
used to find Young’s modulus of the specimen using Eq. 4.2.

To find the Young’s modulus, the input wave was shifted to the end of the input bar,
and the transmitted wave was shifted to the beginning of the transmitter bar. The
difference between the rise time of the two signals shows the time needed for the
wave to travel through the specimen. The wave propagation speed and the Young’s
modulus were then calculated accordingly. An example of the recorded signals
in the case of the M1 matrix is presented in Figure 4.39. In this figure, the decay
of the wave as it travels from the strain gauge on the input bar to the one on the
transmitter bar can be observed. The change in the amplitude of the wave was first
caused by the impedance mismatch between the specimen and the bar, which limits
the transmission of the input wave to the specimen. Secondly, the dispersion of the
wave as it travels through the input, transmitter bars, and the specimen results in a
reduction in the amplitude. It should be noted that in these experiments, an input
wave shorter than the length of the specimen was used. Thus, the transmitted wave
was not affected by the reverberation of the waves within the specimen.

Figure 4.39: An example of input and transmitted wave shifted respectively to the front and
backside of the specimen with a length of 450 mm. ∆t denotes the time needed for the wave
to travel through the specimen.
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The obtained values of the Young’s moduli are presented in Table 4.9. There is
no standard deviation provided in the case of the Young’s moduli since only one
specimen was tested per mixture due to technical difficulties in core drilling such
long specimens. In the case of M1-12PE, a slight misalignment of the long specimen
in between the bars of SHPB, led to failure of the specimen. In the case of the M1
matrix and M1-6PE, the obtained values were slightly higher than the quasi-static
ones. A similar trend was observed in Section 4.2, where the same materials were
tested using a tensile stress wave in a split-Hopkinson tension bar.

The experimental investigation presented in this section revealed the importance
of specimen geometry in studying the performance of SHCC under impact com-
pression loading. Moreover, the influence of fiber orientation on the compressive
behavior was explained. The particular alignment of the fibers, parallel to the load-
ing direction, due to the sample production method seemed to have a considerable
influence on the obtained results. For a comprehensive conclusion, specimens with
fiber alignment perpendicular to the loading direction should also be tested under
the same loading condition in future.

4.4 Impact shear loading

An experimental campaign consisting of impact and quasi-static shear tests on M1-
6PE was carried out. The preliminary tests presented in this section were performed
with the aim of investigating the feasibility of performing impact shear experiments
in the gravity-driven SHTB using an appropriate adapter.

The adapter system designed in Appendix A.2 was used to perform impact shear
experiments in the split-Hopkinson tension bar at a shear strain rate of up to 600
s−1. The adapter and a specimen placed inside it are presented in Figure 4.40.
Through a series of calibration tests, it was proved that the conventional wave
analysis, according to Section 3.1.1, cannot be used for finding the displacement of
the bottom adapter. The same phenomenon was observed and discussed in detail
in Section 3.2.1. As a result, an optical extensometer was used to measure the
displacement of the bottom adapter. Similarly, it was proved that the adapter on
the transmitter bar has a minor effect on the wave analysis. Thus, the transmitted
wave was used for calculating both the shear stress and displacement of the upper
adapter.

A high-speed camera was used to monitor the specimen during the tests. The frame
rate of the camera was set to 112500 fps. The recorded frames were subsequently
used for performing a 2D DIC analysis.
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Shear experiments were performed in both a confined and unconfined configuration
to check the influence of the specimen’s boundary conditions on the failure mode.
In the unconfined experiments, the specimen is placed in the adapter as shown in
Figure 4.40. Two ends of the specimen can expand and rotate in this configuration.
In the confined experiments, the specimen is glued to the side grips of the adapter
on the input bar. The upper side of the specimen is also glued inside the adapter on
the transmitter bar. Figure 4.41 shows the boundary conditions of the specimen in
both testing configurations.

Since the unconfined shear experiments lead to failure due to the bending moment
generated in the specimen, their results are not discussed here. However, to demon-
strate both the significant change in the failure mode and the obtained stress-strain
curves, results of unconfined impact shear tests are provided in Section 4.4.3.2.

Figure 4.40: The shear adapter system installed in the SHTB.

Figure 4.41: Boundary conditions of the specimen in confined and unconfined shear experi-
ments. The arrows show the possible movement directions, and hatched areas represent
glue.
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4.4.1 Specimen production

The M1-6PE SHCC was cast in prisms with dimensions of 160 mm × 40 mm × 40
mm. Planar specimens with dimensions of 60 mm × 40 mm × 20 mm were cut
from the prisms; see Figure 4.42. The same specimen geometry was used in the
quasi-static and impact experiments. According to the findings of the numerical
simulations in Appendix A.2, notches were cut on the specimen for a targeted
concentration of shear stress in the shear band. The position of the notches and
their depth are presented in Figure 4.42.

Figure 4.42: Geometrical details of the shear test setup.

4.4.2 Quasi-static shear test setup

The same adapter was used for the quasi-static experiments. In these experiments,
the bars screwed to the adapters were clamped in an Instron 8501 servo-hydraulic
testing machine. The displacement rate in the quasi-static experiments was 0.05
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mm/s, which resulted in a shear strain rate of 0.01 s−1 in the symmetrical 5 mm
shear bands in the adapter; see Figure 4.40. The displacement was measured using
an optical extensometer.

4.4.3 Results and discussion

4.4.3.1 Results of the quasi-static shear tests

The stress-strain relations obtained in the quasi-static experiments on M1-6PE are
presented in Figure 4.43. At the beginning of the curve, a rise in shear stress is
observed, which corresponds to the elastic behavior of the specimen. Due to the
formation of a horizontal crack on top of the specimen, where it is glued to the
adapter on the transmitter bar, the increase in stress terminates. Figure 4.44 shows
the early-stage tension crack in a confined specimen tested under quasi-static shear
loading.

After the formation of the tension crack, due to a dramatic reduction in the system’s
stiffness, stress remains constant as the formed tensile crack opens. However,
once the crack is completely opened, the shear stress starts to rise again. At this
stage, mode II diagonal cracks are formed in the specimen. The cracks form in the
predefined path by the notches in the sheared zone. The stress starts to decrease
after the diagonal cracks are formed. Multiple cracking under shear loading did
not occur, due to a considerably lower shear load-bearing capacity of the fibers
bridging the crack compared to the matrix. The results of quasi-static experiments
are summarized in Table 4.10.

A more detailed discussion on the fracture process of the specimen is provided in
Section 4.4.3.2 for the impact experiments, the results of the high-speed camera
recording and subsequent DIC analysis are also presented. In the quasi-static
experiments, no synchronized optical measurement tool with adequate recording
speed was at hand.

4.4.3.2 Results of the impact shear tests

The stress-strain curves obtained from confined impact shear experiments on M1-
6PE are presented in Figure 4.45. In these experiments, the stress was calculated
based on the transmitted wave. The obtained force was divided by the cross-section
area of the two shear bands. To calculate the strain, displacement of the bottom
adapter was measured optically, and the displacement of the upper adapter was
derived according to the transmitted wave. The derived relative displacement of
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Figure 4.43: Stress-strain curves obtained in the confined quasi-static shear tests on M1-6PE
SHCC.

Figure 4.44: An example of the initial tension crack formed in the confined specimens tested
under quasi-static shear loading.

the two adapters was then divided by the width of the shear spans equal to 5 mm.
The distances between the targets on the adapters and the measurement lens of
the optical extensometer were different. Therefore, the extensometer could only
measure the displacement of one adapter at a time. Since the wave analysis based
on the waves recorded on the input bar was more susceptible to be corrupted by the
influence of the adapter, it was decided to optically measure the displacement of
the adapter on the input bar.

Calibration experiments similar to those presented in Section 3.2 were performed
to confirm the reliability of the transmitted wave for finding the displacement of
the adapter on the transmitter bar. The optically measured velocity of the adapter
on the transmitter bar was compared to that calculated based on the wave analysis.
The acceptable agreement between the two methods proved the reliability of the
transmitter signal; see Figure 4.46.

The stress-strain curves presented in Figure 4.45 show a sudden drop at the begin-
ning of the curve after the initial rise of the stress. The tension crack observable in
frame II in Figure 4.45 is the reason behind this drop. Tensile stress rises close to the
region of the specimen glued to the transmitter bar adapter. Other researchers [9]
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Figure 4.45: a) Stress-strain curves obtained in the confined impact shear tests on M1-6PE
SHCC, and b) a representative DIC sequence showing the first principal strain field in
the shear zones for various stress and strain levels corresponding to the thicker black
stress-strain curve.

also reported such early tension cracks in shear experiments on brittle cement-based
materials. After the formation of this crack, the shear stress starts to rise rapidly.
The progressive increase of the shear stress stops with the formation of inclined
cracks, as observed in frame III in Figure 4.45. Unlike the early tension crack, the
inclined cracks are related to the shear load applied to the specimen. The applied
shear load rotates the direction of first principal stress. As a result, inclined cracks
form perpendicular to the direction of the first principal stress under tension. Once
the inclined cracks are formed in the cement-based matrix, the shear stress starts to
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Figure 4.46: Results of a calibration test showing agreement between the velocity of the
adapter measured optically and the one calculated based on the transmitted wave.

decrease rapidly as the shear load is transferred to the fibers bridging the cracks.
The results of impact experiments are summarized in Table 4.10. Note that the
shear strain is not provided in the table since it was susceptible to errors caused by
the opening of the tension crack and deformation of the shear adapter.

Table 4.10: Quasi-static and impact shear strengths of M1-6PE

M1-6PE
Quasi-static shear strength [MPa] 14 (1.5)
Impact shear strength [MPa] 28.5 (1.6)
DIF 2.0

For the sake of comparison, results of unconfined impact shear experiments are
provided in Figure 4.47. The representative DIC analysis shows that unlike the
confined case, the specimen is mainly loaded by the bending moment. The rotation
of the two sides of the specimen, as observable in the DIC sequence, creates a
bending moment in the specimen. As a result, vertical tension cracks are formed on
both sides at the notches.

