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Abstract

Figueiredo, Tathiana Caram Souza de Paula; Silva, Flavio de Andrade (Advisor).
On the Mechanical Behavior of Strain Hardening Cementitious Composites
(SHCC) under Combined and Impact Loading. Rio de Janeiro, 2021. 216 p.
Tese de Doutorado — Departamento de Engenharia Civil ¢ Ambiental, Pontificia
Universidade Catolica do Rio de Janeiro.

Reinforced concrete (RC) has been widely used in civil constructions for
almost two centuries due to its versatility and relatively low cost-effectiveness ratio
when compared with other structural systems. It is notably the preferred material
for the construction of strategic infrastructures. However, RC constructions are in
constant deterioration. Special attention had been given in the last decades to the
influence of dynamic scenarios on RC structures due to concrete’s inherent low
tensile strength and brittle nature, which promotes intense cracking during these
events. The present research focused on the assessment of two variations of strain-
hardening cementitious composites (SHCC) as strengthening material to improve
the impact resistance of existing buildings, moreover structural members with
critical shear failure. SHCC is a somewhat new class of fiber-reinforced composite
reinforced with synthetic microfibers with an average content of 2 % in volume.
Previous research studies already demonstrated that this composite is able to yield
substantial deformations under tension (up to 6 % depending on the dosage) during
its multiple-cracking phase, while enduring a crack-width limit of 100 um. SHCC
seems especially appropriate to withstand high-velocity impacts due to the relevant
number of surfaces that are formed during its deformation phase since it represents
a high perspective of energy dissipation without reducing load-bearing capacity.
Two types of normal-strength SHCC were chosen to be assessed in this research.
The composites differed mainly in the type of reinforcing fiber: PVA, and
UHMWPE. As structural members embodied in structures are often subjected to
multiaxial stress states, to evaluate SHCC's potential as a strengthening material,
combined torsion and tension tests were developed. These tests deepen the

understanding of SHCC'’s mechanical performance under shear, while also enabled
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the combination with normal stresses. Then, SHCC's actual potential to improve the
impact resistance and afterlife of existing structural members was investigated
during an extensive experimental program that counted with 24 real-scale beams.
The varied parameters were: (i) the type of SHCC; (ii) the internal reinforcement
configuration (specimens with, and without stirrups); (iii) the impact energy (which
was varied between 2.1 kJ and 6.4 kJ, corresponding to approximated velocities of
17 m/s to 30 m/s, respectively). The results were assessed in terms of their
mechanical response, cracking patterns, and modal analysis. It was demonstrated
that both types of composites improved the impact resistance of the strengthened
RC members, outstandingly improving the impact safety with regards to residual
dynamic response and stability while presenting a substantial reduction of spalling
and scabbing material. The SHCC produced with UHMWPE fibers appeared to be
less sensitive to the presence or absence of stirrups, posing as more suitable
alternative for shear strengthening applications within dynamic scenarios where
there is a deficient, or even uncertainty, about the internal transversal reinforcement

of the existing members.

Keywords

Reinforced concrete; SHCC; Impact; Combined loading; Torsion.
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Resumo

Figueiredo, Tathiana Caram Souza de Paula; Silva, Flavio de Andrade (Advisor).
Desempenho Mecanico de Compdsitos Cimenticios de Comportamento
Strain-Hardening Submetidos a Carregamentos Combinados e de Impacto.
Rio de Janeiro, 2021. 216 p. Tese de Doutorado — Departamento de Engenharia
Civil e Ambiental, Pontificia Universidade Catolica do Rio de Janeiro.

O concreto armado (CA) tem sido amplamente utilizado em construcdes civis
durante quase dois séculos devido a sua versatilidade e relativamente baixo custo-
beneficio quando comparado com outros sistemas estruturais. E, notoriamente, o
sistema mais adotado na construcdo de obras estratégicas e de infraestrutura. No
entanto, as constru¢des de CA estdo em constante deterioragdo. Sobretudo nas
ultimas décadas, atengdo especial vem sendo dada a influéncia de cenarios
dindmicos nesse tipo de sistema estrutural devido a intrinseca baixa resisténcia a
tracdo e fragilidade do concreto, que promovem extensos horizontes de fissuracao
na ocorréncia desses eventos. A presente investigacao dedicou-se a avaliagao de
duas variacdes de compdsitos cimenticios de comportamento strain-hardening
(SHCC) como material de reforco para melhorar a resisténcia ao impacto de
edificios existentes, em especial membros estruturais com falhas criticas por
cisalhamento. SHCC ¢ uma classe relativamente nova de composito cimenticio
refor¢ado com fibras, em geral microfibras sintéticas com fracao volumétrica média
de 2 %. Estudos recentes ja demonstraram que este compdsito ¢ capaz de deformar-
se substancialmente quando submetido a tragdo direta (até 6% dependendo da
dosagem) durante o estagio de multipla-fissuragdo, enquanto sustenta uma abertura
de fissura de até 100 um. O SHCC parece especialmente adequado para resistir a
impactos de alta velocidade devido ao numero relevante de superficies que se
formam durante a sua fase de deformacdo, uma vez que a grande quantidade de
superficies que sao formadas durante o processo de multipla-fissuragdo representa
uma perspectiva elevada de dissipagao de energia sem reduzir a capacidade de
carregamento. Dois tipos de SHCC de resisténcia normal foram escolhidos para

serem avaliados nesta investigagdo. Os compositos diferenciavam-se
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principalmente no tipo de fibra de reforco: PVA e UHMWPE. Como os elementos
estruturais incorporados em estruturas estdo frequentemente sujeitos a estados
multiaxiais de tensdo, para avaliar o potencial de SHCC como material de reforgo,
ensaios combinados de tor¢ao e tensdo foram desenvolvidos. Tais resultados
permitiram o aprofundamento da compreensdo do desempenho mecanico dos
SHCC em analise sob cisalhamento, a0 mesmo tempo que permitem a combinagao
desses esfor¢os com tensdes normais de tracao. Em seguida, o potencial efetivo do
SHCC no melhoramento da resisténcia e resiliéncia de elementos estruturais
existentes a cargas de impacto foi investigado por um extenso programa
experimental que contou com 24 vigas de escala real. Os pardmetros variados
foram: (i) o tipo de SHCC; (i1) a configuracdo de reforco interno (espécimes com e
sem estribos); (iii) a energia de impacto (que variou entre 2,1 kJ e 6,4 kJ,
correspondendo a velocidades aproximadas de 17 m/s a 30 m/s, respectivamente).
Os resultados foram avaliados em termos da resposta mecanica, padrdes de
fissuragdo, e analise modal. Foi demonstrado que ambos os tipos de SHCC
contribuiram para a melhora da resisténcia ao impacto das vigas de CA reforcadas,
melhorando expressivamente a resposta dindmica residual e de estabilidade,
enquanto contribuiram efetivamente para seguranca de usudrios ao propiciar uma
redugdo substancial de detritos desprendidos durante os testes. O SHCC reforgado
com fibras de UHMWPE mostrou-se menos sensivel a presenca ou auséncia de
estribos, sugerindo que esse composito seja o mais adequado para aplicagdes de
reforco de cisalhamento em cenarios dindmicos onde existe uma deficiéncia, ou

incerteza, sobre o refor¢o transversal interno dos membros existentes.

Palavras-chave

Concreto armado; SHCC; Impacto; Carregamento combinado; Torgao.
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1 Introduction

1.1. Motivation

Structural members are commonly subjected to the combined action of
multiaxial stress states and a variety of deleterious effects, which can affect the
serviceability of structures; see Fig. 1.1. Civil engineers are more and more having
to account for a variety of dynamic hazards such as seismic loads, blasts, wind
gusts, the impact of moving objects, and vibrations. Impact loads in special are
historically most commonly considered in bridges, dams, tunnels, military
structures, airport pavements, and industrial floors overlay [1-3], but can affect all
types of civil buildings. Depending on the type of loading, position, and direction
of the element, different axial-shear stress combinations will occur under these
scenarios. Moreover, violent dynamic loadings can generate high levels of triaxial
stresses [4], which deeply affects the response of viscous solids such as concrete.

In addition, the development of new material and computational technologies
has been globally improving the structural design for decades, and now the design
codes are adjusted to include the conception of slimmer/thinner elements [5,6].
These slender structures are much more susceptible to cracking than their old sturdy
versions. Cracking is an intrinsic characteristic of materials, being extremely
pronounced in cementitious matrices (CM) such as concrete due to its relatively
low tensile strength (when in comparison with its compression strength) in
association with its brittle failure characteristic of ceramic materials [7-9].
Therefore, reinforced concrete (RC) structures generally suffer pronounced damage
at high rates, usually presenting matrix spalling, which leads to effective cross-
sections reduction and loss of structural integrity [10].

For this reason, CM are traditionally reinforced with some type of second phase
[10], which can present itself as a continuity reinforcement, such as metallic
reinforcements and textiles, or in a discrete way as aggregates and fibers. These
cementitious composites excel in a variety of properties, influencing positively

from the fabrication costs to improved mechanical, rheological, and durability
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properties. In the last five decades, special attention has been given to Fiber-
Reinforced Composites (FRC). The past years brought many research studies about
these materials, mainly in initiatives aiming to develop more sustainable and
efficient substrates, focusing on the new design challenges of the present and future

eras [11,12].

@

Fig. 1.1 — Examples of structures with complex stress trajectories and deleterious
effects: (a) spillways subjected to erosion, abrasion, and cavitation due to the
water action; (b) dams subjected to the impact of wood logs; (¢) offshore wind
power towers; (d) viaducts and bridges subjected to traffic and environmental

effects.

The present research focused on a special type of FRC called Strain-Hardening
Cementitious Composites (SHCC), often also referred to as Engineered
Cementitious Composites (ECC). SHCC is produced by the association of a very
fine cementitious matrix, and randomly distributed micro-fibers in contents of up
to 2 % in volume. This material exhibits a pronounced pseudo ductility prior to
failure localization [13,14], enabled by the formation of multiple cracks during its
strain-hardening phase, with crack widths below 100 um. Additionally, the

constitutive nature and fresh-state properties of SHCC enable its application by
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spraying or lamination techniques, which is an important prerequisite for structural
strengthening [15]. These features raise the hypothesis that SHCC could be suitable
both as the main material for structural elements subject to extreme loading
scenarios such as impact, as well as supplementary applied retrofit and
strengthening layers of existing structural members for enhancing their structural
durability and resilience under unfavorable exposure and loading conditions
[16,17].

Based on the concept of sustainability, more specifically the legitimacy of
rehabilitation of existing structures, the aim of this research was to fill some
knowledge gaps regarding SHCC potential under multiaxial stress states and under
very high strain rates such as impact. In addition, SHCC potential contributions as
a strengthening layer to improve the resilience of RC elements under impact was
assessed, aiming the validation of its bond with the existing subtract, and the

influence analysis of its addition on the dynamic response of the original members.

1.2. Goals

The present research aimed to assess the structural contribution of two types of
normal-strength SHCC as strengthening layers to improve the afterlife of structural
members under impact scenarios. The composites differed mainly on the type of
reinforcing fiber. Synthetic short fibers polyvinyl-alcohol (PVA) and ultra-high
molecular weight polyethylene (UHMWPE) fibers were chosen for being widely
assessed in previous material-level studies regarding SHCC. The composites were
mechanically characterized under distinct regimes (static and dynamic) and loading
cases (direct tensile, torsion, combined torsion, and tension). The structural tests
used to evaluate SHCC feasibility as strengthening layers of real-scale RC beams
initially subjected to shear due to impact were assessed in terms of their mechanical

response, cracking patterns, and modal analysis.

1.3. Thesis organization

The present thesis was structured in six chapters, plus references and

appendixes. The first chapter is composed by the present introduction. It is followed
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by a literature review, where the main features of SHCC are detailed, as previous
experimental studies addressing torsion and impact loading. Next, three chapters
structured as individual, independent full manuscripts are presented, including one
already published paper, followed by two others under review. Each manuscript
deals with an important evaluation towards the understanding of the SHCC under
assessment, presenting the applied methodologies and obtained results in each
experimental study. They were arranged as:
= Chapter 3: Mechanical behavior of strain-hardening cement-based
composites (SHCC) subjected to torsional loading and to combined
torsional and axial loading [18];
= Chapter 4: Effect of shear reinforcement and external strengthening with
strain-hardening cement-based composites (SHCC) on the impact resistance
of reinforced concrete beams;
* Chapter 5: Experimental modal analysis of RC beams strengthened with
SHCC subjected to shear under impact strain rates.
In the following, the global conclusions of the present research are presented,
relating the most relevant results of the previous chapters, and indicating

suggestions for future research studies on this field.

1.4. General remarks

As will be addressed in Chapter 2, SHCC carries a very distinct composition that
requires proper balancing to ensure a multiple-cracking performance. Although the
design of a new dosage was not the purpose of the present research, an exploratory
program was first developed in the Structures and Materials Laboratory from PUC-
Rio to achieve the desirable rheological and mechanical characteristics for the
appliance of SHCC as strengthening layers. Several established mixing proportions
were evaluated during this phase, e.g. [10,43,44]. In parallel, adjustments were
being made on the material suppliers available, both of the raw materials and
chemical additives, as well as of some of the testing apparatus (such as the glue
used on the direct tensile and torsion tests).

While these changes do not embody new contributions for the global scientific
community, they were of invaluable worth for the development of the experimental

program reported on the following. In the end, all the results reported in this thesis
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were based on specimens manufactured in the Institute of Construction Materials
of the Technische Universistit Dresden, in Germany. Thus, this exploratory
program developed at PUC-Rio is not being reported at this instance. However, it
represents meaningful contributions for the research group, that since 2018 initiated

new research studies on SHCC.
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2 State of the art review

2.1. Understanding SHCC

The development of composite materials made by the addition of
discontinuous reinforcement in cement-based matrices dates back to the mid-
nineteenth century [19]. Research studies of cement-based composites that display
strain-hardening behavior with high strain-rate levels were started in the ‘60s with
Prof. Antoine Naaman and Prof. Victor Li initiatives. Since the early ‘90s, the
number of research papers under this topic has been increasing [14,20].

Nowadays this class of materials holds a deep interest of the scientific
community, being the essence of the international conference named SHCC, which
occurs approximately every three years (South Africa, 2005; Brazil, 2011; The
Netherlands, 2014; Germany, 2017) organized by the International Union of
Laboratories and Experts in Construction Materials, Systems and Structures
(RILEM, from the name in French), in association with the International Federation
for Structural Concrete (fib, also from the name in French). SHCC was the main
subject of the Technical Committee 240-FDS from RILEM, named “A framework
for durability design of SHCC”, led by Prof. Gideon Van Zijl and Prof. Flavio de
Andrade Silva between the years of 2010 and 2016. The material is also being
investigated by the Research Training Group GRK 2250, titled “Mineral-bonded
composites for enhanced structural impact safety”, sponsored by the German
Research Society (DFG, from the name in German) since 2017.

This section brings an overview of SHCC's design and mechanical properties.
An extensive literature review regarding the behavior of the composite in the micro,

meso, and macro scale is presented.
2.1.1. Performance under direct tensile loading

Strain-hardening cement-based composites (SHCC), often referred to as
Engineered Cement-based Composites (ECC), exhibit improved load-bearing

capacity after the first crack formation and pseudo-ductility under uniaxial tensile
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loads at quasi-static strain rates [1,21,22]. Their pronounced strain capacity is due
to the formation of multiple-cracks with exceptional Crack-Mouth Opening
Displacement (CMOD) control, with values ranging from 20—100 um width [23-25].
This multiple-cracking process grants the specimen a stable cracking propagation
at the macroscopic level, which reflects in a pseudo-ductile post-cracking behavior.
The establishment of this process is enabled by the optimized crack-bridging action
of short, thin, and randomly distributed fibers [21]. As shown in the stress-strain
curve in Fig. 2.1a, a typical stress-strain curve of this composite presents three
stages:

(1) First, a clear linear/elastic stretch can be noticed, mainly influenced by the
mechanical properties of the cement-based matrix. During this phase, the
composite is undamaged, and no cracks had occurred.

(2) Next, the second branch corresponds to the multiple-cracking stage, which
is the most relevant phase of this type of composite. A sort of plateau is
observed, starting with the first crack of the matrix, which substantially
reduces the composite’s rigidity, and finishing with the moment when the
composite starts to significantly lose its load-bearing capacity. Despite the
reduction of the Young’'s Modulus, due to the exceptional crack-bridging
performance, the composite’s load-bearing capacity is at times sustained,
or more commonly, expanded during the multiple-cracking process.

(3) At last, the third segment corresponds to the critical-crack localization,
commonly referred to as the "softening phase". This stage is defined by the
local failure of the crack-bridging process. At this stage, the composite
rapidly loses its load-bearing capacity, presenting or not any additional
strain capacity. For all purposes, the strain capacity value of an SHCC is

assumed as the boundary value between the second and third segments.

Fig. 2.1b highlights the additional energy absorption capacity of SHCC when
compared to regular cement-based matrices, which present brittle behavior, and, the
strain-softening performance of FRC. SHCC presents a distinct matrix dosage,
constituted only by fine-grained inputs which directly affect its fracture energy and
the adherence with the fibers [10,26,27]. These characteristics allow this material
to obtain much higher levels of strain than other fiber-reinforced cementitious

composites.
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Fig. 2.1 — Mechanical behavior of SHCC [19]: (a) Typical stress-strain curve;
(b) SHCC additional energy absorption potential due multiple cracking

process.

The creation of a large number of surfaces during the multiple-cracking
process indicates a significant energy absorption potential for SHCC [10,28]. Due
to the association of this tenacity performance and the distinctive crack width
control, this composite entails high suitability for applications where high ductility
and high non-elastic deformability with stable cracking is needed [27]. Some
examples are plastic hinges [29,30] (Fig. 2.2), dynamic loading in general [2,31],
and patch/repair materials [32,33]. Moreover, the exquisite crack width control [34]
(Fig. 2.3) poses as an additional capacity of preventing rebars' corrosion on

reinforced concrete (RC) [35-38].

= =0 =
" Bridge deck Girder Debond zone  Shear stud

Fig. 2.2 — SHCC link slab reinforced with FRP [30].

SHCC:s are traditionally reinforced with short (12 mm max. length) synthetic
fibers [21]. The first dosages were developed with PolyVinil Alcohol fibers (PVA)
associated with normal-strength cementitious matrices (fek = 20 — 45 MPa). Thus,
the number of research studies regarding PVA-SHCC is significantly higher than
other types of SHCC. PVA fibers are intrinsically hydrophilic, even when produced
with an oiling coating agent [34,39]. Thus, they present an outrageous high

chemical bond with the cementitious matrix, which reflects a tendency of fiber
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rupture rather than fiber pullout. This characteristic must be taken into account so

the multi-cracking behavior is not jeopardized.
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Fig. 2.3 — Typical strain hardening behavior of SHCC reinforced with PVA fibers
during a direct tensile test [34].

More recent studies, both in normal and high-strength matrices, have been
carried out to assess Ultra High Molecular Weight Polyethelene (UHMWPE) as the
reinforcing type of fiber. UHMWPE, as will hereupon shortly be referred to as PE,
are in contrast to PVA, hydrophobic [40]. This property disbenefit the occurrence
of the hydration products in the ITZ [34], resulting in a poor chemical bond. Thus,
PE fibers tend to present a pullout behavior governed by friction, the reason why
they are frequently considered better suited for high-strength matrices (fox = 45 —
160 MPa). The lower water-binder ratio and higher packing density contribute to
the fiber anchorage, enhancing the stress necessary to pull out the fibers [19,31].

In general, the SHCC produced with PVA and PE fibers are considered much
common, having transhipped the academy border, and presenting some industry
suppliers and applications. The mechanical behavior of the final composites is
strongly dependent on the dosage and quality of the inputs, a topic which will be
further addressed in the next section. Thus, sizeable discrepancies can be observed
in the mechanical parameters of these composites from different research studies;
see Table 2.1 and

Table 2.2. Other initiatives can be found with respect to additional fibers, such
as aramid and p-phenylene-2,6-benzobisoxazole (PBO) in the wvariations as-

spun (PBO-AS) and high-modulus (PBO-HM) [41], with the purpose to find better
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solutions for the variety of potential applications of SHCC. Geographic and
economical constraints are also motivations behind the search for new fibers. The
effective fiber content, i.e., the real amount of fibers bridging each crack, is deeply
affected by the geometrical properties of the fibers, some of which are related in

Table 2.3.

Table 2.1 — Mechanical properties of normal-strength SHCC [40].

See complementary footnotes.

Content M1 + PVA M1+ PVA M1 + HDPE
Compressive strength! [MPa] 44.8% 44.83 44.83
First-crack stress [MPa] 3.5 3.1 2.4
Tensile strength [MPa] 53 3.8 3.6
Gauge-length [mm] 25 50 50
Ultimate strain [%] 3.6 1.5 1.7
Work-to-fracture [kJ/m?3] 157.8 52.7 53.5
Average crack spacing [mm] 7.0 15.3 9.3

Table 2.2 — Mechanical properties of high-strength SHCC (HS-SHCC) [39,41].

See complementary footnotes.

M2 M2 M2 M2

+ + + + M2 M2
Content PE PE PE ARA +PBO AS +PBO HM
Compressive
strength? [MPa] 141.8° 141.8% 1335  144.8 140.3 142.9
First-crack
stress [MPa] 3.8 3.0 3.8 6.3 5.5 4.2
Tensile strength ~ [MPa] 8.5 6.5 7.6 9.4 9.8 8.4
Gauge-length [mm] 25 50 100 100 100 100
Ultimate strain [%] 6.1 3.6 3.9 1.4 1.4 1.6
Work-to-
fracture [kJ/m*]  438.8 206.5 227.0 118.0 113.0 109.0
Average crack
spacing [mm] 2.0 2.6 2.3 1.3 1.7 2.4

2.1.2. SHCC tailoring

Typical dosages of SHCC count with the suppression of coarse aggregates,

resulting in composites with two distinct phases in the meso-scale: (i) the cement-

! Cube, 28d.

2 Matrix only.
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based matrix, which includes the embodied fine aggregates, (ii) and the fibers [19].
The normal strength SHCC mortar generally is formed by the hydration of two
binders, these being Portland cement Type 1 and fly ash. A very fine quartz-sand
(@ <200 um) is used as second-phase particle reinforcement. Chemical additives
such as superplasticizers and viscosity modifiers are commonly added to achieve

the desired rheology and pumpability.

Table 2.3 — Geometrical properties of fibers commonly applied in SHCC
manufacturing [37,39,40,42].

Fiber Brand Product [p,¢1:1] [n%rfn] e /:;n3] [Nflia] [ f/‘: 1 GEPfa]
HDPE DSM™ Dyneema® 20 123 0.97 2580 3.5 88
PVA Kuraray™ Kuralon® 40 12 1.30 1600 6.0 40
Aramid Teijin™ Technora® 12 6 1.39 3400 4.5 74
PBO-AS Toyobo™ Zylon® 13 6 1.54 5800 3.5 180
PBO-HM  Toyobo™ Zylon® 13 6 1.56 5800 2.5 270

The matrix dosage directly affects its rheology, long-term behavior, fracture
energy, and the bond with the fibers, being the main variable in the SHCC design
[10,27]. Fig. 2.4 points to variations of dry materials content in different research
studies for the same type of reinforcing fiber (PVA). Different locations often
require adjustments on the dosage due to variations in the geometrical and reactivity
properties of the dry components locally available. These adjustments are necessary
to ensure the proper cracking energy, which is deeply related to the multiple-

cracking behavior. This subject will be further addressed ahead.

"[24] " [43] [44] "1 [45] [26] " [10]
o x —
8 o nsuge. FEEEIEE Ly o o
E ﬁﬁﬂ%m%% Emmmgmm -
2] =g :Ov:rv'@%w
£ ML
& o
2
Q ANO DO RO
E [SESESESESESEN
E 1 2 3 4 5
E CEMENT FLY ASH SAND WATER PVA FIBERS
MAIN INPUTS

3 Also presented with 6 mm length.
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Fig. 2.4 — Graphical comparison of PVA-SHCC dosages in terms of the main
inputs. Values in kg/m?.

On SHCC, the fibers are usually short (max. length 12 mm), with large aspect
ratios (= 300* — 1000°). Analogous to other FRC, the reinforcing fibers also
influence the performance of SHCC. The type of fiber affects the morphology of
the Interfacial Transition Zone (ITZ), and thus, the adhesion between fibers and
cementitious matrix, often requiring some dosage and/or mixing adjustments.
Usually a pullout mechanism tending to the fibers being pulled out of the matrix is
considered more stable, which favours the crack opening control. This property
depends on the fiber hydrophilicity; e.g. PVA fibers, which are highly hydrophilic
present a predominance of the chemical bond even when coated, tending to fiber
rupture [34,40,46]. PE, aramid, and PBO fibers are hydrophobic, and therefore,
present a more expressive frictional bond. In general, the predominance of frictional
bond favors the fibers being pulled out of the matrix. The association of the (i) fibers
being pulled out, and (ii) enhancement of the load necessary to continue the slip
during the pullout phase, is a good sign that the composite will display strain-
hardening macroscopic behavior [39].

Being such a sensitive topic, there are several research studies specifically
regarding the SHCC tailoring [46—48]. Steady-state cracking is the first step to
obtain strain-hardening behavior [49,50]. Two criteria —strength and energy — can
be used to guide the achievement of this behavior; see Fig. 2.5:

i.  Strength criteria [49,50]
The composite’s ultimate tensile strength (0°peqx) must be greater than
the matrix tensile strength (o, ), which corresponds to the composite’s

first crack stress:
Opeak = Om Eq. 1

ii.  Energy criteria [49,50]
The composite’s complementary energy (J',) must be greater than the

composite crack tip toughness (J tip)"

4 PVA Kuraray™ Kuralon® [ = 12 mm; @ = 40 um.
5> PE DSM™ Dyneema® I =12 mm; # = 12 um.
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]’b = ]tip Eq. 2
A
ag
Opeak |~ -<~=
I
> :
J b !
Om :
1 I
! 1
I I
I |
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'[1i[1 : :
; i 1
Om  Opeak 8 (CMOD)

Fig. 2.5 — Typical stress-displacement curve of SHCC [10,46,51,52].

The strength criteria is more tangible and directly evaluated from three-point
bending tests. The energy criteria requires some fracture mechanics knowledge and
the addition of results from pullout tests to obtain the necessary micromechanics
parameters [10].

Based on the J-integral interpretation [53], the crack tip stress concentration

is independent of the crack length, depending only on the matrix characteristics is:

2
Jein = (Km) Eq. 3
ip Em

where K,, corresponds to the matrix fracture-toughness and E,, is the matrix
Young's Modulus.

The complementary energy considers the whole composite, therefore depends
on the properties of the fiber-matrix interface characteristics:

Ls [ T32L?
;o f{Thr Eq. 4
=V,— |—=—-2
]b fdf <6def TC)

being the fibers content (V ), length (Lf), diameter (df) and Young’s Modulus (E);

and the frictional (7;) and chemical bond (7.) between the fibers and the matrix.

Two additional performance indices can be used to guide the practical design
for pseudo-strain-hardening (PSH) behavior regarding the previously presented
criteria [47]:

apeak

PSHStrength = >13 Eq. 5

m
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PSHppergy = i > 2,7 Eq. 6
Jtip

Usually, the matrix is tailored so the composite presents failure trough the
fibers pullout, not fiber rupture [47]. And as aforementioned, slip-hardening
response during fiber pullout is desirable [46]. Eq. 4 shows a clear dependency on
the chemical bond. An increase in its value diminishes the complementary energy.
This subject is especially approached during PVA-SHCC design [51,54,55]. The
PVA fibers intrinsically present an outrageous high chemical bond with
cementitious matrices due to their hydrophilic properties. Thus, additional agents
such as oiling coatings are commonly adopted [23].