4.5 High-speed micromechanical investigations

The significant change in the performance of M1-6PE under tensile impact loading
emphasizes the importance of the rate-dependent behavior of the fiber-matrix bond
in the general behavior of the composite. While the tested SHCC showed almost no
strain hardening and no multiple cracking behavior under quasi-static loading, the
same material tested in the split-Hopkinson tension bar yielded extensive multiple
cracking with an average strain capacity of 2.1%; see Table 4.5.
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Figure 4.47: a) Stress-strain curves obtained in the unconfined impact shear tests on M1-6PE
SHCC, and b) a representative DIC sequence showing the first principal strain field in the
shear zones for various stress levels corresponding to the thicker black stress-strain curve.

The rate dependency of the crack-bridging capacity in the composite was studied
by testing the bond between HDPE fibers and the cement-based matrix at a high
pullout rate. A series of single fiber pullout experiments were performed both at
quasi-static and high-speed regimes.

The high-speed pullout tests were performed using the mini-Hopkinson tension bar
presented in Section 3.3. The specimen was glued on an aluminum adapter, which
was screwed at the end of the input bar. The contact between the glue and the
fiber, at the end of the matrix block, was prevented by a drop of wax. Based on the
calibration test presented in Section 3.3, the displacement was measured optically
on the adapter, while the force was measured using a piezoelectric force sensor.
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4.5.1 Specimen production

Specimens consisting of a single HDPE fiber embedded in a M1 matrix block were
produced using the mold shown in Figure 4.48. For the production, the fibers were
first fixed in the desired positions. The cement-based matrix was then injected in
the mold’s groove. The width of the groove is adjustable based on the required
embedment length. In the experiments presented here, embedment length was set
to 4 mm.

Figure 4.48: The mold used for the production of specimens for the fiber pullout tests.

Properties of the fiber and the composition of the cement-based matrix were the
same as the ones used in M1-6PE, according to Table 4.2 and Table 4.1, respectively.

4.5.2 Quasi-static test setup

Quasi-static experiments were performed in a Zwick 1445 universal testing machine
with a pullout speed of 0.001 mm/s. The pullout force was measured using a 10
N load cell, and the displacement was acquired as the cross-head displacement
of the testing machine; see Figure 4.49. The setup of quasi-static experiments was
extensively used for investigating the bond between various fibers and matrices in
an earlier study [120].

4.5.3 Results and discussion

4.5.3.1 Results of the quasi-static fiber pullout tests

The force-displacement relations of quasi-static single fiber pullout experiments are
presented in Figure 4.50. The quasi-static tests were continued until the point of
complete pullout of the fibers at 4 mm displacement. However, the displacement
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Figure 4.49: The experimental setup used for quasi-static fiber pullout experiments according
to [120].

applied by the input wave in the mini-Hopkinson bar was limited to 0.6 mm. For
a better comparison, all force-displacement curves are only shown up to 0.6 mm
displacement. The displacement of 0.6 mm was sufficient for capturing the initial
debonding phase as well as the frictional pullout force.

The quasi-static force-displacement curves in Figure 4.50 show a linear increase in
force at the beginning. This increase in force against pullout displacement occurs
during debonding of the fiber from the surrounding matrix. It can be assumed
that the peak pullout force corresponds to the moment of complete debonding,
from which on the fiber starts to move in the channel. Once the fiber is completely
debonded from the matrix, the pullout phase starts where the friction force between
the fiber’s surface and the matrix causes the pullout resistance of the fiber [40]. Since
the contact area between fiber and matrix reduces gradually as the displacement
increases, the friction force reduces as well. Note that the hydrophobic nature of
the HDPE fibers used in this study prevents them from forming a strong bond with
cement-based matrix.

4.5.3.2 Results of the high-speed fiber pullout tests

The force-displacement curves obtained in the high-speed pullout experiments, see
Figure 4.51, showed an average peak pullout force of 0.38 N, which yields a dynamic
increase factor (DIF) of 5.7. The average post-peak frictional pullout force obtained
in the high-speed experiments was also considerably higher than those obtained in
the quasi-static experiments, providing a DIF of 2.7. The results from the quasi-static
and high-speed experiments are summarized in Table 4.11. The post-peak frictional
pullout force in both loading regimes was calculated by averaging the force values
obtained for displacements between 0.2 and 0.6 mm.
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Figure 4.50: Force-displacement relations obtained in the quasi-static pullout of Single PE
fiber from M1 matrix.

Figure 4.51: Force-displacement relations obtained in the high-speed pullout of single PE
fiber from M1 matrix performed in the mini split-Hopkinson tension bar.

The fiber pullout mechanism in high-speed pullout experiments can be assumed
similar to that in quasi-static tests. However, the rate-dependent behavior of the
fiber itself may influence the pullout behavior. It was shown that the Young’s
modulus and tensile strength of the fiber increase with increasing strain rate [11].
The viscous nature of the polymeric fibers can be the reason behind their rate-
dependent behavior. The higher stiffness and strength of the fiber at higher loading
rates increase its resistance against damage and deformation during the pullout
process. The result is a higher pullout force at higher displacement rates.

It must be noted that the very high DIF obtained here for the bond strength was
not observed for the tensile strength of the composite tested under tensile impact
loading. Although directly related to the fiber-matrix bond strength and bridging
capacity of the fibers, the DIF of the composite tensile strength was only 1.8; see
Table 4.6. The reason is the fact that cracks in the composite open very fast at
the beginning, but thereafter the opening speed reduces gradually as other cracks
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Table 4.11: Results of quasi-static and high-speed pullout of single PE fiber from M1 matrix;
standard deviations are given in parentheses.

Quasi-static
Peak pullout force [N] 0.07 (0.05)
Frictional pullout force [N] 0.03 (0.02)
High-speed
Peak pullout force [N] 0.4 (0.08)
DIF of peak pullout force 5.7
Frictional pullout force [N] 0.08 (0.04)
DIF of frictional pullout force 2.7

are formed during the multiple cracking stage. This phenomenon is illustrated in
Figure 4.52.

Figure 4.52: Crack opening speed of five cracks formed in a M1-6PE specimen tested in the
SHTB.

A number of cracks in a M1-6PE specimen tested in SHTB are selected. It can be
seen that their opening speed reaches a very high value at the beginning. The crack
opening speed at this stage is comparable to the pullout speed generated in the
mini-Hopkinson bar. However, upon the formation of new cracks, the opening
speed of the ”old” ones drop rapidly. As a consequence, the pullout force of the
fibers in the composite is not as high as that observed in high-speed pullout tests,
where the pullout speed remains high for the whole duration of the test.
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4.6 Summary and outlook

The mechanical performance of a normal-strength SHCC was investigated under
different impact loading conditions. The developed impact testing setups were used
to perform impact tension, shear, and micromechanical experiments. For impact
compression tests, an existing split-Hopkinson pressure bar (SHPB) was used.

The findings of the investigations on the impact tensile behavior of SHCC can be
summarized as follows:

• The developed split-Hopkinson tension bar (SHTB) can be reliably used for
performing impact tensile experiments on the ductile SHCC specimens. Up to
6% strain in a 40 mm-long specimen can be applied using the setup. Moreover,
the stress uniformity in the SHCC specimen was improved by using a brass
transmitter bar. Unlike for the aluminum transmitter bar, the stresses at the
two ends of the specimen matched in the case of the brass transmitter bar.
The experimental findings were in agreement with the results of the model
presented in Section 3.1.2.

• The stress-strain relations of the M1-6PE specimens tested in SHTB show a
pronounced increase in the first crack stress. The cracking stress of the matrix
reduced significantly during the multiple cracking stage. Using high-speed
imaging and digital image correlation (DIC), as well as experiments on speci-
mens with different geometry, it was shown that in addition to the genuine
rate sensitivity of the cement-based matrix, inertia effects are a substantial
reason behind the unusually high first crack stress. Moreover, DIC showed
that the smeared damage which happens in the cement-based material before
the formation of the first crack, and the dramatic reduction of strain rate in
the uncracked regions are the reasons that the cracks in the multiple cracking
stage are formed at lower stress level.

• The two main mechanisms behind the apparent increase in the tensile strength
of the matrix, namely structural-level inertia and micro-level inertia, were
explained. The influence of inertia at the structural level was studied using
DIC. It was shown that the damage and softening of the material could cause
considerable inertia forces on both bars of SHTB setup. The inertia forces are
generated due to the acceleration caused by damage and are incorporated
in the derived material response. The conventional analysis of inertia effects,
assuming elastic deformation in the specimen up to the formation of the first
crack, results in an underestimation of the contribution of the structural inertia.
The inertia on the micro-level, which is referred to as the inertia acting on the
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crack tip against its propagation, was investigated by measuring the mode I
crack propagation speed in compact tension experiments. The results showed
that once the high loading rate is combined with the limited crack propagation
speed, an apparent increase in the load-bearing capacity can be observed, since
the damage cannot evolve as fast as the specimen is loaded.

• A significant change in the behavior of SHCC under quasi-static and impact
loading was observed. The change in the composite behavior was related to
the rate sensitivity of crack-bridging action. The rate dependency of the bond
between HDPE fibers and M1 matrix bond was studied through performing
high-speed single-fiber pullout experiments at a pullout rate of 1800 m/s,
which matched the crack opening speed of the composite tested in the SHTB.

• The full-field acceleration measurement by means of DIC enables a quantitative
evaluation of the structural level inertia. However, a study on the accuracy
of the DIC measurements and the methods of reducing the noise is still
necessary. For a quantitative analysis of the contribution of micro-level inertia,
the exact time needed for the crack to propagate in the cross-section of the
specimen should be known. Numerical approaches capable of simulating
crack propagation and ultra-high-speed cameras can significantly improve the
level of understanding on the effects of the micro-level inertia.

The findings of the impact compressive experiments can be outlined as follows:

• The length of the specimen can significantly influence the failure mode under
dynamic loading. The short specimens failed differently under quasi-static
and dynamic loading. By increasing the length of the specimen, similar failure
modes consisting of diagonal shear cracks were observed in both loading
regimes. The similarity of the failure modes in the two loading regimes made
the comparison between the obtained compressive strengths meaningful. The
highest DIF, equal to 2.3, was obtained for M1-6PE. Moreover, the results
indicates a reduction in compressive strength by adding HDPE fibers to the
plain M1 matrix.