High complementary energy values result in flat-type cracks (not Griffith-
type), which enable regular stress states (without concentration) through the
fractured surface [14,49]; see Fig. 2.6. The crack-width control due to the bridging
of the fibers enables the formation of new cracks, which results in a macroscopic

steady-state non-elastic deformation.

@® f ®)
T GSS

Broken or / 3,<8,
softening ¢
“springs”

Fig. 2.6 — Types of crack derived from cross-sectional tension stress [56]: (a)

A
Y

S > 9

Griffith-type, with values of CMOD (8,) exceeding the critical size (6p); (b) Flat, or

steady-state type, with CMOD (&) smaller than the critical value on the whole

length of the crack.
2.1.3. Extreme scenarios

Extreme loading scenarios can result in internal damage, often hard to detect
by visual inspection [57]. Despite the SHCC previous pointed potential of energy
dissipation, it exhibits a strain-rate sensitivity [26,41,58,59] that requires proper
assessment to enable its use for high-strain rates and impact applications. Table 2.4
brings strain-rates values for typical dynamic loading scenarios for civil

engineering structures.
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Table 2.4 — Strain rates associated with dynamic loading scenarios [23].

Strain-rate

Dynamic loading origin [s]

Fast moving traffic 1.10°—-5.10*
Gas explosions 5.10° -5.10"
Earthquakes 5.10% -5.10"
Pile driving 1.102—1.10°
Aircraft landing 5.102-2.10°

Generally, SHCC behavior implies an increase in strength and decrease in
strain capacity for strain-rates’ enhancements of 10 s to 102 s [26,60—62].
Mechtcherine et al. [23] observed that the failure mechanism of PVA-SHCC tends
to change from fiber-pullout to fiber-rupture (see Fig. 2.7), which reduces the
general number of cracks due to rapid failure localization [22,23]. At very-high
strain-rates (from 10 s to 50 s™') the material showed an increase in both tensile
strength and strain capacity. Almost no multiple-cracking behavior was observed,
and the strain capacity enhancement being due to an increase in the fiber pullout
length to 2.5 mm® This suggests a failure mechanism related to the plastic

deformation of the fibers.

Fig. 2.7 — Failure mechanisms of SHCC at low and high strain rates: (a) fracture
surface of a specimen tested at 10~ s™! (b) fracture surface of a specimen tested at

25 s71[23].

The study [63] showed that the strain-rate sensitivity of SHCC is strongly

influenced by the fiber type and matrix composition (see Fig. 2.8). Indeed, as

6 Usually considerably lower, being 0.3 — 0.5 mm for strain-rates about of 10 [23].
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different fibers present different bond-mechanisms with the cement-based matrix,
this conclusion was expected. When comparing two normal-strength dosages with
reinforced with PVA and PE fibers, the one made with PE presents relative higher
tensile strength, strain capacity and fracture energy [10,58,63].

8 - 8 1
(a) MI1-PVA (b) M1-PE
7 7 4
6 - 6
- 5
z =
=4 S4
33 23
5 :
2 2 9
1 1
0 1 0 T T T T T 1
6 01 2 3 4 5 6

Strain [%]

(c) 18 - 120 (d) 120
15 NWM 100 - 100
M1-PVA
12 - - 80 12 - 80 —
= = = T
= J 2 = P
=9 60 E = 60 E
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Z z Z £
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3 N\J\/\_\/ 20 20
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0123 435 01 2 3 45
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Fig. 2.8 — Stress-strain curves of normal-strength (M1) SHCC reinforced with
PVA and PE fibers [63]. Curves (a) and (b) refers to quasi-static tension tests
(5.10% s1); curves (c) and (d) to high-speed tension tests (120 s™). Note the

different axes’ limits.

The bond differences that lead to distinct failure modes can be better
understood through microscopy observations. Environmental Scanning Electron
Microscopy (ESEM) images of PVA-SHCC samples from [10] show damage on
the fiber surface in the form of pilling and scratching for quasi-static strain-rates

(Fig. 2.9a). For dynamic regimes, the fiber surface is smooth, with no pronounced
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damage, which indicates a total slip of the fiber (Fig. 2.9b). Normal strength SHCC
made with PE fibers show some level of scratching and matrix damaging for quasi-
static rates (Fig. 2.10a). On dynamic regimes, an even higher concentration of
matrix fragments can be detected attached to the debonded PE fibers, which
suggests an increase in the interfacial shear resistance with increasing loading rate
for these fibers (Fig. 2.10b) [10]. These assumptions are in accordance with the

findings of [64]; see Fig. 2.11 and Fig. 2.12.

Fig. 2.9 — ESEM images of normal strength SHCC with PVA fibers [10]. Fractured
surfaces of samples tested in different strain-rate regimes: (a) quasi-static; (b)

dynamic.

Fig. 2.10 — ESEM images of normal strength SHCC with PE fibers [10]. Fractured
surfaces of samples tested in different strain-rate regimes: (a) quasi-static; (b)

dynamic.

Due to the polymeric nature of most of the reinforcing fibers used in SHCC,
these composites also present a sensitivity to temperature gradients. Studies
regarding the influence of high-temperatures in the mechanical behavior of normal-
strength PVA-SHCC show that the ultimate tensile strength tends to decrease with
the enhancement of temperature (Fig. 2.13) [21,26]. This behavior can be explained
by the low melting point of PVA fibers (90 °C — 95 °C) and the oiling agent used as
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a coating (55 °C — 60 °C). Due to their polymeric base, a similar performance can
be extrapolated to other polymeric fibers, although with different thresholds.
However, studies demonstrated that the strain-capacity tends to grow until the level
of 100 °C (Fig. 2.13b), and starts to drop after this value. This performance can be
explained by the fiber degradation and shrinkage that starts to happen in the range
0f' 90 °C — 95 °C (Fig. 2.14) [21,65,66]. At even higher temperatures, the composite
shows no pseudo-ductility, losing completely its multiple-crack capacity due to an
expressive decrease in the strength of the fibers, which negatively impairs the

CMOD control, and thus the fracturing-energy [26].

(a)

-

~\_,_//

0 02 04 0.6 0.8 0 0.2 0.4 0.6 0.8
Displacement [mm] Displacement [mm]

Fig. 2.11 — Pullout force versus displacement slip from pullout tests made with
PVA fibers in normal-strength matrix with an embedded length of 2 mm under
different displacement rates: (a) 5.10° mm.s™'; (b) 5.10 mm.s™'.
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Fig. 2.12 — Pullout force versus displacement slip from pullout tests made with PE
fibers in normal-strength matrix with an embedded length of 2 mm under different

displacement rates: (a) 5.10 mm.s'; (b) 5.10 mm.s™".
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Fig. 2.13 — Effect of temperature in the tensile strength, strain capacity and work-
to-fracture of PVA-SHCC tested at a quasi-static strain rate (3.10s™") [26].
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Fig. 2.14 — Effect of temperature exposure on PVA-fibers’ strength [65].
2.1.4. Shear behavior

There is a wide range of testing setups reported in the literature for the shear
behavior assessment of cement-based materials. These can be sorted as single, and
double plane shear tests depending on the number of critical surfaces. Fig. 2.15
displays five variations of testing setups most commonly found in the literature.
One of the main variables that guide the selection of one of these setups is the coarse
aggregate size. Thus, cement-based composites such as SHCC, that count with the
suppression of the coarse aggregate phase, associated to short fibers, can afford
smaller specimens than the ones required for concrete, and other FRC reinforced
with longer fibers (e.g. steel and polypropylene). In general for RC and FRC

reinforced with steel fibers, the aggregates dimensions (increases with the size) and
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shape (reduces with the roundness) improve the shear strength through interlocking

[67,68].

(a) (b)
L SR T .y
7z 4
. | o |
{W. --A+ oV ) e
Top view L v f
(© | (d) (e) g

a0 .J\'=+' =
Fig. 2.15 — Test methods for shear transfer in concrete and FRC [68—70]: (a)
Ohno shear beam; (b) losipescu beam; (c) single-plane, push-off specimen; (d)
double-plane shear test regulated by the Japan Society of Civil Engineers (JSCE);
(e) single-plane shear test regulated by the fib.

The behavior of SHCC under shear have been addressed by some research
studies up to the moment. In addition to some structural investigations on the
performance of SHCC as main material [71-75] and for strengthening layers
subject to shear [17,76-82] the number of reports on its material-level
characterization [69,70,83,84] is still quite limited, especially regarding the
influence of the type of fiber. Moreover, quantitative comparisons between
different endeavors represent a challenge due to the variety of testing methods and
geometries (see Table 2.5). However, it has become clear that the remarkable crack
control in SHCC, which leads to multiple cracking under tensile and compressive
forces, is also responsible for an advantageous performance under shear of these

composites [69].
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Table 2.5 — Summary of previous studies with regards to the shear behavior of

SHCC.
Tensile

Type of fiber and fiber Test specimen strength  Shear strength
Study content in volume geometry [MPa] [MPa]
Lietal o
1994 Brass-coated steel 6mm, 7 % Ohno shear beams 4.7/6.2  Not quantified

PE 12.7 mm, 2 %
[69]
Van Zijl . . . .

Fiber not informed, Modified Tosipescu
2007 0.0/1.0/2.0/2.5 % beam 2.7/2.9  0.0/0.0/4.0/4.1
[70]
Kanakubo et .
al 2010 PVA, 1.5/2.0 % Single-planc under 4 4 o 1.19-1.78/
[84] crossed tension 1.13-2.62
Baghie . .
Barros 2016 PVA, 2.0 % Modified losipescu 5 4 3.9

beam

[85]
Heravi et al
2020 PE 6 mm, 2.0 % Adapted double- 125

[86] plane shear beam

2.1.5. Structural applications

SHCC has been assessed both as the main material as much as strengthening
layers in structural level research studies. Its application as a strategic reinforcement
material comes as an advantage within the sustainability concept, more specifically
the rehabilitation of existing structures. However, a disadvantage is the SHCC
relatively higher cost when compared with normal concrete (2-3 times higher),
which is mainly ruled by the cost of the fibers [87]. Nevertheless, SHCC costs are
usually still quite far below the price of the most commonly marketed repair
materials [87], arising as a more affordable alternative in structural recovery
scenarios.

According to [88], so far most of the applications with SHCC are non-
structural. Indeed, many research papers refer to SHCC's durability potential
towards minimizing deleterious incursions due to its high cracking-width control
[89-92]. As most common forms of degradation in regular RC structures starts in

the elements external surfaces due to concrete brittleness (Fig. 2.16), SHCC is most
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commonly used as a patch material or cover for the steel-reinforcement protection

from corrosion (Fig. 2.17) [93-98].

P R/SHCC
Gl =
- -— L 2
L PN
sea cover depth
water

Fig. 2.16 — Illustration of an RC concrete element exposed to chloride ions [88].
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Fig. 2.17 — Possible combinations of SHCC and regular RC for steel-
reinforcement protection: (a) regular matrix replacement; (b) patch-material /

cover-layer [88].

With respect to any structural application of SHCC, analogous to
conventional concrete, the bond with the steel rebars plays a decisive role in the
final performance of the structural member [99]. This parameter was assessed by
[100] using pullout tests of ribbed-rebars embedded in an SHCC with 2.2% in
volume of PE fibers (45 = 6 MPa, 0,4, = 10 MPa, and &,,,4, > 3.5 %). They found
that SHCC presents a greater bond with the steel rebars than regular concrete due
to the improved control of the splitting cracks that tend to form when the rebar is
being tensioned and the ribs are activated. Other important variables of interest are:
(1) the diameter of the rebar, which interferes with the ribs geometry and spacing
(the larger is the diameter, smaller is the bond, thus a larger embedded length is
required), and (i1) the thickness of the SHCC cover, which in turn affects the lateral
confinement (the larger is the cover, greater is the confinement, which favors the

bond).
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Table 2.6 — Summary of previous studies with regards to SHCC on the structural scale.

SHCC SHCC
Year Authorship application fiber Element  Type of test Strain rate
2004 [S7h Slimzu ctal Substrate PVA Beams Ohno test Quasi-static
Zhang et al. Three-point . .
2011 [71] Substrate PE Beams bending Quasi-static
Xu et al. Three-point . .
2012 [72] Substrate PVA Beams bending Quasi-static
2012 Eég ]e tal. Substrate PVA Beams g:;g;zomt Quasi-static
2013 g%]i ctal Substrate PVA Beams g:;zglgomt Quasi-static
Strengthening Hybrid: Plain Four-point
2013 Yun [98] layer PVA concrete P Quasi-static
30-50 mm thk’ _ and PE_beam __ ending
2017 Khalil et al. 1Sat }rlztrlgthemng PE Beams Four-point Quasi-static
[69] 40 mm thk bending Cyclic
Choi et al PE Steel Direct tension Quasi-static
2017 ‘ Substrate ’ reinforced . P .
[100] Steel bars Tension stiffening  Cyclic
. Strengthening
2018 gdallnk[gllroyl] layer PE Panels Blast explosions Impact
) 10-40 mm thk
2018 ﬁ}gn ctal Substrate PE Beams Eggg}ﬁ;mt Quasi-static
Georgiou e Four-point
2018 Pantazopoulou Substrate PVA Beams be; d;fl Quasi-static
[102] &
Strengthening .
2018 [Zﬁgng ctal layer PE Beams g h;ztiir—lpomt Quasi-static
10 mm thk © &
. Strengthening .
2019 Eggi ctal layer PE Beams Eorlllé;flomt Quasi-static
10 mm thk © &
Strengthening .
2019 E:;?g ctal layer PVA Beams Eorlllé;flomt Quasi-static
20-40 mm thk ename
Strengthening .
2020 Hassan et al. layer pp? Beams Fourjpomt Quasi-static
[103] Y bending
10 mm thk
Strengthening Four-point
2020 Wei [104] layer PE Beams beotrlll diEO Quasi-static
15-25 mm thk 5

As can be seen in Table 2.6, many research studies assess the structural

7 thickness

8 Polypropylene

performance of SHCC at quasi-static strain rates. As aforementioned, due to its
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strain-rate sensitivity, there are still uncertainties regarding the full potential of
these composites for dynamic applications, from cyclic loading, which would relate
to its fatigue response, to its behavior under high-speed and impact rates. In
addition, the number of studies that specifically assess the influence of the
reinforcing fiber is quite limited. As the composite energy, and thus its energy
absorption capacity, are intimately dependent on the type of fiber, additional studies
comparing different fibers would be deeply relevant.

Apart from the type of the critical stress acting on the structural element,
special precautions must be taken to apply additional SHCC layers, like with all
repair materials. It is imperative to prepare the surface for the strengthening layer,
increasing roughness and adequately cleaning it [105]. There is the possibility of
spalling of the SHCC patch layers due to inadequate bond with the substrate [25];
see Fig. 2.18. As it is often indicated for repairs and constructions joints, [25]

suggests the use of polymer-modified epoxy to improve the bonding.

(b)
Fig. 2.18 — Bonding influence in the crack patterns of SHCC patches: (a) Good

bond relates to multiple-cracking formation; (b) Bad bond relates to the patch

spalling [25].

Four variations of SHCC strengthening layers were tested by [17] under
monotonic and cyclic loading: plain, with no steel bars (BS0), then three levels of
linear steel content (BS1, BS2, BS3); see Fig. 2.19. No delamination could be
detected between the concrete substrate and the SHCC layers. However, great
damage was observed in the unreinforced patches (without the steel rebars). These
results suggest that a small amount of continuous reinforcement embedded in the
SHCC layer can reduce the stiffness degradation, especially for dynamic loading.

A total of 9 simply supported beams of SHCC made with PVA fibers at 2.0 %

in volume were subjected to a concentrated load at the mid-span to evaluate the
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influence of the shear-span ratio (2, 3, and 4), and longitudinal reinforcement ratio
(2.28 %, 3.25 %, 4.25 %) [72]. None of the beams had any type of transversal
reinforcement. It was found that the shear effective span-depth ratio (SESDR) is
determinant to the shear strength of the specimens (| ratio, 1 shear strength), and
has little influence on the extension of the cracking pattern. The SHCC beams
presented diagonal multiple cracks regardless of the SESDR, indicating a prominent
crack dispersion capacity. The maximum crack width was 300 pm at the ultimate
load, and 100 um at the limit service state, satisfying the crack width demand for

harsh environments of most design codes.

Fig. 2.19 — Crack patterns and failure modes of the beams strengthened with SHCC [17].
2.2.Torsion

Torsion effects are often dominant in RC bridges elements, peripheral beams
in multi-story buildings, ring beams of circular tanks, edge beams in foundation
slabs, and helicoidal staircases beams [105,106]. From the fundamentals of the
Strength of Materials, torsional moments lead to shear stresses [107], which are
highly dependent on the position of an assessed element and its geometry [105].
For instance, consider a constant torsional moment applied to a simple shaft: the
shear stresses will exhibit null values on the shaft’s longitudinal axis, enhancing
their values while approaching the cross-section edges. In the case of a rectangular
shaft, higher stress values will be obtained on the edges nearest to the shaft’s
longitudinal axis (larger sides) [105,108]. In the case of material yielding, it will

start on the cross-section edges, and progress inwards toward the torsional axis.
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Under a pure torsion state (without normal constraints), Mohr’s Circle shows
that a pure shear stress configuration is equivalent to a biaxial state of balanced
tensile and compressive stresses oriented at 45° to the torsional shaft axis [105].
Being the tensile strength of cement-based matrices substantially lower than their
compressive strength, torsion effects can produce dramatic structural damage in RC
members by the formation of spiralled cracks through the length of the torsional

shaft axis, usually of large width, resulting in a skewed fracture plane [107].
2.2.1. Torsional behavior of FRC

While the subject torsion can not be considered ever-popular, especially with
regards to FRC, it has been steadily assessed since the 1980s, as shown in Table
2.7. It was found that the addition of discrete fibers (in particular steel) contributes
to enhancing the torsional strength by up to 27 %, and twist angle by up to 100%
when compared to plain concrete [107,109]. Moreover, the addition of fibers
substantially improved the ductility of the specimens, as well as the torsional
toughness (given by the area under the torque-twist curve) [110]. It contributed to
a reserve of strength after the first crack, while the brittleness of the reference RC
specimens took them to sudden collapses at this stage [107]. As evidenced by the
values of maximum torque (Tmax) and rotation angle (0T,max) presented in the Table
2.7, the geometry of the specimen carries great influence on the torsional
performance both for RC and FRC. The type of fiber and its content comes as

additional variables.

Table 2.7 — Summary of previous studies regarding torsion of FRC beams.

Research Cross-section  Length Tmax 07, max
[mm x mm] [mm] [N.m] [°]
1982 ?fgg?“r and Paramaslvam 102 x 102 760 850-1000  03-2.6
Narayanan e
1983 Kareem-Palanjian [107] 85 x (85-178) 2200 748 — 2243 0,1-0,2
2003 Rao e Seshu [111] 100 x 200 2000 1,7-3,0 0,3-0,5
2015 Juetal [112] 150 x 250 1200 8000 — 17500 4,1-83

2016  Patil e Sangle [110] 140 x 140 1420 2500 — 3000 0,7-0,9
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In general, one should expect higher rotation angles to longer effective
lengths, but as it happens to other stress states, this outcome depends on the
properties of the fibers, matrix, and the ITZ, which are influencing factors to the
pullout behavior and bridging capacity, thus ruling the cracking process [113]. For
instance, it was found that the higher the fiber content and aspect ratio of the fibers,
the greater is the improvement of all mechanical properties [109]. However, usually
adequate rheology and casting become a challenge with large values of these
parameters, which need to be taken into account during the design and dosage
tailoring phases to avoid construction gaps.

It is also important to notice that often research studies results are based on
settings quite difficult to achieve on the construction sites, especially with regards
to structural level tests. E.g., the very favorable conclusions of [109] were based on
fiber lengths varying between 15 mm and 44 mm with under contents of up to 3 %,
which is a significant high value for long fibers such as these. Moreover, while the
fibers could contribute to the metallic reinforcement reduction, usually members
under torsion involve a high concentration of rebars, which is an additional
challenge for casting by itself. New studies are yet to be developed to assess the

influence of other types of fibers, with different compositions and geometries.
2.3. Impact loading scenarios
2.3.1. Reinforced concrete subjected to impact

RC has been widely used in civil constructions for almost two centuries due
to its versatility and relatively low cost-effectiveness ratio when compared with
other structural systems [114]. It is notably the preferred material for the
construction of strategic infrastructures such as power plants, bridges, and nuclear
power stations [115]. However, RC structures are in constant deterioration due to
moisture, pollution, chemical attack, and, as it has become even more important in
the last decades, dynamic effects [116,117]. RC structures exhibit inherent low
resistance to various types of dynamic loadings, such as earthquake, blast, and
impact due to concrete’s low tensile strength and pronounced brittleness, which
promotes intense cracking during these scenarios [118]. Lately, the impact of
moving objects, extreme earthquakes and tsunami has been gaining public attention

due to terrorist attacks such as on the World Trade Center (USA) on September 11,
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2001, and the devastating accident in the nuclear power plant of Fukushima (Japan)
in the spring of 2011 [115], taking public authorities worldwide to sponsor new
academic studies in this field.

The term impact itself is generally related to a variety of loading scenarios,
such as the impact of vehicles and rockfalls to structures, armor-piercing bullets,
shaped and explosive charges, or even the impact of aircrafts [11,115,118,119].
Focusing on the construction design (both in the structural systems and materials
fields), many questions arise regarding the possibility, and not less important,
feasibility, to protect civil structures of these extreme events, or at least secure
enough structural stability to enable the safe evacuation of users. Moreover, even
though these scenarios are often referred to as impact, they will produce very
distinct patterns of pressure waves on structures, impairing that they are similarly
accounted for, which explains the variety of research studies about this topic. The
present review will overlook to describe shaped and explosive charges studies,
focusing on hard and soft impact works, as they afford a better basis of the civil
engineering field without military interest [115].

RC is highly sensitive to the loading rate, exhibiting very distinct behavior
under impact when compared to static conditions. The Model Code 2010 [120,121]
states an enhancement of material strength for both concrete and steel, both under
compression and tension, with the change from quasi-static to dynamic strain rates.
However, experimental studies already reported that quasi-brittle materials such as
concrete also display a tendency of a switch from failure mode I to mixed mode on
the material scale with the increase of loading rate [122—124], which undoubtedly
affects the tension stiffening performance of RC members [125,126]. Moreover,
normal-strength concretes were reported as being more rate-sensitive than high-
strength ones [127—130]. This variation alone is likely to influence the global
change on the critical mode of failure from flexural to shear, noticed in some
research studies [131,132]. This is considered undesirable since is related to a more
relatively unstable failure of the affected structural member. Additionally, local
damaging processes such as scabbing and spalling can occur during impact events,
which can also significantly affect the safety of users; see Fig. 2.20 [119,133].

The available literature carries a variety of impact test methods. They can be
subdivided into four classes [11,134]: (i) tests based on potential energy, such as

drop-weight, Charpy, and Izod (ASTM) methods; (ii) tests based on kinetic energy,
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in which the mass/projectile strikes the specimen with an accelerated velocity; (iii)
tests in which hydraulic machines connected to closed-loops systems deform the
specimens at medium-high loading rates; and (iv) tests where the stress wave is
generated and propagated through an auxiliary element, which is in contact with the
specimens, such as the split Hopkinson pressure bar (SHPB), and the split
Hopkinson tension bar (SHTB). The type of impact scenario (that will determine
the strain rate), and the type of loading (compression, tension, flexure, etc), will
constrain the testing method that should be performed; see Fig. 2.21. From the
mentioned classes, two will be further discussed, as they will be addressed in the

present research.
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Fig. 2.20 — Summary of different types of damage on RC structures coming from

impact scenarios [119,133].

Testing methods based on kinetic energy entail the acceleration of the
projectile, usually through air pressure [11,115]. As high velocities are feasible,
local damages as perforation and punching cones (Fig. 2.20) are possible. Besides
the acceleration pressure, geometric and material characteristics of the projectile
such as mass, length, nose shapes (conical, ogive, flat) enable several testing
variations [135]. Depending on the projectile’s path (vertical, or horizontal), gravity
effects should be distinctly taken into consideration. In particular, in the case of
vertical accelerated systems [115], assuming that there is no friction between the
projectile and the railing tube, the impact energy can be simply assumed as E, =

0.5 m v2, where m and v are the projectile’s mass and velocity respectively, as it
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happens for gravity drop-weight systems [11,115,135]. As the measurement of the
impact load from a load cell anyhow attached to the projectile (on the top, or
bottom) would include the inertial loads, which in turn would impair the
interpretation of results, two methods for measuring the impact loads are reported
[115,135,136]: (1) measuring the reaction loads on the supports; and (ii) measuring
the impact load from a load cell attached to the projectile, and deducting the inertial
loads based on the accelerometers signals, taking into consideration that the inertial
loads assume some type of continuous distribution (linear, quadratic, etc), which

should be confirmed through the amplitude’s values.

Fiber Pullout Impact :\"|:Iq,'|1||1|:. Fiber pullout |
Drop-Weight Tmpact M.'u.'hinc| Flexure |
SHFB and Swinging Pendulum Machines Tension

SHPB Machine| Comp. |
Strain-rate (/s}

1 E-08 DL OOEHR T E 0 | LLCHEH | CLAEHN] LIRLIY] 0 ol | L] {{1] (L]

Creep ” Chunsi-static H Vehicular impact ” Plane crash ” Hard mpact (missile, rock fall) |

Earthquake, induced shock

| Explosive blast |

Fig. 2.21 — Summary of typical strain-rate ranges of RC structures matched with

available strain-rate ranges of tests available in the literature [11].

Table 2.8 summarizes some previous works that addressed the impact
performance of RC beams. It can be noticed a fair correlation between the
geometrical characteristics of the specimens. The high variation of equivalent
kinetic energy is due to the high variance of weight between the masses used to
perform the impact. Thus, most of the mechanical studies on the structural scale are
primarily based on the response of signals in time, eventually counting with
additional analysis, such as the numerical modelling of the experimental program,
usually using the software LS-DYNA.

Tests based on wave propagation are frequently adopted to assess the
fracturing behavior of materials under dynamic loading (material scale) [137—139].
These tests are usually based on two basic assumptions: (i) that the stress pulse
assumes a one-dimensional propagation; and (ii) that the stress distribution along
the specimen cross-section is uniform. The literature reports a number of different
bars configurations (considering their material, diameter, and length), since each

type of material under testing, which may display distinct fracturing processes,
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requires adjustments to enable a reliable interpretation of results [140]. Brittle

materials such as concrete are commonly assessed in compression systems, while

the ultimate performance of FRC requires their evaluation under tension (SHTB).

Table 2.8 — Summary of previous studies regarding impact loading on RC beams.