• The Young’s modulus values for M1 and M1-6PE obtained by measuring the
wave propagation speed in the long specimens were comparable to those
obtained in tension experiments using the same method. In both cases, a slight
increase was observed under dynamic loading.

• Preliminary experiments on the high-strength SHCC used for making hybrid
reinforced composite were performed; see Section 5.1.1. It was found that the
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SHPB setup made of aluminum bars cannot break the high-strength SHCC.
Stiffer bars are needed for the high strength SHCC, which has a quasi-static
compressive strength of approximately 150 MPa.

• To gain a better understanding of the fracture process, a synchronized DIC
should be used for high-speed experiments. Moreover, the quality of the
images can be improved by using the same camera as the one used in the
impact tensile tests.

• In the experimental investigation performed on SHCC, the orientation of the
fibers were parallel to the loading direction. The lower compressive strength
of SHCC compared to the plain matrix can be traced back to the unfavorable
alignment of the fibers. Further investigations on specimens with different
fiber orientation are required to explain this effect.

Finally, the shear experiments performed on M1-6PE showed that:

• The designed adapter can be used for performing impact shear experiments
in the SHTB. However, obtaining shear failure is only possible by applying
lateral and rotational constraints on both sides of the specimen. The DIC
analysis revealed the influence of early-stage tensile cracks in the specimen
on the stress-strain curves. The tensile cracks are formed in the middle of
the specimen and outside the sheared span of the specimen. Once the tensile
cracks are opened, the shear stress in the shear span starts to rise again. The
shear stress increases until diagonal shear cracks connect the notches on the
upper and lower sides of the specimen are formed. The experiments on M1-
6PE showed a shear strength of 28.4 MPa and 14 MPa under quasi-static and
impact loading, respectively.

• In the shear experiments performed on M1-6PE, a maximum force of 25 kN
was recorded on the transmitter bar. Since the SHTB was designed for loads
up to 30 kN in the transmitter bar, materials such as high-strength SHCC could
not be investigated. Alternative methods such as punch-through experiments
in SHPB should be used for the characterization of materials with higher shear
strength.
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5. Textile Reinforced Composite
(TRC) under impact tensile loading

The current chapter presents an investigation on the impact tensile behavior of
planar specimens consisting of a high-strength strain-hardening cement-based com-
posites (SHCC) reinforced with one layer of carbon textile. The experimental cam-
paign demonstrates the use of the developed split-Hopkinson tension bar (SHTB),
presented in Section 3.1 for mechanical characterization of Textile Reinforced Com-
posites (TRC). The modified configuration of the SHTB and the proper measurement
techniques for testing planar specimens are discussed in Section 3.2. Furthermore,
results of the experiments on planar specimens made of the high-strength SHCC
without textile reinforcement are also presented to reveal the influence of the textile
reinforcement.

Additionally, single yarn pullout experiments were performed at a high pullout rate
in the SHTB to explain the strain rate sensitivity of the composite tensile behavior
in conjunction with the rate sensitivity of the yarn-SHCC bond.

5.1 Material under investigation

5.1.1 SHCC matrix

The investigated hybrid-fiber reinforced composite consists of a high-strength SHCC
additionally reinforced with a layer of carbon textile. The fine-grained cementitious
matrix was initially designed to enable a proper crack-bridging behavior of 6 mm-
long Ultra-High Molecular Weight Polyethylene (UHMWPE) fibers Dyneema R⃝,
produced by DSM, in The Netherlands. It contains a large volume of cement, silica
fume and has a water-to-binder ratio of 0.18; see Table 5.1. The UHMWPE fibers
were added in a volume content of 2%. The properties of the fibers are the same
as those presented in Table 4.2. Following the same nomenclature as that used in
Section 4.1 for the normal-strength SHCC, the high strength SHCC in this chapter
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is called M2-6PE. The high-strength matrix is denoted by M2, and 6PE indicates the
length and type of the fiber.

Table 5.1: Composition of the high-strength SHCC M2-6PE.

M2-6PE [kg/m3]
CEM I 52.5R-SR3/NA 1460
Silica fume Grade 971-U 292
Quartz sand 0.06 - 0.2 mm 145
Water 315
Superplasticizer Glenium ACE 460 35
UHMWPE fiber Dyneema SK62 (6 mm) 20

5.1.2 Textile reinforcement

The carbon textile reinforcement under investigation - TUDALIT-BZT2 - was pro-
duced by V.FRAAS, Germany [121]. Knitted warp and weft yarns form a mesh
size of 12.7 mm × 16.0 mm, which allows the penetration of the short HDPE fibers
during specimen preparation. The physical and mechanical properties of the tex-
tile are summarized in Table 5.2. The effective yarn cross-section represents the
collective cross-section of the single filaments forming the yarns and not the total
cross-sectional area of the yarns.

The carbon yarns are coated and impregnated with styrene-butadiene, which does
not ensure an effective composite action of the single filaments. This results in a
relatively low yarn tensile strength of only 1700 MPa [53, 122].

Moreover, the bond strength with the surrounding cementitious matrix is moderate
[53], which explains the anchorage issues commonly encountered in tension testing
of the composites made of the textile under investigation. Nevertheless, this carbon
textile was selected for the study presented in the paper at hand because it is a
product available on the market and it has been extensively studied both at the
material level and in structural applications [123, 124].

Table 5.2: Properties of the carbon textile.

Warp yarn Weft yarn
Yarn count [tex] 3300 800
Effective yarn cross-section [mm2] 1.800 0.451
Nominal tensile strength [MPa] 1700 1700
Nominal modulus of elasticity [GPa] 170 152
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5.2 TRC plates under impact tensile loading

The SHTB was used to apply the dynamic tensile load at a displacement rate rising
to 8 m/s. The specimen glued to the adapters was tightened to the bars through
threaded connections. An aluminum nut on each side of the specimen was used
to tighten the threaded connections; see Figure 5.1b. To minimize the impedance
mismatch between the bars and the adapters, the adapters were made of aluminum
so that their lower Young’s modulus and density could compensate for their larger
cross-section area compared to the brass input and transmitter bars. With 20 mm
anchorage in the aluminum adapters at both ends, the free length of the specimen
was 50 mm.

In addition to the wave analysis on the transmitted wave, according to Section 3.1.1,
and the optical measurement of displacements (virtual gauge), Digital Image Corre-
lation (DIC) was used as a full-field strain evaluation method. A high-speed stereo
system consisting of two Photron SA-X2 cameras was used for this purpose. The
cameras had a frame rate of 50000 fps and a resolution of 256 × 704 pixels. The
subsequent DIC analysis was done using a commercial software, Aramis, developed
by GOM GmbH.

5.2.1 Specimen production

Larger plates with dimensions of 260 mm × 90 mm × 20 mm were initially cast.
After 26 days of curing at a constant temperature of 22 ◦C and air humidity of
65%, the specimens with in-plane dimensions of 90 mm × 40 mm were cut from
the plate; see Figure 5.1a. The specimens had three warp yarns in the loading
(longitudinal) direction and four weft yarns perpendicular to the loading direction
in a gauge length of 50 mm. At each end, the specimen was glued in an adapter
using a bi-component epoxy resin, Barrafix EP, produced by PCI. The length of
glued portion on each side was 20 mm. The same production procedure was used
for both quasi-static and impact tension tests. The warp yarns which protruded out
at the ends of the specimen were bent around the specimen’s edge and embedded
in the glue inside the adapters in order to enhance the anchorage of the yarns;
see Figure 5.1b. Five specimens were tested in the split-Hopkinson tension bar,
and five were tested in the quasi-static regime. Furthermore, to demonstrate the
influence of the textile reinforcement, specimens made of M2-6PE SHCC with the
same dimensions and without textile reinforcement were also tested under impact
and quasi-static tensile loading.
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Figure 5.1: a) Plate made of textile reinforced M2-6PE SHCC. The dashed red lines indicate
where the plate is cut to the actual specimens; b) specimen placed in the split-Hopkinson
tension bar using adapters. The position of warp and weft yarns in the specimen, and the
wrapped yarns at the ends of the specimen are shown schematically by the dashed black
lines.

5.2.2 Setup for quasi-static tension tests

The necessity to use long specimens for textile reinforced composites is restricted by
the condition of dynamic stress equilibrium in the dynamic tension experiments.
Thus, the specimen geometry imposed by the split-Hopkinson tension bar was
also used for quasi-static tests to ensure a meaningful comparison between the
quasi-static and dynamic results.

The geometry of the adapters and the boundary conditions in the quasi-static
tension experiments were identical to those in the impact tests. The adapters were
tightened to two steel bars, which were clamped in an Instron 8501 testing machine,
as presented in Figure 5.2. The deformation of the specimens was measured by two
linear variable differential transducers (LVDTs) fixed to the adapters on the lateral
sides of the specimens. Additionally, a camera captured photos of the surface of the
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loaded specimens. One frame was captured every five seconds. Subsequently, the
recorded frames were used to perform a 2D DIC and derive the number of cracks
and the average crack width.

Figure 5.2: Experimental setup used for quasi-static tension tests on TRC specimens.

5.2.3 Results and discussion

5.2.3.1 Results of the quasi-static tensile tests

The quasi-static stress-strain curves of the textile reinforced cementitious composites
under investigation are presented in Figure 5.3. In the beginning, prior to the
formation of the first crack, the behavior of the specimens is linear-elastic. As the first
crack is formed, the short fibers and the longitudinal textile yarns are activated in the
crack-bridging process. Given the purposefully designed strain-hardening behavior
of SHCC and the additional contribution of the textile reinforcement, further cracks
form under increasing tensile load. Note that as opposed to the commonly used
long textile reinforced specimens, which ensure a sufficient anchorage of the textile
yarns [122], the curves in Figure 5.3 show that the textile reinforcement in the short
specimens does not contribute considerably to the composite tensile strength subject
to quasi-static loading. For the sake of comparison, the results of quasi-static tests
on the planar M2-6PE specimens without carbon textile reinforcement are given in
Figure 5.4. The limited contribution of textile reinforcement became evident once
the result of tests on the M2-6PE SHCC specimens reinforced with textile, were
compared to those without textile reinforcement.