Cross-
section Efec. length
Study [mm X mm] [mm]

Velocity of the
impactor [m/s]

Equivalent
Energy [kJ]

Analyzed
parameters

Bentur et al.
1986 [136] 100 x 125 1400

Kishi et al.
2002 [141] 150 x 250 1000 — 2000

Adhikary et
al. 2012 [142] 150 x 250 1400

Soleimani and
Banthia 2014
[143] 150 x 150 800

Pham et al.
2018 [144] 150 x 250 1900

3.0

1.0-5.0

0.4

7.0

6.3

1.5

02-3.8

N/A

14.5

4.0

— Support loads
and acceleration in
time

— Load-
displacement
response

— Cracking
patterns

— Load in time
(both from the
load cells on the
supports, as of the
one fixed on the
drop hammer)

— Mid-
displacement
deflections in time
— Load-
displacement
response

— Load in time
from a load cell
fixed on the drop
hammer

— Strain-gages
installed at the
mid-span of
selected internal
reinforcements

— Accelerometers
positioned on the
top-surface of the
specimens; used to
check inertia
effects

— Load in time
(both from the
load cells on the
supports, as of the
one fixed on the
drop hammer)

— Load in time
(both from the
load cells on the
supports, as of the
one fixed on the
drop hammer)

— Mid-
displacement
deflections in time
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With the advent of structural health monitoring (SHM) techniques for civil
engineering, a number of new studies have been focused on the evaluation of the
vibrational response of structural members to detect damage, being the mode
shapes, natural frequencies, and damping ratios, the parameters typically monitored
[117,133,145-150]. Although it is an intrinsically non-destructive technique, it can
also be used to assess the residual response of damaged systems when considering
an intact referential [146,151]. While the mode shapes and natural frequencies are
deeply connected to geometrical and stiffness properties of the analysed members,
damping coefficients are more related to the type and state of the material that
embodies an element, enabling some quantitative correlation between different
studies. For instance, it was already reported that undamaged reinforced concrete
members display damping values of ~ 0.85 %, while cracked ones can provide

larger coefficients, with values varying between 0.5 — 4.0 % [152—154].
2.3.2. FRC subjected to impact

The addition of discrete fibers on RC members subjected to impact has been
extensively assessed, with emphasis on the ones produced with steel fibers. In
comparison to plain RC, FRC exhibits improved impact resistance and energy
absorption capacity [155—159]. When shifting from quasi-static loading (¢ = 10©)
to impact loading (¢ = 10° impactor velocity of 1.4 m/s), FRC beams yielded a
decrease in the nonlinearity of the load-deflection curves [129,159]. FRC
specimens were also reported to bear higher deflections than plain concrete before
failure [3,124,127-130,132,159-162]. These traits relate to the finding that the
fibers are able to limit the crack growth (width and length) even at large openings
[127,163,164], with their contribution being narrowed by its type, geometry, and
content [124,165-168]. Boundary conditions were also reported to interfere with
the performance of FRC subjected to impact, let alone on their cracking patterns
[168]. The amount of dissipated energy (through cracking) tends to grow with the
confinement level, improving the overall impact resistance, load-bearing capacity,
and in some cases, preventing the failure.

The use of short fibers, as substrate or strengthening layers, has been more
scarcely addressed up to now [169], being limited on their contribution on the front
and rear sides, on specimens under critical bending as slabs [135]; see Fig. 2.22. It

was found that slabs strengthened with SHCC on the rear side endure several more
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impact blows than the non-strengthened ones (impactor weight of 13 kg at velocities
varying between 4.4 m/s and 6.3 m/s) [169]. The surface preparation process was
also found to affect the impact resistance. E.g., a combination of substrate griding
and a bed of epoxy adhesive before the casting of SHCCs turned out to be the most
efficient strengthening method for these composites [170]. As it will be addressed
in chapters 4 and 5, the present research will focus on the strengthening of the sides
parallel to the trajectory of the impactor on specimens under critical shear when

subjected to impact (Fig. 2.22d).

-
e
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Fig. 2.22 — Impact behavior of RC members strengthened with FRC
[adapted from 118]: (a) without strengthening; (b) with strengthening on
the front-surface (impacted plane); (c) with strengthening on the rear-
surface (opposite to the impacted plane); (d) with strengthening on the

surfaces parallel to the impactor’s trajectory (side surfaces).
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3 Mechanical behavior of strain-hardening cement-based
composites (SHCC) subjected to torsional loading and to
combined torsional and axial loading

3.1. Introduction

Reinforced concrete (RC) structures are generally possessed of limited
damage tolerance and energy dissipation capacity, traceable back to the low tensile
strength and pronounced brittleness of concrete. These drawbacks can become
critical under shear and torsional loading, especially when caused by intense
dynamic actions [171-173]. The main risk related to such load scenarios is the
sudden reduction of load-bearing capacity due to the concrete’s pronounced
cracking and spalling, both of which can render the steel reinforcement ineffective;
see, for example, [11,116,174]. Furthermore, highly dynamic loading scenarios can
cause failure modes different from the quasi-static ones, thereby increasing the risk
of shear failure [131]. Thus, to increase the impact resilience of existing critical
infrastructure there is the need for appropriate strengthening solutions [175].

The application of additional layers of RC for structural strengthening has
obvious disadvantages related to significant increases in the cross-sectional
dimensions and in the dead weight of the structure’s elements. Carbon fiber-
reinforced polymers (CFRP) have been widely investigated and implemented as
strengthening covers in the form of sheets [12,176—178] or grid-like fabrics [179—
183]. Such strengthening layers are of small thickness and can considerably
increase the load-bearing capacity of RC structural members. In the case of sheets,
disadvantages include the requirement of polymeric-based adhesives, precluded
observability of crack formation in the substrate, and low fire resistance. In the case
of grid-reinforced strengthening layers, cracks will still start in the base element,
but will propagate into the strengthening layer, usually displaying smaller widths
and finer distribution. However, grid or textile reinforcements based on continuous
fibers exhibit brittle behavior, which impair their resistance to shear or torsional
loading. Moreover, their strengthening performance is intimately dependent on the

bond with the substrate.
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Strain-Hardening Cement-based Composites (SHCC), also Engineered
Cementitious Composites (ECC), represent a special type of fiber-reinforced
concrete with short and randomly distributed micro-fibers in volume fractions of
up to 2 %. SHCC exhibit pronounced ductility prior to failure localization [14,84],
while multiple cracks formed in the strain-hardening phase yield crack widths in a
favorable sense less than 100 um. These features make SHCC suitable both as main
material for structural elements subject to extreme loading scenarios as well as
supplementary applied retrofit and strengthening layers for enhanced structural
durability and resilience under unfavorable exposure and loading conditions
[16,17]. It is worthy of note that the constitutive nature and fresh-state properties of
SHCC enable their application by spraying or lamination, which is an important
prerequisite for structural strengthening through thin covers [15].

The remarkable crack control in SHCC leading to multiple cracking under
tensile and compressive forces is responsible for the advantageous shear behavior
of these composites [69]. In addition to some structural investigations on the
performance of SHCC as main material [74] and for strengthening layers subject to
shear [79,80], to date only a few investigations have been reported on the material
characterization of SHCC under shear loading. Li et al. [69] investigated the shear
behavior of SHCC using Ohno shear beams. Although SHCC demonstrated strain-
hardening and extensive deformations after the formation of the first crack, the non-
uniform shear stress distribution in the middle of the beams complicated the proper
characterization of shear strength. Van Zijl [70] optimized the losipescu beam
geometry and calibrated a material constitutive law employing a numerical
parametric study. He found that the shear strength of SHCC exceeded its direct
tensile strength by up to 50 %. However, due to the purposefully designed shape
and size of the specimen, the cracked region was restricted to the notch area,
impairing the load-bearing capacity and thus, obstructing the direct detection of
strain-hardening behavior. Kanakubo et al. [84] extended the losipescu beam
configuration by applying additional axial tensile loading. This method facilitated
the analysis of the shear transfer mechanisms depending on the degree of tensile
deformation.

The wide range of reported testing methods and specimen geometries arises
out of the difficulties in assuring a pure shear state in the specimen and makes

comparison of different investigations unduly complex. Moreover, the


DBD
PUC-Rio - Certificação Digital Nº 1712786/CA


PUC-Rio- CertificagaoDigital N° 1712786/CA

58

experimental derivation of constitutive material laws is not trivial, requiring
additional numerical simulations. Except for analytical studies in [184], no attempts
have been made so far in characterizing the shear transfer mechanisms at the single-
crack level in dependence on the crack opening. Furthermore, the influence of
matrix composition and fiber type has not been assessed either.

In the work reported herewith, torsion and combined torsion-tension
experiments were used to characterize the multi-axial and shear behavior of two
types of medium-strength SHCC, which were adopted from previous studies by the
authors, see e.g. [40,58,185,186], with no further adjustments. The comparative
study involved SHCC made with polyvinyl-alcohol (PVA) and ultra-high molecular
weight polyethylene (UHMWPE) fibers, which allowed for a clear demonstration
of the influence of the fiber type. The experiments were performed under controlled
loading and boundary conditions and involved four different load cases: (1) uniaxial
tension; (2) torsion with blocked axial deformation; (3) torsion with free axial
deformation and (4) combined torsion-tension. Optical crack monitoring of the
loaded specimens with a stereo-camera system and the subsequent analysis using
Digital Image Correlation (DIC) allowed a detailed characterization of the crack
opening modes depending on the load case and state-of-stress in the sample.
Besides offering a detailed material characterization, the experimental results in this
work represent a comprehensive basis for the derivation of numerical constitutive
models for SHCC subject to multi-axial loading in general and shear or torsion in

particular.
3.2. Materials and methods
3.2.1. SHCC compositions

In this study, two types of SHCC were investigated. Their mixture
compositions were already addressed by Curosu and Mechtcherine in previous
works [40,58,185,186]. Both held the same normal-strength matrix, differing only
in the type of dispersed fiber. One SHCC was made with polyvinyl alcohol (PVA)
fibers produced under the brand name Kuralon REC15 (by Kuraray, Japan) [187].
The other SHCC was reinforced with UHMWPE fibers produced under the brand
name Dyneema SK62 (by DSM, the Netherlands) [188]. The UHMWPE fibers will

be more compactly referred to as PE in this chapter, and the composites will be
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named according to the reinforcing fibers, i.e., PVA-SHCC and PE-SHCC,
respectively. In both SHCC compositions the fiber volume fraction was 2 %, which
is a typical content for this kind of composites. The PVA and PE fibers presented
in the chapter at hand are most commonly used in SHCC compositions. The
discrepant aspect ratios of these fibers (see Table 3.1) in conjunction with their
specific bond properties with the investigated normal-strength matrix result in
distinct crack-bridging performances.

Despite their oil coating, the PVA fibers remain predominantly hydrophilic
and form a considerable chemical bond with the cementitious matrix [189-191].
Furthermore, they exhibit relatively low abrasion resistance and pronounced slip-
hardening pullout behavior, with a likely occurrence of fiber rupture at larger crack
openings [192]. For this reason, the normal-strength cementitious matrix under
investigation was developed specifically with respect to PVA fibers and had to
ensure a limited fiber-matrix bond strength to mitigate excessive and premature
fiber rupture [186]. This explains the high content of fly ash compared with the

contents of cement and quartz sand; see Table 3.2.

Table 3.1 — Geometric and mechanical properties of PVA and PE fibers according

to producers.

Fiber PVA UHMWPE
Diameter [um] 40 20
Length [mm] 12 12
Density [g/cm?] 1.26 0.97
Tensile strength [MPa] 1600 2500
Young’s modulus [GPa] 40 80
Elongation at break [%] 6.0 3.5

In contrast, the PE fibers are hydrophobic and hence only
frictionally/mechanically anchored in the matrix [193]. Furthermore, they exhibit
superior tensile strength, Young’s modulus, and abrasion resistance, making them
especially suitable for use in high-strength cementitious matrices [194]. The crack-
bridging behavior of these fibers in the normal-strength matrix was addressed in
previous investigations by the authors Curosu and Mechtcherine [40,58,185].
Despite the relatively low bond strength in comparison to the PVA fibers, the
smaller diameter of the PE fibers ensures sufficient collective crack-bridging

capacity for tensile strain-hardening and multiple cracking. Furthermore, PE-SHCC
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is more suitable for applications involving highly dynamic loading [40,58] and

when proper crack control at larger crack openings is required [185].

Table 3.2 — Mixture compositions of the medium-strength SHCC under

investigation.

Components and content in [kg/m?] PVA-SHCC PE-SHCC
Portland cement CEM 142.5 R-HS (Schwenk, Germany) 505 505
Fly ash Steament H4 (Steag Power Minerals, Germany) 621 621
Quartz sand 60 - 200 pm (Strobel Quarzsand, Germany) 536 536
Water 338 333
Superplasticizer Glenium ACE 30 (BASF, Germany) 10 25
Viscosity modifying agent (SIKA, Switzerland) 4.8 4.8
PVA fiber 2 % by volume (Kuraray, Japan) 26 -
UHMWPE fiber 2 % by volume (DSM, the Netherlands) - 20

Note that the cementitious matrices in both SHCCs are practically identical.
The minor differences as shown in Table 3.2 are related to the slightly higher
content of superplasticizer in PE-SHCC. This was required by the smaller fiber
diameter of PE and the need to compensate for some decrease in workability when
PE fiber is used instead of PVA fiber. Moreover, the relatively large size of the fly
ash and quartz sand particles in comparison to the diameter of the PE fibers
represented a drawback in terms of fiber dispersion [186]. This additionally
demanded an adjustment to the mixing process, involving higher mixing energy and

duration [186].
3.2.2. Specimen preparation

Dumbbell-shaped specimens were used in this investigation. The cross-
section of the specimens in the 100 mm-long gauge portion had dimensions of
24 mm x 40 mm, the total specimen length was 250 mm, and the end sections had
cross-sections of 40 mm x 40 mm; see Fig. 3.1. This specimen geometry is not
typical of torsion experiments. Previous tests showed that in the case of cylindrical
specimens it is difficult to realize the tapered geometry required to confine the
damage to the middle section out of the need to avoid failure initiation at the fixities.
At the same time, besides the challenges related to specimen production,
pronouncedly curved surfaces of cylindrical specimens would be disadvantageous

as regards the optical monitoring of deformations and crack analysis by means of
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Digital Image Correlation (DIC) with the technical equipment available. Finally,
the geometry chosen is common in uniaxial tension experiments for SHCC
characterization [193], enabling a closer link between this program and other
studies. The torsion experiments presented in this article represent the first study of
this type, and they are intended to form a basis for adjustments and optimization in
future works.

Batches of 3 liters were produced in each casting series of six specimens. Due
to the high cohesiveness of the fresh SHCC, the specimens were not provided with
a smooth top surface during production. Instead they were cast manually with a
superfluous top layer, which was subsequently removed by cutting the hardened
SHCC prior to testing. To avoid failure localization at the fixities due to stress
concentrations, the specimens were additionally strengthened at their ends by
embedding 50 mm-long metallic screws of 5 mm diameter during casting.

The samples were demolded 24 hours after casting, sealed in plastic sheets
and stored in a curing chamber with controlled temperature of 20 °C and relative
humidity of 65 %. After 14 days of curing, the specimens were prepared for testing
by cutting the superfluous layers and roughening the lateral surfaces of the end
(anchorage) portions. Because of logistical considerations, testing was performed
at an average age of 65 days. At this age the hardening process is practically

complete [195].
3.3. Experimental program
3.3.1. Testing setup and load cases

The dimensions of the dumbbell-shaped specimens with view on their tapered
side are given in Fig. 3.1. In the third direction the specimens had a constant width
of 40 mm, as presented in Fig. 3.2. The mechanical testing was performed using an
Instron™ 8874 testing machine with £25 kN axial load capacity and +100 Nm
torque capacity. The specimens were first glued at one end into a steel ring in a
special frame outside the testing machine, aiming at accurate specimen alignment
and centered position in the ring. After the hardening of the glue, the specimen with
the ring was bolted at the top to the loading assembly. By tightening four bolts in
each pair of pressure rings, the assembly was pre-stressed, in this way hindering the

relative sliding of the steel elements during the torsion tests. Subsequently, the
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sample was driven downwards into the bottom ring filled with glue; see Fig. 3.1. A
bi-component X60 glue (HBM, Germany) was used, which enabled testing after

only 15 min of hardening.

— Loading end

Pressure rings

’L Steel ring

e Adaptors to fix the LVDTs

Specimen

/ \ Metallic screws
' Glue

— Hi=— Steel plate

Fixed end

Fig. 3.1 — Specimen fixation, geometry and dimensions in mm.

In the case of the uniaxial tension experiments, the deformation of the
100 mm long gauge portion in the middle of the specimens was measured by two
Linear Displacement Transducers referred as LDT (by Gefran, Italy). The LDTs
had a maximum stroke of 10 mm and were attached to the specimens through a
specially fabricated aluminum frame. The data acquisition system consisted of a
QuantumX model MX1615B unit and a Catman DAQ software V5 (both from
HBM, Germany). Four different load cases were investigated in the presented

study, as summarized in Table 3.3.
3.3.2.3D optical measurements and DIC

A stereo system consisting of two CMOS cameras with 2.3 megapixels
(Basler acA1920-155um) coupled to adjustable focal length lenses (Tamron A031
AF28-200mm F / 3.8-5.6) was used to capture images of the loaded specimens. This
enabled a detailed analysis of the crack opening modes depending on loading case.

The softwares VIC-Snap and VIC-3D (Correlated Solutions, USA) were used for
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image acquisition and analysis, respectively. The images were processed using a
normalized-sum-of-squared differences (NSSD) with a subset of 21 pixels, a step
of 7 pixels, and a strain window of 15 displacement points. With these parameters,
the analysis provided displacement measurements with an uncertainty of

approximately 0.005 %.

Table 3.3 — Schematic representation and description of the load cases under

investigation.

Load case 1 (LC1): Uniaxial tension with non-rotatable boundary
conditions. Displacement-controlled mode with a displacement rate
0.05 mm/s.

i
Load case 2 (LC2): Torsion with blocked axial deformation. Angle-
controlled mode with an angular rate of 0.1 °/s. The axial compression
force resulting from the hindered specimen expansion due to cracking
while twisting was measured during the test.

N—oA

Load case 3 (LC3): Torsion with free axial deformation. Angle
controlled mode with an angular rate of 0.1 °/s. The axial displacement
was force controlled under an imposed axial force of 0 N to enable
free expansion of the specimens.

Load case 4 (LC4): Combined torsion and tension. Controlled axial
displacement of 0.05 mm/s combined with an angle-controlled
torsional loading at an angular rate of 0.1 °/s.

A speckle pattern was applied onto one of the 40 mm-wide lateral surfaces of
the samples. This allowed resolving the strains and cracks in the gauge portion of
the samples as illustrated in Fig. 3.2. The global coordinate system (GCS) in the

DIC analysis was positioned in the left bottom corner of the surface observed. The
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crack angle relative to the horizontal x-axis was derived in AutoCad (Autodesk,
USA) by approximating the cracks to inclined lines.

To monitor the crack-flank displacements (CFD), virtual calipers were placed
on the crack flanks, and local coordinate systems (LCS) were defined according to
the crack inclination angle; see Fig. 3.2. The calipers were placed parallel to the y-axis
of the LCS, i.e. orthogonal to the crack. To be noted here is that the resolution of
the DIC system was not sufficient to distinguish single cracks in dense crack
clusters. Because of this, the distance between the digital markers u; and vi was
8 mm in order to include the entire width of the resolved strain bands. After the
experiments, the paint was removed from the observed regions and the correct
number of cracks was determined using a digital microscope VHX-6000 (Keyence,
USA) with a CMOS sensor camera with 18 megapixels, providing the means
accurately to interpret the crack opening values yielded by DIC. The CFD histories
were evaluated in three directions as shown in Fig. 3.2: I — normal opening, II — in-

plane sliding, III — out-of-plane sliding.

(@)
r/__a Monitored surface ®)
| 4 CFD1 CFD I CFD 111
(SR w L u@)
Yix| @ e ‘; u‘ y . e e
ST s /X zvi(Y) \ Gy
L:@ Y ) Vi(x') vi(Z)

Fig. 3.2 — (a) Dumbbell-shaped specimen with dimensions in mm indicating the
positions of the global (GCS) and the local coordinate systems (LCS) as well as the
virtual calipers. The grey portions at the specimens’ ends represent the regions
embedded in the glue and encased by the metal rings. (b) Schematic representation of

the assessed CFD in the DIC analysis.

The CFD analysis as presented in Fig. 3.2 was not meant for the monitoring
of the cracking process in the entire specimen, but to observe the relative
displacement of the crack flanks of formed steady-state cracks. In the case of
torsional loading, the crack-flank kinematics are determined by three components,
which vary in magnitude according to the distance from the cross-sectional

centroid; see Fig. 3.3. With the given shape of the cross-section in the gauge portion,
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the relative magnitudes of CFD II and CFD III also depend on the position of the
virtual calipers. Coming closer to the margin of the observation field CFD III
should yield higher magnitudes than CFD II, while in the vicinity of the
longitudinal axes of the specimen the values are negligible (Fig. 3.3). Thus, the
virtual calipers only offer a local description of the crack flanks’ displacements. To
ensure consistency of the quantitative data, the virtual calipers were positioned in
the quarter-span of the transverse section. Their longitudinal position was defined

to avoid regions of failure localization.
40

=

20

=X *——

Rotation angle

Fig. 3.3 — Schematic, exaggerated representation of the influence of cross-
sectional shape in mm and location of the DIC caliper on the measured CFD II

and CFD III.

3.4. Results and discussion

Given the multi-axial state of stress in the specimens subjected to torsion, the
comparative assessment of the specimens’ responses in this chapter is done based
on load or torque to axial deformation or rotational relationships. Note that four to
five specimens were tested for each parameter combination, but only the curves
corresponding to successful tests yielding accurate material responses are

presented. The discarded tests were those yielding failure at the fixities.
3.4.1. Uniaxial tension experiments (LC1)

Fig. 3.4a shows the axial load-deformation curves of the SHCC under
investigation, with the axial deformation (recorded as the cross-head displacement
of machine) related to the total free length of the specimen, while Fig. 3.4b shows
the corresponding stress-strain curves, in which the strain applies to the 100 mm-
long gauge portion. The force-displacement curves allow a direct comparison with

the torsional load cases while the stress-strain curves enable the derivation of the
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tensile material parameters and the comparison with previous studies by the authors
on identical SHCC. The tensile material parameters are summarized in Table 3.4.

(@) (b)

8]II|IIIIII 8| T T T T

PVA-SHCC L PVA-SHCC |

— PE-SHCC ‘ ——PE-SHCC

o

Tensile stress [MPa]
S

N
_.-_l—.{
e

- I

0 2 4 6 8 10 0 2 4 6
Axial deformation [mm] Strain in the gage length [%]

Fig. 3.4 — Uniaxial tensile behavior of PVA-SHCC and PE-SHCC: (a) load-

deformation curves and (b) stress-strain curves.

The average first crack stress (c1s) of PVA-SHCC was 3.7 MPa, while in the
case of PE-SHCC it was 4.1 MPa. Also, the tensile strength (omax) of PE-SHCC
was higher than that of PVA-SHCC: 5.2 MPa vs. 4.3 MPa, respectively.
Furthermore, the strain capacity (emax) up to failure localization showed
considerably higher values for PE-SHCC compared to PVA-SHCC: 2.5 % vs.
1.0 %. In combination with the lower tensile strength, PVA-SHCC also yielded
significantly lower work-to-fracture (Gmc) of 37.6 kJ/m?, which is the area under
the stress-strain curves up to failure localization. PE-SHCC yielded an average
work-to-fracture of 127.1 kJ/m>. These results do not completely agree with the
findings of the previous studies by Curosu and Mechtcherine [40,185,196], in
which PVA-SHCC yielded superior mechanical properties despite their lower
aspect ratio, e.g. the strain capacity of 1.5% [185].

Table 3.4 — Mechanical parameters of PVA-SHCC and PE-SHCC under LC1.

Standard deviations are given in parentheses.

Glst [MPa] Omax [MPa] Emax [OA)] Gmc [kJ/m3]
PVA-SHCC 3.7(0.5) 43(0.5) 1.0 (0.9) 37.6 (41.1)
PE-SHCC 4.1(0.3) 5.2(0.7) 2.5(0.4) 127.1 (24.6)
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The reason for this is likely to be the age at testing [195]. In the current work,
the average age at testing was 65 days, while in the previous studies it was 14 days
only. The ongoing hydration of the cementitious matrix enhanced the fiber-matrix
bond strength. This had a positive effect in the case of PE-SHCC and allowed for
more efficient exploitation of the high tensile strength of the PE fibers. In contrast,
in the case of PVA-SHCC, the excessive bond strength enhancement had a negative
effect on the micromechanical balance leading to a pronounced fiber rupture at
crack formation [49]. Detailed data on the pullout behavior of these fibers out of
the normal-strength cementitious matrix can be found in [58].

The different crack-bridging behavior of the fibers is also mirrored in the
softening patterns of the corresponding SHCC. The steeply descending (softening)
branch of the stress-strain curves for PVA-SHCC indicates fiber rupture after only
limited fiber pullout, while the shallow softening of PE-SHCC suggests a lengthier
fiber pullout phase. The involvement of these mechanisms was also confirmed by
the visual inspection of the fracture surfaces. In the case of PVA-SHCC the
protruding fibers’ ends were short, at approximately 2 mm, while in the case of PE-
SHCC the protruding fiber ends were longer.

The DIC evaluation was performed on several cracks for representative
specimens; it indicated a significant scattering of the extent and mode of crack
opening. The crack analysis presented is only valid for the representative cracks,
which were neither first cracks nor localization cracks. Fig. 3.5 presents the axial
load-deformation curves along with the CFD histories of selected cracks in
representative PVA-SHCC and PE-SHCC specimens. The CFDs were evaluated at
three different load stages, as marked on the axial load-deformation curves and in
the DIC images.

Whereas for PVA-SHCC the CFD 1, i.e., normal crack opening, history shows
values of about 100 pm shortly before the beginning of the softening phase, the
apparent crack opening in the case of PE-SHCC reached values of 275 um.
However, the microscopic analysis of the specimen surface after the mechanical
testing indicated that the PVA-SHCC specimen indeed had a single crack at the
location of the virtual caliper, while in the case of PE-SHCC the strain band actually
contained seven micro-cracks. The stepwise increase in CFD I in Fig. 3.5b can be

thus attributed to the successive formation of seven micro-cracks in a dense cluster.
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By dividing the peak CFD I value to seven cracks, the resulting average crack width

is approximately 41 pm.
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Fig. 3.5 — CFD analysis under LC1: (a) PVA-SHCC and (b) PE-SHCC. Note
different x-axes (diagrams on the left) and different color scales (pictures on the

right).

The average inclination angles of the cracks were 4.1° for PVA-SHCC and
5.9° for PE-SHCC. Although the CFD I histories had dominant magnitudes in both
specimens, the DIC evaluation yielded significant crack-flank sliding, CFD II,
defined as in-plane sliding, and III, out-of-plane sliding, in the strain-hardening
phase. PE-SHCC showed a marked increase in CFD II after failure localization,
despite the monitored cracks’ distance from the localization crack. The crack-flank
sliding can be partly traced back to the small crack inclination caused by possible

specimen misalignment and the intrinsic variations of the material properties, i.e.,
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flaws, non-uniform fiber distribution, etc. Another reason is the cracked samples’
reduced stiffness, which allows specimen readjustment (rotation) and stress
redistribution under increasing deformation.

It is shown in the next sections that the superior crack control and multiple
cracking of PE-SHCC together with the effective crack-bridging at larger crack
openings play a decisive role in the behavior of these composites under torsional
loading.

3.4.2. Torsion experiments with blocked axial deformation (LC2)

Among the loading cases studied, LC2 simulates confined shear loading. The
response of the specimens tested in LC2 is presented in Fig. 3.6. To repeat, five
samples were tested per SHCC composition. The torque-rotation angle curves show
the torsional resistance and the deformation capacity of the specimens depending
on the type of fiber, while the compression force-rotation angle curves give a
measure of the degree of axial expansion caused by matrix cracking. The

experimental results of LC2 are summarized in Table 3.5.
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Fig. 3.6 — (a) Torque-rotation angle curves and (b) compression force-rotation

angle curves of PVA-SHCC and PE-SHCC obtained in LC2.