It is known that in the case of proper embedment length of the textile at the two ends
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Figure 5.3: a) Stress-strain curves of textile reinforced M2-6PE SHCC specimens tested
under quasi-static tensile load; b) DIC frames showing the crack pattern at different stress
and global strain values; the corresponding stress-strain curve is highlighted in solid black.

of the specimen [122], the yarns fail at a global composite strain of 1.5%. However, in
the short specimens tested in this study, as impelled by the requirements of impact
tests in SHTB, the textile yarns fail before the 1.5% strain level is attained. The
wrapping of the carbon yarns around the specimen edge in the adapters caused the
premature rupture of the yarns at the bending point. As a result, the carbon textile is
not capable of delivering its maximum tensile strain and strength. Since the ductility
of the SHCC is not exhausted at that strain level, the SHCC specimens deform
further while the yarns are being pulled out from the side of the specimen, in which
the yarns failed in the adapter anchorage. Due to the relatively weak interfacial
bond, as will be demonstrated further in this section, the pullout resistance of
the yarns does not contribute considerably to the composite performance in the
strain-hardening phase. The results of quasi-static tests on the SHCC specimens
with and without textile reinforcement are summarized in Table 5.3.
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Figure 5.4: a) Stress-strain curves of planar M2-6PE SHCC specimens without textile
reinforcement tested under quasi-static tensile load; b) DIC frames showing the crack
pattern at different stress and global strain values; the corresponding stress-strain curve is
highlighted in solid black.

Table 5.3: Mechanical properties of the M2-6PE SHCC with and without textile reinforce-
ment as obtained in quasi-static tensile tests; standard deviations are given in parentheses.

Textile reinforced
M2-6PE

M2-6PE

First-crack stress [MPa] 3.2 (0.2) 2.6 (0.7)
Tensile strength1 [MPa] 8.3 (0.5) 6.7 (0.9)
Ultimate strain1 [%] 2.6 (0.4) 1.6 (0.6)
Work-to-fracture1 [kJ/m3] 181 (28.3) 87.3 (46.7)
Average crack spacing1 [mm] 3.3 (0.8) 4.7 (1.1)
Average crack width1 [µm] 77 (6) 56 (14)
1 Obtained at the maximum stress after the first crack.

5.2.3.2 Results of the impact tensile tests

As demonstrated in Section 3.2, the stress history in the specimen can be reliably cal-
culated based on the transmitted wave, while the strain must be measured optically
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using an extensometer that tracks the axial movement of the adapters. Figure 5.5
presents the stress-strain relationships corresponding to the textile-reinforced spec-
imens tested in the SHTB with a representative strain rate curve. The strain is
defined as the deformation divided by the gauge length of 50 mm. Note that the
deformation of the specimens is a result of multiple cracking in the strain-hardening
phase and crack localization in the softening phase. Thus, the strain and the strain
rate parameters correspond to their definition only in the elastic phase of the loaded
specimens, while in the subsequent phases, they are used as convenient engineering
measures to describe the global deformation and deformation rate of the specimens.
The full-field strain analysis evaluated with the help of DIC is shown for a rep-
resentative specimen (bold black curve in the diagram) at four different loading
stages.

The loading wave can be divided into two phases: the initial ascending phase, in
which the specimen is subject to high accelerations, and the plateau regime, at
which the highest displacement rate is reached and maintained nearly constant.
Compared to the quasi-static experiments, the higher strain rate resulted in higher
first crack stress, which corresponds to the first peak in the stress-strain curves
presented in Figure 5.5 and summarized in Table 5.4. The DIC frames I and II in
Figure 5.5 show the global strain and crack pattern before the initial stress peak
and immediately after the stress peak, respectively. The two frames demonstrate
that the initial crack formation in the specimen occurs during the ascending loading
phase. Although also dependent on the crack-bridging action of the fibers to some
extent, the increase in first crack stress of fiber-reinforced cementitious composites
mainly results from the strain rate sensitivity of the cement-based matrix. This
rate sensitivity is attributed to three main mechanisms: viscoelasticity [107], crack-
tip inertia [87], and structural level inertia [90]. See Section 4.2.3.3 for a detailed
discussion on the mentioned mechanisms.

The activation of the interfacial fiber-matrix bond and the resulting stress transfer
from matrix to short fibers and textile reinforcement occur only after crack formation.
The formation of the first crack allows for a certain specimen relaxation during this
activation phase (after the first stress peak). After the completed stress drop, the
effective strain-hardening phase begins and continues until the crack-bridging ca-
pacity of the fibers and textile in the ”weakest crack” is exhausted, and the specimen
shows softening, see frame IV in Figure 5.5. As mentioned in the previous section,
the carbon yarns could theoretically elongate and accompany the deformation of
the surrounding SHCC up to strain levels of 1.5%. However, given their premature
failure at the bending points at the end of the specimen (i.e., in the lower adapter),
their rupture occurred at a composite strain considerably below 1.5%.
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Figure 5.5: a) Stress-strain curves of textile reinforced M2-6PE SHCC specimens tested in
the split-Hopkinson tension bar; b) DIC frames showing the crack pattern at different stress
and global strain values; the corresponding stress-strain curve is highlighted in solid black.

Frame III in Figure 5.5 corresponds to the peak load in the strain-hardening regime
just before softening. Shortly after the peak, the contribution of the short fibers
gradually diminishes, and the pullout of the textile yarns from the bottom part
of the specimen occurs. In this phase, only the frictional bond controls the force
carried by the specimen. It can be estimated that the peak load at the end of the
strain-hardening phase is mainly ensured by SHCC with a certain contribution from
the pullout resistance of the carbon yarns. The exact distribution of load-bearing
can be calculated based on the dynamic pullout resistance of the yarns, as presented
further in this section, and with the help of investigations performed on SHCC
without textile reinforcement. However, this is a matter of interest in a separate
research work focusing on material characterization.

The results of the experiments performed on planar SHCC specimens without
textile reinforcement, as presented in Figure 5.6, show a lower tensile strength
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and a limited strain hardening behavior compared to the specimens reinforced
with one layer of carbon textile; see Table 5.4. The comparison of the results
presented in Figure 5.5 and Figure 5.6 indicates a stronger contribution of the textile
reinforcement under impact loading compared to quasi-static loading. The notable
contribution of textile to the performance of SHCC at high strain rate is because of
the enhanced yarn-matrix bond, as investigated following in Section 5.3.

Figure 5.6: a) Stress-strain curves of planar M2-6PE SHCC specimens without textile
reinforcement tested in the split-Hopkinson tension bar; b) DIC frames showing the crack
pattern at different stress and global strain values; the corresponding stress-strain curve is
highlighted in solid black.

In contrast to the tensile strength, the strain capacity reduced under dynamic
loading. An analysis of the average crack spacing showed higher values in the
dynamically tested specimens in comparison to the quasi-static experiments. This
can be attributed to the altered micromechanical balance in the investigated SHCC
(relation between the dynamic cracking properties of the matrix and crack-bridging
behavior of the fibers), which results in a reduced extent of multiple cracking [11].
Furthermore, the average crack width measured by DIC at the maximum stress level

124



Textile Reinforced Composite (TRC) under impact tensile loading

Table 5.4: Mechanical properties of the M2-6PE SHCC with and without textile reinforce-
ment as obtained in impact tensile tests; standard deviations are given in parentheses.

Textile reinforced
M2-6PE

M2-6PE

First-crack stress [MPa] 10.7 (1.4) 8.2 (0.7)
Tensile strength1 [MPa] 12.9 (0.5) 7.3 (1.6)
Ultimate strain1 [%] 1.3 (0.2) 0.5 (0.4)
Work-to-fracture1 [kJ/m3] 139.8 (19.1) 28.3 (17.5)
Average crack spacing1 [mm] 6.8 (1.2) 10.4 (4.2)
Average crack width1 [µm] 60 (16) 41 (10)
1 Obtained at the maximum stress after the first crack.

is significantly lower under dynamic load; see Table 5.4. The reason behind the
smaller crack opening at the higher strain rate is related to the stiffer crack-bridging
response of the polymer microfibers as well as the enhancement in the bond between
SHCC and the textile yarns, as shown in Section 5.3. Another intersting observation
was the higher average crack width in the case of textile reinforced SHCC. The use
of textile reinforcement enhanced the strain capacity and multiple cracking of the
composite because of a more stable crack formation. Hence, cracks can open more
before the failure localization. Note that the average crack width was calculated at
the end of strain-hardening phase.

5.3 Yarn-matrix bond at high pullout rate

The single-yarn pullout specimens consisted of a M2-6PE prism with an embedded
carbon yarn. For gripping, a piece of the carbon yarn with a length of 30 mm
protruded outside the SHCC prism. The dimensions of the matrix prism were 30
mm (yarn embedment) × 16 mm × 18 mm. The prisms were cut out of plates
similar to those used for the composite specimens as described in Section 5.2.1.
The protruding warp yarn was glued in an annular aluminum adapter with an
embedment length of 30 mm using a bi-component epoxy resin. The same specimen
geometry was used for both quasi-static and dynamic tests. Five specimens were
tested for each loading condition.

In the impact tests performed in the gravity driven SHTB, the striker was released
from a height of 1 m above the impact flange. The drop height of 1 m ensured a
maximum pullout speed of 8 m/s.

The cylindrical adapter with the yarn inside was glued to the input bar, and the
matrix side was glued to the transmitter bar; see Figure 5.7. For the quantitative
evaluation of the pullout experiments, Eqs. 3.3 and 3.4 were used to assess the
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relative displacement of the yarn attached to the input bar with respect to the matrix
prism glued to the transmitter bar. Furthermore, Eq. 3.2 was used to derive the
force transmitted from the yarn to the surrounding SHCC material.

Figure 5.7: Schematic view of the single-yarn pullout specimen placed in the SHTB.