Although the first crack torques (Tist) of the analyzed SHCC are similar, PE-
SHCC yielded 39 % higher maximum torque (Tmax) and 112 % higher rotational
deformation at peak torque (0t1,max) than PVA-SHCC; see Table 3.5 . Moreover, PE-
SHCC vyielded significantly higher angles of twist at peak torque as well as higher
torsional deformations in the softening phase. The average rotation angle at peak

torque was 4.2° for PVA-SHCC and 8.8° for PE-SHCC. PE-SHCC exhibited a
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considerably denser crack pattern with smaller crack widths, while PVA-SHCC

formed few cracks with visibly larger widths.

Table 3.5 — Mechanical parameters of PVA-SHCC and PE-SHCC under LC2.

Standard deviations are given in parentheses.

Tlst [Nm] elst [O] Tmax [Nm] eT,max [O] Fmax [kN] eF,max [O]
PVA-SHCC 347(4.0) 0.7(0.1) 48.5(42) 42(1.0) 3.2(09) 5.7(14)
PE-SHCC 344(2.8) 07(0.0) 67.6(33) 88(3.6) 58(1.3) 10.4(3.7)

Due to the more pronounced multiple cracking, PE-SHCC yielded more
pronounced expansion and an average peak compression force of 5.8 kN, which is
81 % higher than the average value of 3.2 kN for PVA-SHCC. Note that the
magnitudes of the compressive forces depend mainly on the extent of multiple
cracking, which is clearly indicated by the PE-SHCC curves. At its turn, the extent
of multiple cracking exhibits a statistical character and depends on fiber distribution
as well as on the content and size of inherent flaws. The pronounced scattering in
this respect is typical for SHCC and should be taken into account while formulating
design concepts for large-scale implementation.

The compressive force in PVA-SHCC decreased rapidly in the softening
phase, while in the case of PE-SHCC, it lessened slowly and even at large rotation
angles showed higher values. Note that the rotation angles at maximum torque
(01,max) were lower than the angles at maximum compression force (0r,max). In the
case of PVA-SHCC, the difference between the rotation angles at maximum torque
and at peak axial compression force was 27 %, while in the case of PE-SHCC the
difference was only 7 %.

Fig. 3.7 shows the crack analysis for representative PVA-SHCC and PE-
SHCC specimens. The average crack angle in the case of PVA-SHCC was 43° and
in the PE-SHCC sample it was 44°. It seems that the axial compressive forces were
not high enough to keep the crack inclination considerably below that of the purely
torsional case, i.e. 45°. The DIC images indicate clearly the different extents of
multiple cracking depending on the type of fiber. In the case of PVA-SHCC, the
monitored crack showed predominantly CFD I up to peak load, with a gradual
decrease in the softening phase. At the same time, CFD II and III continued
increasing after failure localization. The monitored strain band actually contained

two micro-cracks. By considering the CFDs at peak torque, dividing them by two
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cracks and summing them up, the resultant crack opening is approximately 127 pm,
which is comparable to the resultant CFD in LC1.
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Fig. 3.7 — CFD analysis LC2: (a) PVA-SHCC and (b) PE-SHCC. Note the

difference in the horizontal axes (diagrams on the left).

It can be asserted that torsional loading represents an unfavorable case with
regard to steady-state cracking, since the diagonal cracks propagate through a longer
and more complex path compared to that in uniaxial tension experiments. Moreover,
the crack openings are not uniform, and the crack-bridging capacity of the fibers is
exhausted stepwise beginning at the corners. PVA-SHCC exhibits a significant
drawback in this respect, because its crack-bridging action vanishes completely at
relatively small crack openings, see previous works by the authors [40,58,185].

PE-SHCC yielded predominantly CFD III prior to and after peak torque, with
CFDI and CFDII showing lower but similar magnitudes along the entire

deformation history. The increasing width of the strain band in the DIC images
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clearly indicates the subsequent formation of additional micro-cracks. CFD I
reaches a plateau at 50 pm prior to peak load, with no reduction during the softening
phase. The magnitude of CFD I is comparable to that measured under LCI.
Interestingly, the out-of-plane sliding (CFD III) continues increasing, even in the
softening phase. Similar phenomena were observed under LC3 and LC4, as
presented in the next sections. Moreover, the higher rotations displayed by the
specimens of PE-SHCC when compared with PVA-SHCC can be attributed to the

more uniform distribution of cracks, and thus, deformation along the gauge portion.

3.4.3. Torsion experiments with free axial deformation (LC3)

LC3 simulates an unconfined shear action. The free axial deformation of the
specimens was ensured through a force controlled axial loading under imposed zero
force. The behavior of the specimens subjected to LC3 is presented in Fig. 3.8 and

the experimental results are summarized in Table 3.6.
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Fig. 3.8 — Mechanical behavior of PVA-SHCC and PE-SHCC under LC3: (a)

torque-rotation angle curves; (b) torque-axial expansion curves.

Except for the lower peak torque and less pronounced strain-hardening, the
pattern of the torque-rotation angle curves is similar to that observed under LC2.
The average values for the torque at first crack formation (Tis) are also very close
to those measured under LC2; see Tables 3.5 and 3.6. In the case of PVA-SHCC
the maximum torque dropped just slightly from 48.5 Nm under LC2 to 45.0 Nm
under LC3. For PE-SHCC the reduction in peak torque was considerably higher:
67.6 Nm for LC2 compared to 47.2 Nm under LC3. The difference can be attributed
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to the higher axial confinement of PE-SHCC under LC2 compared to PVA-SHCC.
The rotation angles at peak torque showed a considerable drop for both SHCC from
4.2° (LC2) to 0.9° (LC3) in the case of PVA-SHCC and from 8.8° (LC2) to 5.8°
(LC3) in the case of PE-SHCC.

Table 3.6 — Mechanical parameters of PVA-SHCC and PE-SHCC under LC3.

Standard deviations are given in parentheses.

Thst [Nm] O15¢ [O] Tmax [Nm] eT,max [O]
PVA-SHCC  402(1.1)  0.7(0.1)  450(2.9)  0.9(1.3)
PE-SHCC 36.3(5.3) 0.7(0.2) 472(2.6)  58(7.9)

Fig. 3.8b presents the axial expansion of the specimens under LC3. The latter
is in good agreement with the derived axial compression forces under LC2 and
depends on the degree of multiple-cracking. Furthermore, similar to the axial
compressive forces under LC2, the axial expansion in the case of LC3 yields a
considerable scattering. Whereas the average axial deformation of PVA-SHCC
prior to softening was approximately 0.1 mm, PE-SHCC showed an average
deformation at peak torque higher than 0.6 mm. Considering that the multiple
cracking was mostly confined in the gauge portion, this elongation is equivalent to
approximately 0.6 % strain. The formation of cracks in SHCC is associated both
with elastic and plastic deformations in the cracks’ domains. The plastic
deformations originate from the permanent delamination and partial pullout of the
crack-bridging fibers and by the plastic deformation of the fibers themselves, as
demonstrated in cyclic tension experiments [197]. Besides the permanent nature of
these deformations, the Mode II and III crack openings might have an additional
contribution to the resulting axial expansion through the interlock caused by the
uneven crack flanks and by the fibers.

Under LC3 the average inclination of the cracks was 44° in the case of PVA-
SHCC and 46° in the case of PE-SHCC. Seen in this way, these values are very
close to the theoretical inclination of the principal stresses under pure torsion. The
DIC evaluations as shown in Fig. 3.9 indicate a dominating CFD III in the case of
PVA-SHCC throughout the entire deformation history, with the magnitudes of
CFDI and CFDII in the pre-peak phase being considerably smaller. The
dominance of CFD III is partly related to the location of the virtual calipers, as

discussed above in section 3.3.2. In the same fashion as under LC2, after failure
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localization, i.e., in the softening regime, the CFD I decreased while CFD II and III
increased. It can be also seen that the crack bands formed at the ends of the gauge

portion, this being caused by the stress concentrations in the transition regions of

gradual cross-section reduction.
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Fig. 3.9 — CFD analysis under LC3: (a) PVA-SHCC; (b) PE-SHCC. Note
difference in the horizontal axes (diagrams on the left) and color scales (pictures

on the right).

In the case of PE-SHCC the resulting CFD are considerably smaller than
those in PVA-SHCC. This might be a feature of the monitored crack and of the
position of the virtual caliper. As indicated by the color code in Fig. 3.9b, this crack
shows larger deformations closer to the edge. Also, in this case CFD III yielded
dominant values, with CFD II and III occurring slightly later and showing lower

magnitudes.


DBD
PUC-Rio - Certificação Digital Nº 1712786/CA


PUC-Rio- CertificagaoDigital N° 1712786/CA

75

3.4.4. Combined torsion and axial tension (LC4)

Analogous to the previous load cases, the mechanical behavior of the
specimens tested under LC4 is presented in terms of axial load-deformation and
torque-rotation angle in Fig. 3.10. A summary of the corresponding experimental
results is given in Table 3.7. The specimens yielded average axial forces at first
crack formation of 2.4 kN and 2.8 kN for SHCC made with PVA and PE fibers,
respectively. This means a decrease of 32 % and 27 %, respectively, in comparison
to the values measured under LC1. Furthermore, PVA-SHCC showed a reduction
of 34 % in axial deformation prior to softening and 28 % reduction in peak axial
load in terms of average values. PE-SHCC was affected to a lesser extent, exhibiting

reductions of 23 % and 12 %, respectively, for these parameters; see Fig. 3.10a.
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Fig. 3.10 — Behavior of PVA-SHCC and PE-SHCC under LC4: (a) axial load-

deformation; (b) torque-rotation curves.

Table 3.7 — Mechanical parameters of PVA-SHCC and PE-SHCC under LC4.

Standard deviations are given parentheses.

Fist [MPa] Fimax [MPa] Tist [Nm] 015t [O] Tmax [Nm] OTmax [O]
PVA-SHCC  24(0.4)  29(0.6) 17.6(27) 05(0.1) 122(2.6) 2.4(0.6)
PE-SHCC  28(01)  44(0.6) 132(3.1) 03(0.1) 12.9(44) 10.0(4.3)

The average maximum torque (prior to softening) was 12.2 Nm for PVA-
SHCC and 12.9 Nm for PE-SHCC. The reduction in torsional capacity when
compared with LC2 and LC3 was considerably more pronounced than that of the

axial force corresponding to LC1. This may possibly be related to the strains in the
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axial direction dominating over those in the transversal direction, as defined by the
axial displacement rate of 0.05 mm/s and angular rate of 0.1 °/s. Although the CFD
analysis provided some evidence in this respect, numerical simulations would be
needed for a more reliable estimation of the principal stresses corresponding to the

imposed displacement/angular rates.
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Fig. 3.11 — CFD-analysis of the specimens tested under LC4: (a) PVA-SHCC and
(b) PE-SHCC. Note different axes (diagrams on the left) and different color scales
(pictures on the right).

The combined loading in LC4 resulted in intermediary values for the average
crack angle, i.e. between those obtained for LC1 and LC3. The average crack
inclination angles were 33 % for PVA-SHCC and 27 % for PE-SHCC. Similar to
the other load cases, PVA-SHCC showed broader scattering among the CFDs of
different cracks, while crack localization occurred even more rapidly; see Fig. 3.11.

The crack monitored in the case of PVA-SHCC yielded a dominating CFD II with
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a value of approximately 200 pm at the initiation of softening. During the softening
phase, CFD II continued increasing while CFD 1 and CFD II showed elastic
recovery. In contrast, CFD I was dominant throughout the deformation history of

PE-SHCC, whereas CFD III increased only after failure localization.

3.4.5.Concluding comparisons of all load cases

A generalized comparison of the material response under LC1 and LC4 is
presented in Fig. 3.12 through the envelopes of the load-deformation curves of
PVA-SHCC and PE-SHCC, respectively. The axial tensile strength and ductility
decreased for both composites when the loading mode changed from LC1 to LC4.
However, PVA-SHCC yielded a considerably more significant reduction,

especially in axial deformation.

(a) (b)

6 l T I T I T I T I T 6 I r Ll 1 T I T I T

PVA-SHCC PE-SHCC
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Axial deformation [mm)]

Fig. 3.12 — Envelopes of the axial load-deformation curves under LC1 (uniaxial
tension) and LC4 (combined tension and torsion): (a) PVA-SHCC and (b) PE-
SHCC.

Fig. 3.13 presents a general overview of the material response under the
torsional load cases through the envelopes of the torque-rotation angle curves. Both
SHCC compositions yielded the highest load-bearing capacity and deformability up
to peak load under LC2, while under LC3 they showed shallower softening
branches compared to LC2. Finally, LC4 induced a dramatic reduction in torsional
resistance, which can be partly traced back to the axial displacement rate’s being

higher than the angular one.
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Fig. 3.13 — Influence of load case on the torsional response of (a) PVA-SHCC and
(b) PE-SHCC.

Regarding the performance of SHCC under shear, the adopted setup holds
large potential, providing not only the shear strength, focus of previous studies
[69,70,84], but facilitating the assessment of the effect of combined loading in
conjunction with a full-field strain and crack evaluation. With the four loading
cases, important data is provided for eventual numerical studies related to SHCC
performance. Even though the single-crack response could not be fully assessed due
to limitations in the resolution of the available equipment and the pronounced
scattering in the opening modes of different cracks, the obtained quantitative and
qualitative data on the behavior of SHCC under various loading conditions serves
as an extensive quantitative input for calibrating material laws in numerical

simulations.

With respect to the fibers under investigation, the experimental results
demonstrate that PE-SHCC yield superior mechanical properties compared to PVA-
SHCC under all load cases. Whereas the pre-peak crack-bridging behavior of the
PE fibers ensures more pronounced multiple cracking compared to PVA-SHCC,
the post-peak, i.e., softening, crack-bridging action ensures considerable stress
transfer even at large crack openings, which contributes to higher torsional load-
bearing capacity and ductility; see Fig. 3.14. At the same time, the slip-hardening
behavior of the PVA fibers affects not just the uniaxial tensile properties of PVA-
SHCC but leads to a more pronounced reduction in mechanical performance under

combined loading conditions.
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PVA-SHCC PE-SHCC

T T

Fig. 3.14 — Multiple cracking patterns of representative specimens in each load case.