Note that in the single-yarn pullout tests, the material of the bars was changed to
aluminum. The aluminum bars minimize the impedance mismatch between the
input bar and the cylindrical adapter and improve the ratio of transmitted signal
amplitude to noise since the Young’s modulus of aluminum is lower compared to
that of brass. DIC was used also in these tests to measure the pullout displacement
by tracking the optical targets attached to the adapter and the SHCC prism. The
DIC results were compared to the outcome of Eqs. 3.3 and 3.4 to verify the accuracy
of the wave analysis technique.

5.3.1 Setup for quasi-static yarn pullout tests

In the case of quasi-static pullout experiments, the ends of the specimen were
first glued in steel rings, which in turn were rigidly mounted in a Zwick-Roell
1445 testing machine through special adapters. The deformation of the specimens
was measured by two linear variable differential transducers (LVDT) fixed on the
lateral sides of the specimen; see Figure 5.8. While the boundary conditions are not
identical to those in the SHTB, such a testing configuration allowed testing multiple
specimens per day, which was not the case for high-speed tests in SHTB. Same as the
quasi-static tension experiments, the pullout tests were performed in a deformation
controlled regime with a cross-member displacement rate of 0.05 mm/s, which is
equivalent to a strain rate of 0.001 s−1 in the textile-reinforced specimens.
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Figure 5.8: Experimental setup for quasi-static yarn pullout tests.

5.3.2 Results and discussion

5.3.2.1 Results of the quasi-static yarn pullout tests

The quasi-static bond-slip behavior of the single carbon yarns in the high-strength
SHCC is presented in Figure 5.9 based on the pullout experiments with an embed-
ment length of 30 mm. The initial ascending branch in the curves represents the
stretching of the yarn and the controlled interfacial debonding. When a critical
debonding length is reached, the specimen yield an uncontrolled propagation of
the interfacial crack, resulting in an abrupt force drop in the deformation controlled
experiments [125]. In the subsequent phase, the force is transferred only by the
frictional interaction between the yarns and SHCC, which is considerably lower
than the adhesive interaction.

Figure 5.9: Force-slip curves of quasi-static single yarn pullout tests.
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Note that the curves are only shown up to a slip of 2.5 mm. This is because
higher slip extents would correspond to the softening phase of the textile-reinforced
composite, and secondly, because the SHTB only enables displacements of up to
2.5 mm in one wave passage. The results of the quasi-static tests are presented in
Table 5.5 together with the results of the dynamic tests. The average value for the
frictional bond force is reported at a slip of 1 mm.

5.3.2.2 Results of the high-speed yarn pullout tests

The results of the dynamic pullout experiments on single yarns performed in the
SHTB, the force-slip curves, are presented in Figure 5.10. Obviously, the adhesive
bond strength (peak force) and the frictional bond resistance are considerably higher
as those obtained in the quasi-static tests, see Table 5.5. Moreover, the slope of the
rising part of the curve indicating the stiffness of the bond is also enhanced, which
should have a significant effect on the composite behavior under dynamic tensile
loading. The result of the mentioned bond enhancement is a higher crack-bridging
capacity and stiffer behavior in the strain-hardening phase, which with respect
to the composite’s behavior leads to a higher load-bearing capacity at the same
strain level when compared to the quasi-static testing regime. Furthermore, the
stronger bond at a higher strain rate may also slightly reduce the stress in the yarn
at the bending point in the adapters, which can lead to failure of the yarn at higher
composite stress.

The premature rupture of the warp yarns due to the imposed specimen configuration
represents a negative limitation in characterizing the effective tensile behavior of
composites reinforced with carbon or glass textiles. This issues could be less
critical in the case of bendable fabrics, such as polymer-made ones. Furthermore,
in combination with single-yarn pullout and tension experiments, the effective
mechanical properties of the composites subject to impact tensile loading can be
estimated with the help of analytical and numerical models [31]. Nevertheless, this
is not a matter of interest in the thesis at hand.

Table 5.5: Bond properties of the carbon yarn embedded in M2-6PE matrix as obtained from
single yarn pullout experiments under quasi-static and high-speed loading.

Quasi-static Impact
Peak bond force [N] 439.7 (52.6) 1150.6 (178.0)
Frictional bond force (at a slip of 1 mm) [N] 173.6 (20.3) 287.5 (80.1)
Slip at the peak force [mm] 0.08 (0.01) 0.15 (0.04)

As mentioned above, an aluminum cylindrical adapter was used to fix the yarn on
the input bar; see Figure 5.7. Since the slip of the yarn was found based on the
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Figure 5.10: Force-slip curves of single yarn pullout tests in the split-Hopkinson tension bar.

wave analysis procedure explained in Section 3.1.1, the influence of the cylindrical
adapter on the obtained results had to be evaluated. For this purpose, the relative
displacement between the matrix block and the adapter was measured using DIC.
Optical targets, as shown in Figure 5.11, were attached to the matrix and the adapter.
The slip and slip rate were subsequently obtained from DIC analysis. A comparison
between the two methods, i.e. wave analysis and DIC, is presented in Figure 5.11.

Figure 5.11: a) Point targets on the adapter for measurement by DIC, and b) a comparison
between the slip and the slip rate measured by DIC and those calculated by the wave
analysis.

The results indicate a slight difference between slip and slip rate obtained by these
methods. The reason behind this indeed negligible difference is the use of an
adapter. In the wave analysis, it is assumed that the reflection of the input wave
only happens when it reaches the end of the adapter where the yarn protrudes out.
However, the glue between the bar and the adapter as well as the minor change in
the effective impedance of the adapter because of the glue and the carbon yarn in it
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can also affect the reflected wave.

Note that the difference between the displacement measured by DIC and that
calculated by the wave analysis was much smaller in the yarn-pull out experiments
in comparison to the SHCC experiments; see Section 4.2.3.4.

5.4 Summary and outlook

The gravity-driven split-Hopkinson tension bar configuration for planar specimens
explained in Section 3.2 was used to investigate the impact tensile behavior of
textile reinforced SHCC specimens. The findings of the experimental campaign can
be summarized as follows:

• The impact tension tests on the hybrid reinforced composite plates showed an
increase in tensile strength compared to the quasi-static tests. The enhanced
bond between both types of reinforcement, i.e. short fibers and textile, and the
matrix is the reason behind the improved crack-bridging capacity. Contrarily,
the strain capacity was decreased under dynamic loading. The reason for
this is the lower extent of multiple cracking under dynamic loading, which is
caused by the increase in tensile strength of the matrix. Moreover, the average
crack opening is smaller under dynamic loading due to the enhanced bond
between the reinforcements and the matrix.

• The results of the quasi-static tests showed almost no effect of the textile
reinforcement on the performance of M2-6PE specimens. The reason is the
premature failure of the yarns in the anchorage region and their consequent
pullout. This prevents the textile from contributing significantly to the tensile
load-bearing capacity of the composite.

• The specimen length in this study was selected to fulfill the dynamic equi-
librium condition in SHTB. A longer specimen would result in non-uniform
stress distribution along the specimen, and in an unreliable stress-strain rela-
tion. Furthermore, the chosen length enables reaching specimen failure and
deriving the stress-strain relationships in one wave passage even at specimen
strains of up to 4%.

While the limited length of the specimen fulfilled the dynamic testing condi-
tion in SHTB, it did not allow for comprehensive material characterization in
terms of tensile strength and crack saturation due to insufficient anchorage of
the textile in the matrix. The results of the tests on textile reinforced specimens
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were used in conjunction with the results of specimens without textile rein-
forcement; see Appendix B. So, the influence of the textile reinforcement on
the performance of the composite was evaluated. Moreover, single yarn pull-
out experiments were performed in the SHTB to compensate for this drawback.
The assessment of the bond-slip relationships at displacement rates identical
to the crack opening rates in the composites were used to explain the rate
sensitivity of the composite tensile behavior. Moreover, these results serve as
input in analytical or numerical models for predicting the effective composite
behavior, in which the tensile strength of the yarns is fully exhausted.

• In future studies, a setup for performing single-yarn tensile tests in the SHTB
should be developed to describe the rate sensitivity of the yarn. Moreover,
appropriate techniques for the anchorage of the textile yarns inside TRC
specimens should be developed and tested. Longer embedment length in
the adapter and application of lateral pressure in the gripping length are two
possible methods to investigate.
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6. Conclusions and outlook

6.1 Summary and conclusions

In the framework of the research training group GRK 2250, strain hardening cement-
based composites (SHCC), and textile reinforced composites (TRC) have been
investigated as promising material solutions for enhancing the impact safety of
structures. Under tensile loading, both composites exhibit strain hardening behavior
accompanied by multiple cracking, which causes their high ductility and energy
absorption capacity. Appropriate testing techniques were developed by the author
of this thesis to study the behavior of the strengthening composites under various
types of impact loading. Given the complex meso-structure of the composites
and different rate sensitivity of the constituents, the impact testing setups were
developed for experiments at both composite level and constituent level.

New impact testing setups

A gravity-driven split-Hopkinson tension bar was designed and built for investi-
gating the mechanical behavior of the strain hardening cement-based composites
under impact tensile loading. In the designing process of the setup, the particular
behavior of the composites under investigation was considered. The brittleness of
the cement-based matrix and the large representative specimen size introduced a
challenge in reaching uniform stress distribution along the specimen prior to the
first crack. Moreover, the overall ductile behavior required a long input wave in
the SHTB to obtain the complete stress-strain relation. The stress uniformity in
the specimens with a length of 40 mm was ensured by increasing the impedance
mismatch between the specimen and the transmitter bar. The rise time of the input
wave was also increased to prevent cracking before reaching an equilibrium in the
specimen. Furthermore, a long input wave with a length of 0.5 ms was generated
in the SHTB by using the rigid body movement of the impact flange instead of the
direct contact between the striker and the input bar, which is the standard method
for generating the input wave in split-Hopkinson bars.

The SHTB was used for performing impact tension experiments at a displacement
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rate up to 8 m/s on cylindrical SHCC and plain matrix specimens, planar TRC
specimens, and yarn pullout specimens. For the last two cases, adapters were needed
to attach the specimens to the bars of SHTB. Thus, investigations on the influence
of the adapters on the wave propagation were carried out. For TRC specimens, it
was found that the adapter on the input bar considerably corrupts the reflected
wave from the specimen. As a result, the stress and displacement calculated on the
input bar based on the input and reflected waves are not reliable. In contrast, the
adapter on the transmitter bar has a negligible effect on the wave. Accordingly, an
alternative measurement method, where the stress was calculated using only the
transmitted wave and the strain was measured by an optical extensometer, was used.
In the case of the yarn pullout experiments, it was shown that the adapter used for
fixing the yarn on the input bar has a minor effect on the wave. So, the standard
wave analysis was performed to determine pullout force and displacement.

For high-speed micromechanical constituent level tests, a mini-Hopkinson tension
bar was developed. The setup was used for performing high-speed fiber pullout
tests at a pullout rate of up to 1800 mm/s, which was compatible with the crack
opening speed of the composites tested in SHTB.

The applicability of the SHTB for performing impact shear experiments was also
examined by developing a shear adapter which converts the generated tensile input
wave to shear in a planar specimen. Preliminary tests showed that the setup can be
used for investigating the shear behavior of composites made of normal-strength
matrices.

Except for the micromechanical setup, in all developed setups, high-speed imaging
and the subsequent DIC analysis were integrated into the analysis procedure.
The full-field displacement measurements provided by DIC were a valuable tool
for understanding the fracture process of the specimens under impact loading.
Moreover, as an alternative displacement measurement tool, it enabled the evaluation
of the accuracy of the common wave analysis.

SHCC under impact tensile loading

The experiments performed in the SHTB at a strain rate of 180 s−1 on a normal-
strength SHCC made of 6 mm-long PE fibers emphasized the influence of the
rate-dependent behavior of the constituent elements on the overall response of
the SHCC. The results showed a pronounced increase in the first-crack stress in
comparison to the quasi-static tests. While the influence of the structural inertia and
micro-level inertia on the obtained first-crack stress is considerable, genuine rate
sensitivity of the material contributes to the increase in the first-crack stress as well.
In comparison to the first-crack stress of the cement-based matrix, the cracks formed
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in the multiple cracking phase are created at a lower stress level. The full-field
measurements of DIC revealed that a smeared damage of the cement-based matrix
prior to the first crack and a dramatic reduction of strain rate in the uncracked
regions during multiple cracking stage are the reasons behind the lower cracking
stresses of the matrix during the multiple cracking phase.

Furthermore, the high-speed fiber pullout experiments showed an improvement in
the bond between PE fibers and the matrix at the high pullout rate. The pullout rate
was comparable to the crack opening rates measured by DIC on the composite under
impact tensile loading. The extensive damage of the matrix prior to the first crack,
the moderate increase in the tensile strength of the matrix during multiple cracking,
and an enhanced crack-bridging capacity are the reasons behind the improved
performance of the M1-6PE SHCC under impact tensile load. A oticeable higher
tensile strength and strain capacity were observed compared to the quasi-static
tension tests.

Textile reinforced composite under impact tensile loading

Impact tension tests were performed in the new SHTB on plates made of a high-
strength SHCC containing 6 mm short PE fibers, and additionally reinforced with
a layer of carbon textile. At a strain rate of 150 s−1, a higher tensile strength due
to an enhanced crack-bridging capacity of the short fibers and yarns was observed.
However, the strain capacity was considerably reduced at the high strain rate, which
can be traced back to the lower extent of multiple cracking at this loading condition
in comparison to quasi-static loading. Moreover, the enhanced crack-bridging
capacity at the higher strain rate leads to a smaller crack openings.

An enhanced bond between the carbon yarns and the high-strength matrix at a
higher pullout rate was shown by performing high-speed yarn pullout experi-
ments in SHTB. The results showed a considerable improvement in both the initial
debonding force and the frictional bond force.

The length of the specimens used in the experimental campaign was limited to
reach stress uniformity along the specimen tested in the SHTB. However, due to the
insufficient anchorage of the textile reinforcement in the matrix, it was not possible
to characterize the composite comprehensively in terms of tensile strength and
crack saturation. In all the experiments, the premature failure of the carbon textile
occurred in the anchoring points.

SHCC under impact compressive loading

The experimental program consisted of quasi-static and impact experiments on
various types of SHCC, including the normal-strength one made of 6 mm PE fibers,
which was also tested under impact tensile loading.
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The impact experiments yielded a higher compressive strength in comparison to
the quasi-static tests. The results also indicated a negative influence of the fibers
on the compressive strength. Under both loading regimes, SHCC exhibited lower
compressive strength values when compared to the plain matrix. This could be
explained by an unfavorable fiber orientation in the specimens under investigation,
namely predominately parallel to the loading direction. Moreover, it was intended
to obtain similar failure modes under quasi-static and dynamic loading for a mean-
ingful comparison of the results. It was found that specimens with a length of 80
mm yielded a similar failure mode under both loading regimes comprising a final
diagonal crack. It is worth mentioning that during the preliminary experiments
on shorter specimens with a length of 50 mm, while a major diagonal crack under
quasi-static loading was observed, the specimens tested in the SHPB failed by the
formation of numerous cracks in the direction of the loading.

Furthermore, it was found that the SHPB made of aluminum bars is not capable of
breaking specimens made of the high-strength SHCC. This type of SHCC was used
for producing textile reinforced composites, and it has a quasi-static compressive
strength of around 150 MPa.

SHCC under impact shear loading

Impact shear experiments were performed on the same normal-strength SHCC as
tested under impact tensile and compressive loading condition. The results showed
the necessity of lateral and rotational constraints on the sides of the specimen to
obtain a pure shear failure. The frames captured by high-speed cameras revealed
that the unconstrained specimens were failing due to the bending moment, which
was created in the shear span.

Based on the calibration experiments, it was found that similar to the tests on TRC
plates, only the transmitted wave was not affected by the adapter. Thus, shear
strength was calculated based on the transmitted wave. The displacement of the
adapter on the input bar had to be measured optically to attain an acceptable
accuracy. Although the measurement method was adopted to prevent errors by
the adapters, the early-stage tensile cracks formed in the specimens resulted in an
unreliable shear strain.

The shear strength obtained in impact experiments showed a Dynamic Increase
Factor (DIF) of 2.0. A comparison between the DIF values obtained under tensile,
compressive, and shear loading revealed comparable DIFs for compressive and
shear strengths, and a higher DIF for the tensile strength of the matrix. However,
the DIF of the tensile strength of SHCC, related to the crack-bridging capacity of the
fibers, was the lowest. It is noteworthy that in both compressive and shear impact
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experiments, the obtained strength was associated with the formation of only one
major crack in the matrix. Contrarily, in the tensile impact tests, the first crack and
further cracks in the multiple cracking phase were distinct.

6.2 Outlook

Experiments on notched cylindrical SHCC specimens should be performed to
investigate the crack-bridging capacity more accurately. It is also beneficial to
create the notch in the specimen in different positions with respect to the input and
transmitter bars. The change in the position of the notch can change the location
of damage concentration in the specimen. As a result, the influence of the failure
location on the stress calculated on the bars, and the contribution of structural
inertia can be investigated more elaborately.

The adapters used for impact tensile tests on TRC plates should be modified to
provide a better anchorage for the textile reinforcement. Applying lateral pressure
along the anchorage length by using lightweight screws is a promising solution.
Moreover, an adapter for performing impact tensile experiments on a single yarn
should be developed.

An investigation on the accuracy of the DIC analysis based on the images obtained
by the high-speed cameras should be performed. It is desirable to evaluate the
results of DIC for the standard image resolution which is used in the presented
experimental setups.

Punch-through shear experiments should be performed in a split-Hopkinson pres-
sure bar. These experiments can be compared to the results of the impact shear
experiments performed in the split-Hopkinson tension bar.

The possibility of performing double-sided fiber pullout experiments in the mini-
Hopkinson tension bar should be investigated. In a double-sided pullout specimen,
the free length of the fiber is eliminated; see [120]. As a result, the experiment is a
better representative of the bridging action of the fibers in the composite.
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[76] P. Forquin and B. Lukić, “On the Processing of Spalling Experiments. Part I:
Identification of the Dynamic Tensile Strength of Concrete,” Journal of Dynamic
Behavior of Materials, vol. 4, no. 1, pp. 34–55, 2018.

[77] K. F. Graff, Wave motion in elastic solids. Oxford University Press, 1975.

[78] R. Othman, “Inertial and Frictional Effects in Dynamic Compression Testing,”
in The Kolsky- Hopkinson Bar Machine: selected topics, pp. 205–249, Springer,
2018.

[79] D. A. Gorham, “Specimen inertia in high strain-rate compression,” Journal of
Physics D: Applied Physics, vol. 22, no. 12, pp. 1888–1893, 1989.

[80] M. J. Forrestal, T. W. Wright, and W. Chen, “The effect of radial inertia on
brittle samples during the split Hopkinson pressure bar test,” International
Journal of Impact Engineering, vol. 34, no. 3, pp. 405–411, 2007.

[81] M. Hockly and C. R. Siviour, “Specimen Inertia in high strain rate tensile
testing,” EPJ Web of Conferences, vol. 94, p. 01050, 2015.

[82] Q. M. Li, Y. B. Lu, and H. Meng, “Further investigation on the dynamic
compressive strength enhancement of concrete-like materials based on split
Hopkinson pressure bar tests . Part II : Numerical simulations,” International
Journal of Impact Engineering, vol. 36, no. 12, pp. 1335–1345, 2009.

[83] E. Flores-Johnson and Q. Li, “Structural effects on compressive strength
enhancement of concrete-like materials in a split Hopkinson pressure bar test,”
International Journal of Impact Engineering, vol. 109, pp. 408–418, 2017.
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A. Numerical simulations

A.1 Numerical simulation of the benchmark impact

tensile test on elastic planar specimen

The numerical simulation of the benchmark impact experiment presented in Sec-
tion 3.2.1 is provided here. The 3D finite element model was used to verify the
conclusions drawn based on the experimental results regarding the influence of
adapters on wave propagation. The setup geometry was slightly simplified by
modeling only the part of the input bar above the lowest strain gauge. This was
done in order to apply the measured displacements as boundary conditions at the
position of the strain gauge for a realistic wave propagation. Moreover, given the
orthogonal symmetry planes, only a quarter of the real setup was modeled with the
corresponding symmetry conditions. For the discretization of the model, an element
size of 1 mm and linear shape functions were used. The transient analysis was
performed using an implicit Newmark scheme with β=0.25, γ=0.5 and a constant
time step of 1 µs. Moreover, a linear elastic material behavior was assumed, since
the goal of the analysis was to investigate the influence of the adapters on the wave
propagation by means of simulating the above-mentioned benchmark experiment
on an aluminum specimen. In the experiment, a linear elastic material behavior can
be assumed up to the point that the glue between the aluminum plate and adapters
fails at a stress level of 58 MPa, see Figure 3.14.

The entire setup was simulated, including the input and transmitter bars, spec-
imen, adapters, tightening nuts, spacer plates, and the glue. All the mentioned
components are bonded perfectly together. The threads used to tighten the adapters
and the tightening nuts on the bars were neglected, as the modeling of the threads
was out of the scope of this study. The input wave was applied as a prescribed
displacement at the beginning of the input bar based on the recorded wave in the
experiment. The used material parameters are summarized in Table A.1. In the
case of brass, aluminum and glue, the material properties were obtained from the
datasheet provided by the producer. In the case of spacer plates made of SHCC,
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Young’s modulus was calculated by measuring wave propagation speed in cylin-
drical specimens, as presented in [100]. A Poisson ratio of 0.2 is considered for the
specimen as it is commonly used for cementitious materials.

Figure B.1 shows the geometry and mesh properties of the simulated setup. Similar
to the experimental analysis presented in the previous section, the stress in the
modeled specimen and the velocities of the adapters were compared to the ones
derived based on the wave analysis. The waves in the modeled bars were recorded
at the locations of the strain gauges in the SHTB. The velocities of the adapters
in the model were read at a distance of 5 mm from the specimen, similar to the
experiments. The wave analysis procedure was identical to that of experiments and
was performed by shifting the waves in time to the bar-adapter interfaces.

Figure A.1: Geometry and meshing of the simulated testing configuration (only the region
around the specimen is represented).

Table A.1: Material parameters of the bars and the specimen used in the simulations.

Components Materials Young’s modu-
lus [GPa]

Poisson’s
ratio

Density
[kg/m3]

Input bar Brass 97 0.3 8470
Transmitter bar Brass 97 0.3 8470
Fixing nut Aluminum 71 0.3 2850
Adapter Aluminum 71 0.3 2850
Spacer plate SHCC 36.6 0.2 2100
Glue Epoxy glue 4.5 0.35 1700
specimen Aluminum 71 0.3 2850

Figure A.2 shows a comparison between stresses in the middle of the specimen
and the ones derived based on the wave analysis. The specimen’s stress calculated
based on the input and reflected waves shows a different profile compared to the
stress history inside the specimen. This reveals the considerable influence of the
input bar’s adapter on the reflected wave as discussed in Section 3.2.1. Same as
in the experiments, the transmitted wave yields a stress value comparable to the
one determined directly in the specimen. For a clearer comparison of the curves,

154



Numerical simulations

the stress derived directly in the middle of the specimen was shifted in time to the
bar-adapter interface, the same location to which the transmitted wave was shifted.

The difference in the actual velocity of the adapter and that derived based on
the input and reflected waves is represented in Figure A.3. The considerable
difference in the rising time of the two velocity histories, which was observed in the
experiments, is also present in the simulation. Impedance change at this connection
and inertia are the reason behind this discrepancy. Reflection of the input wave
starts as it reaches the connection between the input bar and the adapter. As a
result, the derived velocity based on the input and reflected waves rises before the
adapter starts its translational motion. Contrarily, on the transmitter bar’s adapter,
the displacement rate assessed based on the wave analysis can accurately represent
the speed of the adapter.

Note that in the simulation, the adapters on the transmitter and input bars continue
their translation since there is no strength limit defined for the specimen or the glue.

Figure A.2: Simulation results: stresses derived based on the waves compared to the stress
obtained directly on the specimen.

The results of the benchmark experiments on the aluminum plates and its simula-
tions show that the use of the adapters causes a considerable error in the stress and
strain values obtained by the regular wave analysis, according to Section 3.1.1. The
error is mostly induced by the influence of the adapter on the input bar. It can be
concluded that optical measurement is the proper approach for obtaining strain. On
the other hand, stress can be calculated reliably using the transmitted wave.
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Figure A.3: Simulation results showing the velocities of the adapters compared to the
velocities calculated based on the waves on (a) input bar and (b) transmitter bar.

A.2 Numerical simulation of the shear adapter for im-

pact test

An adapter for shear tests, which converts the tensile wave created in the gravity-
driven SHTB to an out-of-plane shear loading in a planar specimen, was designed
and built. The intention was to obtain a shear failure in the plate specimen with a
thickness of 20 mm, as illustrated in Figure A.4. The two sides of the specimen have
to be pulled down by the adapter connected to the input bar, and the shear response
is transmitted to the transmitter bar through the adapter holding the middle part of
the specimen. The reason behind selecting this loading concept was to have a smaller
adapter on the transmitter bar. Based on the experience gathered by investigating
the influence of the adapters in tensile testing of planar TRC specimens in the SHTB,
presented in Section 3.2, it was concluded that the adapter on the transmitter bar
has a negligible influence on the transmitted wave. Thus, it was decided to keep the
part of the shear adapter on the transmitter bar as simple and as light as possible
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so that the shear strength can be calculated based on the transmitted wave. In fact,
the shape and the weight of the adapter on the transmitter bar used for the shear
experiments had to be as close as possible to the one already studied for tensile
experiments on TRC.

The designing process started with a series of numerical simulations to optimize
the adapters’ shape as well as the specimen’s boundary conditions. The width and
the length of the specimen were selected based on the space limitations imposed by
the SHTB, 60 mm and 40 mm, respectively. The aim of the simulations was to study
the influence of notches and boundary conditions on the obtained failure mode
in the specimen, as well as to minimize the influence of the adapters on the wave
propagation.

Figure A.4: The selected loading concept for generating shear failure in a plate specimen.

The configuration of the gravity-driven SHTB used for planar TRC specimens
presented in Section 3.2 was used here as the initial arrangement. So, both input
and transmitter bars were made of brass for more flexibility in dimensioning of
the shear adapters with similar impedance to the bars. The use of the input and
transmitter bar made of brass with a high impedance per unit area, allowed for larger
cross-sections in the adapters made of metals with lower impedance per unit area,
e.g. aluminum. The flexibility in selecting the geometry was of great importance,
especially in the case of the adapter part on input bar, where its function in applying
the load to two sides of the specimen imposed complexity in its geometry. Properties
of brass and other metals used in the simulations are presented in Table A.2.

Table A.2: Material properties of brass, aluminum and steel used in simulations.

Material Brass Aluminum Steel
Young’s modulus [GPa] 98 71 180
Density [kg/m3] 8470 2850 8050
Poisson’s ratio 0.3 0.3 0.3

The numerical simulations were performed using LS-DYNA. The time step in the
simulations was set to 1 µs, and an explicit time integration scheme was used.
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Tetrahedron elements with four integration points were used for discretizing the
geometry for both the adapters and the bars. The minimum element size for the
bars was 6 mm, while it was 3 mm for the adapters, and 1.5 mm for the specimen.
Tied–SURFACE–TO–SURFACE contact form in LS-DYNA was used for connecting
the bars to the adapters. The used contact connects the common nodes in both
components.

The input wave was applied by prescribing a velocity to the nodes located at the
bottom cross-section of the input bar. Figure A.5 shows the prescribed velocity,
which corresponds to a stress level of 115 MPa in the plateau. The simplified wave
is selected based on the typical input wave recorded in the brass input bar when the
striker is released from a height of 1 m; see Figure 3.11.

Figure A.5: The velocity prescribed to the input bar to generate the input wave.

A.2.1 Adapter’s parts

The adapter’s parts on the input and transmitter bars were designed with regards
to three aspects: the general shape of the adapters, manufacturing process, and the
material of the adapter. The influence of the adapters on wave propagation was
evaluated through comparing the reflected wave from the end of a brass bar when
the adapter is attached to the reflected wave when there is no adapter at the end of
the bar. The latter case is considered as the reference in the optimization process.
The shape and material of the adapter were changed to minimize the difference in
the reflected waves in the two cases mentioned above.

Adapter’s part on the transmitter bar

The dimensioning of the adapter on the transmitter bar started with proposing a
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preliminary shape according to its function, which was gripping the middle part of
the specimen; see Figure A.6. Simulations were performed to evaluate the influence
of the transition length, marked as L in Figure A.6a, and the material of the adapter
on the wave propagation. It was found that the shorter the transition length, the
less is the distortion of the reflected wave from the adapter; see Figure A.6b. Also,
the results showed that using aluminum instead of brass can reduce the influence
of the adapter on the reflected wave.

Figure A.6: a) the general shape of the shear adapter on the transmitter bar; b) results of
simulations showing the influence of the transition length (L) and material of the adapter
on the wave distortion.

At the end, the ease of manufacturing and compatibility with the adapter on the
input bar was taken into account. The final geometry of the adapter is presented in
Figure A.7.

Figure A.7: Final geometry of the adapter on the transmitter bar.

Adapter’s part on the input bar

Due to the complicated shape of the adapter, the dimensioning process of the lower
part began with basic models, which improved iteratively until the initial shape of
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the adapter was approximately achieved; see Figure A.8. The tensile pulse applied
at the beginning of the input bar propagates along the bar until it reaches the adapter.
Then, the impedance difference between the bar and the adapter cause reflection
of the wave in the bar and transmission to the adapter. Once the transmitted wave
arrives at the free end of the adapter, it is reflected as a compressive wave. The
purpose is to minimize the reflection of the wave happening at the interface between
the bar and the adapter. Figure A.9 shows a comparison between the reflected wave
in different cases presented in Figure A.8. The reduction of the tension part of the
reflected wave, which happens due to the higher general impedance of the adapter,
is clearly observable for case A and B.

Figure A.8: Optimization process followed in designing the part of shear adapter connected
to the input bar.

Figure A.9: Simulated reflected wave from different shapes of the adapter placed at the end
of the bar.

After obtaining a reasonable shape of the reflected wave in case C, the ability
to install the specimen in the proposed adapter was investigated, see case D in
Figure A.8. An extension that adds 30 mm to the length of the adapter was built
on case C. The part added to the adapter serves as a grip on the two sides of the
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Figure A.10: The initial form of the shear adapter on the input bar.

specimen, which has dimensions of 60 × 20 × 40 mm. To further optimize the shape
of the adapter and to diminish the distortions in the wave profile, a reduction in
the length of the adapter was applied, see case D in Figure A.8. The new length of
the adapter was 75 mm instead of 90 mm. The other dimensions were kept similar
to the case C. Figure A.10 shows the shape of the adapter at the end of the initial
dimensioning step performed to find the preliminary shape of the adapter.

The second step was to modify the adapter to simplify its manufacturing. The
adapter is divided into two parts, which are connected using four M6 screws, as
shown in Figure A.11. The fabrication became easier by dividing the adapter into
two parts. The upper part is shaped to grip the specimen, while the lower part is
the geometrical transition between the bar and the upper part.

Subsequently, the machining process employed in the manufacturing of the lower
part was also considered. The basic principle was to start from the conventional
cylindrical shape of the used raw material. Through turning and milling processes,
as presented in Figure A.12, the cylinder can be gradually formed into the required
shape. Finally, a cone was shaped, which functions as the transition from the bar’s
diameter to a diameter that matches the distance between the side grips of the
specimen. At this stage, the shape of the adapter was established according to
Figure A.11.

It is worth mentioning that several simulations were performed to study the influ-
ence of the material of the adapter on the wave distortion. Although the results
indicated a minimized influence by the aluminum adapter on the wave propagation,
the adapter was made of steel. Steel provides more sturdiness and durability, which
is of great importance when specimens are glued and cleaned repeatedly. Moreover,
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Figure A.11: Final shape of the shear adapter on the input bar.

Figure A.12: Simple fabrication process of the adapter from a cylinder.

the problem of distortion of the reflected wave, which may result in a considerable
error in the calculated displacement of the adapter connected to the input bar,
could be solved by employing optical displacement measurement techniques; see
Section 3.2.1 for a detailed discussion.

A.2.2 Specimen

As the last step, numerical simulations were also performed to find the geometry
and boundary conditions of the specimen. In these simulations, the CSCM concrete
material model in LS-DYNA was used. As the purpose was to qualitatively study
the failure mode of a specimen made of a brittle cement-based matrix, random
parameter generation based on the compressive strength was used. The results
indicated that the lateral movement and rotation of the two sides of the specimen
should be prevented to achieve shear failure in the specimen. If the lateral expansion
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of the specimen is not constrained, the failure happens as a result of the bending
moment; see Figure A.13. Additionally, based on the simulation results, it was
decided to create notches on two sides of the specimen. The notches lead to a
concentration of the shear stresses in the shearing zones between the two adapters;
see Figure A.14. Practically, to provide the lateral confinement, the specimen needs
to be glued to the two gripping parts on the input bar adapter, which are shown in
yellow in Figure A.11, and also to the adapter on the transmitter bar; see Figure A.7.
Moreover, lateral stiffeners which connect the two gripping parts were added to
the adapter; see Figure A.14. The stiffeners were required to prevent rotation of the
side gripping parts as the specimen dilates under shear loading. Figure A.14 shows
the final shape of the adapter as built.

Figure A.13: Possible failure modes of a specimen tested in the shear adapter system.

Figure A.14: Final shape of the shear adapter on the input bar.

The results of the simulations were used as the starting point for the calibration of
the shear test setup. The findings presented in this section significantly reduced
the time needed to find a proper impact shear test configuration. The results of
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the preliminary experiments performed on SHCC specimens using the adapter
designed here are discussed in Section 4.4.
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B. Results of the impact tensile tests
on M2-6PE cylinders

Figure B.1: Stress-strain curves of M2-6PE SHCC obtained from impact tensile tests on
cylindrical specimens performed in the SHTB.
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C. Derivation of the analytical
inertia model

Figure C.1: Schematic view of the specimen considered for developing the inertia model
according to [74].

The model presented here is adopted from [74]. The derivation here is provided
for a better understanding of the model. Based on the assumption of a uniform
axis-symmetric radial deformation and a uniform axial deformation, the particle
velocity in the axial and radial direction can be expressed using Eqs. C.1 and C.2,
respectively.

vx(x) = v2 +
vd
2
− vd

x
ls

(C.1)

vr(r) = −µsvd
r
ls

(C.2)

Accordingly, kinetic energy in the specimen can be formulated as presented in Eq.
C.3. The derivative of Eq. C.3 with respect to time hands in the temporal rate of
change of kinetic energy presented in Eq. C.4.

Similarly, the elastic energy stored in the specimen and its derivative with respect to
time can be expressed using Eqs. C.5 and C.6, respectively. The time derivative can
be reduced to Eq. C.7, assuming linear elastic material behavior, rate independency,
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and lateral-stress independency. Using Eqs. C.8 and C.9, assuming the linear-elastic
behavior and a uniform axial deformation, Eq. C.7 can be reduced to Eq. C.10.
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σ̇x = Esϵ̇x (C.8)
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ϵ̇x =
vd
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(C.9)
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The temporal rate of change of the external work can be expressed in terms of
tractions and velocities applied to the two ends of the specimen, by Eq. C.11.

ẇext =
∫︂

∂V

σivids =
1
4

πd2
s {σ1 (vd + v2)− σ2v2} (C.11)

Now, Eqs. C.4, C.10 and C.11 can be substituted in the energy balance equation
expressed as Ėk + Ėp = ẇext, the resulting equation is presented in Eq. C.12.
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The equation of motion in the specimen is presented in Eq. C.13. By converting
the forces to the stresses on the two ends of the specimen, and by expressing the
rigid body velocity of the specimen as v2 + 0.5vd, Eq. C.13 can be expressed as Eq.
C.14. Finally, v̇2 can be expressed in terms of stresses applied to the two ends of the
specimen and temporal rate of change of the deformation velocity, as presented in
Eq. C.15. To substitute the velocity and acceleration terms in Eq. C.12 with strain
rate and strain acceleration terms, v̇2 and dṡ are reformulated as presented in Eqs.
C.16 and C.17.

F1 − F2 = ρsls As
dvs

dt
(C.13)
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σ1 − σ2 = ρsls (v̇2 + 0.5v̇d) (C.14)

v̇2 =
σ1 − σ2

ρsls
− 0.5v̇d (C.15)

v̇d =
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ϵ̇2
x + ϵ̈x

)︂
ls (C.16)

ḋs = −ϵ̇xdsµs (C.17)

Eqs. C.15, C.16 and C.17 are substituted in Eq. C.12, which results in:
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Multiplying the two sides of the equation by 4/πd2
s and expanding the equations

yields:
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Derivation of the analytical inertia model

Moving all stress components to the left-hand-side and multiplying both sides by
1/ϵẋ ls gives:
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Given σavg = 1
2(σ1 + σ2), Eq. C.20 can be reduced to Eq. C.21.
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Given v1 = v2 + vd, factoring
(︂

1
2 − µs

)︂
, and incorporating Eq. C.9 further simplify

Eq. C.21 to Eq. C.22. This reformulation of the energy balance equation expresses
the average stress on the two ends of the specimen in terms of stress in the specimen
and the contribution of inertia forces.
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D. The wave dispersion correction
procedure

The dispersion correction procedure [113], which considers only the first mode of
propagation for a wave traveling in a round bar, consists of the following steps:

1. The Cn/C0, as a function d/Λn for the Poisson’s ratio of 0.3 provided by
Bancroft [114] is fitted with the following equation:
Cn
Co

= 0.5764 + 0.4236/[A1(
d

Λn
)4 + A2(

d
Λn

)3 + A3(
d

Λn
)2 + A4(

d
Λn

)1.5 + 1]

where d is diameter of the bar, and Cn and Λn are the phase velocity and
the wave length corresponding to frequency component fn,respectively. As a
result, the parameters A1, A2, A3 and A4 are determined. The values provided
by Bancrof is shown in Table D.1.

2. An FFT analysis is performed on the recorded wave to convert the time domain
to the frequency domain. The amplitude and the phase angle corresponding
to each frequency component of the wave is calculated.

3. The phase velocity associated with each frequency component can be found
by solving the system of equation consisting of the following equation and the
equation provided in step 1.

2π(Cn
C0
)(d/Λn) = nω0(d/C0)

4. According to the propagation velocity found for each frequency component in
the previous step, the phase angle associated with each frequency component
is corrected using the following equation:

Φcn = nω0(
x

Cn
− x

C0
)

where Φcn is the correction needed for frequency component fn. The new
phase is then calculated using the following equation:

Φnew
n = Φn + Φcn

5. Having the phase angle for each frequency component corrected, the wave can
be reconstructed in time domain using an inverse FFT.
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The wave dispersion correction procedure

Table D.1: Phase velocity as a function of wave length for Poisson’s ratio of 0.3 according to
Bancroft.

d/Λn Cn/C0
0 1
0.05 0.9994
0.1 0.9977
0.15 0.9948
0.2 0.9905
0.25 0.9847
0.3 0.9769
0.35 0.9669
0.4 0.9541
0.45 0.9381
0.5 0.9185
0.55 0.8955
0.6 0.8696
0.65 0.8422
0.7 0.8147
0.75 0.7882
0.8 0.7636
0.85 0.7413
0.9 0.7213
0.95 0.7037
1 0.6884
1.2 0.6432
1.4 0.6169
1.6 0.6011
1.8 0.5914
2 0.5852

The procedure mentioned above was implemented as a MATLAB code and was
used to study the influence of the wave dispersion on the results obtained by the
split-Hopkinson tension bar.
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