It is noteworthy that besides the different surface properties of the fibers and
the resulting fiber-matrix interactions, the different aspect ratios of the fibers used
play as well a decisive role in the performance of the SHCC under investigation.
However, given the strong fiber-matrix interaction in the case of PVA, a reduction
in their diameter, e.g., to that of PE fibers, would result in an even higher degree of
fiber rupture, leveling out any advantage in terms of aspect ratio. In the same course
of argumentation, use of PE fibers with larger diameter (close or equal to that of
PVA fibers) would not facilitate the exploitation of their high tensile strength in the
normal-strength matrix, but rather have an adverse effect on the mechanical

performance of SHCC.
3.5. Conclusions

This chapter presents the results of an extensive experimental study on the
mechanical behavior of two types of normal-strength SHCC under four different

load cases: uniaxial tension, torsion with blocked axial deformation, torsion with
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free axial deformation and combined tension-torsion. The difference in the analyzed
SHCC consisted in the reinforcing fibers, which were made of PVA and
UHMWPE, respectively.

It was shown that the SHCC made with UHMWPE fibers (PE-SHCC)
demonstrated superior behavior under all load cases compared to the SHCC made
with PVA fibers (PVA-SHCC). This was traced back to the superior pre-peak and
post-peak crack-bridging behavior of the UHMWPE fibers and by their smaller
diameter. The characteristic slip-hardening pullout behavior of PVA fibers in
cementitious matrices resulted in fiber rupture at small crack openings and inferior
multiple cracking of PVA-SHCC under uniaxial tensile loading.

Both types of SHCC yielded substantial axial expansion under torsion, the
expansion being proportional to the degree of multiple cracking. The axial
confinement of the specimens subject to torsion resulted in a higher torsional load
bearing capacity, but also in a more abrupt softening phase in comparison to the
specimens subject to torsion but with free axial deformation. Finally, the combined
tension-torsional loading led to a dramatic reduction in torsional strength and
deformability of both SHCC. However, the latter was partly attributed to the applied
axial displacement rate, which seemed to dominate the angular rate.

The cracking process and the crack-flank kinematics in SHCC under various
loading conditions were monitored with the help of a stereo camera system and
quantitatively analyzed by means of DIC. Despite the detailed information on
crack-flank displacements, the pronounced variation of the latter among various
cracks in individual specimens did not allow quantification of the shear-transfer
capacity in dependence on crack opening mode and magnitude. It may be assumed
that the involvement of shorter samples and the purposeful integration of inclined
notches would enable a restriction of the crack formation to the notched region and
a more detailed crack analysis. This will facilitate the derivation of analytical
constitutive models at the single-crack level and will be a matter of interest in future

studies.

Ongoing studies involving the SHCC presented in this article include uniaxial
tensile tests under impact loading, the investigation of the influence of the
inclination angle on the fiber pullout mechanisms under quasi-static and impact

loading regimes, and the application of SHCC as shear-strengthening layers on
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structural elements subjected to impact. The experiments at the structural scale are
complemented by numerical simulations using Finite Element Methods, in which
the results presented in the chapter at hand serve as experimental basis for the

calibration of the constitutive laws for SHCC.
3.6. Overview

The present study represents a strong indication of both assessed materials
under shear stress fields. Although could be noticed a superior performance of the
SHCC made with PE fibers at the material level, it was considered that the
composite fabricated with PVA fibers still displayed a reasonable performance for
structural applications. Moreover, the available state of the art indicated a more
significant improvement of strain capacity for PVA-SHCC under high dynamic
strain rates under direct tension. Thus, in addition to the SHCC made with PE fibers,
it was decided to follow also with the one made with PVA fibers on the structural
level evaluation, aiming the performance assessment of both composites as

strengthening layers of members with critical shear under impact scenarios.
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4 Effect of shear reinforcement and external strengthening
with strain-hardening cement-based composites (SHCC) on
the impact resistance of reinforced concrete beams

4.1. Introduction

Since the 1980’s there is an increasing interest in the effects of the strain rate
on the strength and fracture of reinforced concrete structures [104,136]. Reinforced
Concrete (RC) has been widely used for almost two centuries due to its relatively
low cost-benefit ratio when compared with other structural systems. Although most
of the existing RC-structures were designed foreseeing mainly static scenarios, with
eventual loads considering the human activity, or normal natural actions such as the
wind, it has become clear the high probability that during service life these
structures can also be subjected to other variations of dynamic loading such as
earthquakes, blasts, or impact [124,142,160,198]. This prospect is worrisome
because during these events structural stability requires large amounts of energy
dissipation in a short period of time, which is constrained by concrete’s intrinsic
brittleness [104,132,136].

In respect of dynamic loading, the Model Code 2010 [120,121] implies a
dynamic enhancement of material strength for both concrete and steel under
compression and tension. At the same time, research studies report that quasi-brittle
materials such as concrete display a tendency of change from failure mode I to
mixed mode with the increase in loading rate [122—-124], with normal-strength
concrete being more rate-sensitive than high-strength ones [127-130]. At the
structural level, additional energy-dissipation mechanisms arise, with the inertia
forces most significantly inciting changes in the global behavior of the structural
member [161]. The inertia effect disturbs the deflected shape of the RC-member
subjected to impact loading, deviating it from its static configuration [132]. These
attributes generally result in the change of failure from flexural to shear when
shifting from quasi-static to dynamic loading, which offsets the positive effects

related to structural inertia and material rate sensitivity [122,123,131,142,199-201].
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Additionally, the occurrence of damage mechanisms as scabbing and spalling
represents another concern from a safety perspective [120,121].

It was demonstrated that the inelastic deformational capacity of RC elements
under dynamic loading could be improved with discrete fibers [124,127—
130,132,159-162]. When shifting from quasi-static loading (¢ = 10°) to impact
loading (& = 10°; impactor velocity of 1.4 m/s) Fiber Reinforced Composite (FRC)
beams yielded a decrease in the nonlinearity of the load-deflection curves [129,159]
and the peak load and bending-energy increased from 20 to 100 times when
compared with plain concrete [161]. However, nowadays the complete replacement
of normal concrete for FRC in all new structures would be economically unfeasible
[15,104]. Moreover, sustainability requires the rehabilitation of existing structures,
with the development of cost-effective repair methods to extend their life [202].
Therefore, an effective solution of the mechanical features can be exploited to
improve the resilience of RC structures to dynamic loading events by external
strengthening.

Strain-Hardening Cement-based Composites (SHCC) are a special class of
FRC that exhibit a high energy absorption capacity in tension, compression, and
shear [18]. These composites are reinforced with high-performance polymer micro-
fibers typically in volume fractions of 2%. SHCC may reach tensile strain up to 5%
prior to failure localization due to the formation of multiple cracks not exceeding
100 pm in width [14,203]. SHCC are also highly suitable for applications as
external strengthening layers by spraying or lamination, as enabled by their fresh-
state properties [ 15]. Moreover, given their cementitious basis, SHCC exhibit a high
physical and mechanical compatibility with concrete substrates, including the bond
[17]. At last, although the cost of SHCC are about 2-3 times that of normal concrete
(mainly ruled by the cost of the fibers), it is still far below the cost of the most
commonly marketed repair materials [87].

This chapter presents the first part of the analysis of an experimental
campaign designed to examine the influence of SHCC as transversal strengthening
layers on the impact resistance and fracture behavior of RC beams. Higher levels
of impact energies than the ones commonly reported in the literature were studied,
with the impactor velocity ranging from 17 m/s to 30 m/s. Two RC beam
configurations were adopted as reference cases: (1) beams with longitudinal and

stirrup reinforcement (span-to-depth ratio of 2.3); (2) beams with longitudinal
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reinforcement only. Both configurations implied a constant longitudinal
reinforcement ratio of 0.72%. Two variations of normal-strength SHCC were
analyzed as strengthening layers, one reinforced with polyvinyl alcohol (PVA)
fibers, and the second with ultra-high molecular weight polyethylene (UHMWPE),
shortly referred to as PE. The SHCC strengthening layers were applied manually
by lamination on the lateral faces of the beams, in this way implying a shear

strengthening.
4.2. Experimental program
4.2.1. Materials

The concrete of the RC beams consisted of ordinary Portland cement type
III/A (42.5 N) and fly ash as binders, with water-to-binder ratio (w/b) of 0.35 and
maximum aggregate size of 8§ mm. The mix proportions by weight are given in
Table 4.1. Concrete production and casting were done in a concrete plant. The
compressive strength of the concrete was tested on 24 cubic specimens with a
corner-size of 150 mm. The mean value of compressive strength was 49.5 MPa at
28 days and 50.9 MPa at 42 days, the latter being the average testing age of the RC
beams. The internal reinforcement consisted of steel ribbed bars B500S (fy = 500

MPa).

Table 4.1 — Mixture design of the ordinary concrete.

Component  Cement Fly ash Coarse Fine Water Superplasticizer
aggregate  aggregate
Quantity 380 60 762 932 188 2.85

Following previous investigations on the shear and multi-axial mechanical
properties of SHCC at the material level [18], two types of SHCC were investigated
as shear strengthening layers in this study. The mixture compositions of the SHCCs
used in this program were already addressed by the authors in previous works
[10,64,204,205]. Both SHCCs held a fiber content of 2% by volume and an
identical, normal-strength cementitious matrix (fcx = 42 MPa), differing only in the
type of dispersed fiber; see Table 4.2. One was reinforced with PVA fibers Kuralon
RECI1S5 (by Kuraray, Japan), and the other with PE fibers Dyneema SK62 (by DSM,

the Netherlands). The composites were designated according to the reinforcing


DBD
PUC-Rio - Certificação Digital Nº 1712786/CA


PUC-Rio- CertificagaoDigital N° 1712786/CA

85

fibers, i.e. PVA-SHCC and PE-SHCC, respectively. The geometric and mechanical

properties of the used fibers are presented in Table 4.3.

Table 4.2 — Mixture compositions of the SHCC under investigation.

PVA-SHCC PE-SHCC
[kg/m?] [kg/m?]

Portland cement CEM 142.5 R-HS 505 505
Fly ash Steament H4 621 621
Quartz sand 60 - 200 pm 536 536
Water 338 333
Superplasticizer BASF Glenium ACE 30 10 25
Viscosity modifying agent 4.8 4.8
PVA fiber 2% by volume 26 -

UHMWPE fiber 2% by volume - 20

Table 4.3 — Geometric and mechanical properties of PVA and PE fibers according

to producers [187,206].

Fiber PVA PE
Nominal diameter [um] 40 20
Length [mm)] 12 12
Density [g/cm?] 1.26 0.97
Tensile strength [MPa] 1600 2500
Young’s modulus [GPa] 40 80
Elongation at break [%] 6.0 3.5

This rather typical normal-strength matrix was initially developed targeting a

proper crack-bridging behavior of PVA fibers, which, despite their oil coating, yield

a strong chemical bond with cementitious matrices due to their inherent hydrophilic

properties [189—191]. The cementitious matrix was purposely designed in terms of

strength and packing density to ensure an adequate (limited) fiber-matrix bond

strength, thus, mitigating the occurrence of fiber rupture [10]. Meanwhile, PE fibers

are hydrophobic, hence only frictionally/mechanically anchored in the matrix [193].

However, they have a twice smaller diameter, which ensures an even higher

collective embedment surface and an adequate crack-bridging strength. A slightly

higher dosage of superplasticizer as well as a higher mixing energy and duration

were provided to PE-SHCC compared to PVA-SHCC in order to compensate for
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the high aspect ratio of the PE fibers [10]. The studied SHCC with PVA and PE

fibers presented an average strain capacity of 1.0% and 2.5% respectively; see Fig. 4.1.

N

Stress [MPa]

Strain [%]

Fig. 4.1 — Representative tensile stress-strain curves of the studied SHCC tested

under monotonic strain rates at 28 days.

4.2.2. RC beams production and strengthening

Although the casting of the 24 RC beams occurred in two events, one-week
apart due to logistical considerations, each batch of specimens was subjected to the
same protocol. The wood molds were previously internally dressed with the retarder
paper WB-Paper type “grey” (by HEBAU, Germany) to optimize the process of
preparation of the beams’ surfaces for strengthening. The casting was executed in
layers and the densification was enabled by an electro-mechanical vibrator with 1"
shaft. After casting, the upper side of the specimens was watered and sealed with a
waterproof tarp fabric for 24 hours. At that time the wood molds were
disassembled, and the beams were washed out with a high-pressure waterjet to
expose the aggregates (Fig. 4.2a). Thereafter the RC specimens were simply stored
in the laboratory environment until 24 hours before strengthening, during which the
surfaces of the beams to be strengthened were continuously regularly sprayed with
water.

From the 24 RC beams, 8 represented reference configurations and 16 were
strengthened with SHCC when the RC beams had an average age of 21 days. The
strengthening layers were applied on the surfaces parallel to the impactor’s

trajectory (side surfaces), due to the expectation of critical shear failure under
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impact strain rates (Fig. 2.22). Moreover, it was chosen because the first three-year
term of the GRK 2250 (see Section 2.1), already addressed the strengthening on the
front and rear surfaces, such as [207]. The 20 mm-thick reinforcement layer was
casted-in, in a way that the strengthening of each specimen entailed the following
steps: (1) Horizontally positioning of the beam; (2) Fixation of the wood forms used
as the reinforcement thickness template (20 mm), while also preventing the SHCC
leakage (Fig. 4.2b); (3) Casting of a volume of SHCC, enough to form the first layer
with approximately 10 mm thickness; (4) Combing of the fibers in the transversal
direction with a plastering trowel; (5) Casting of the second and final layer of
SHCC, overflowing the wood frame (Fig. 4.2¢); (6) Combing of the fibers in the
longitudinal direction with a plastering trowel. (Fig. 4.2d); (7) Correction of the
SHCC thickness with the cross-sectional passage of a finishing trowel throughout
the length of the specimen; (8) 24 hours curing with watered plastic cover; (9)
Removal of the wood frames, and backward positioning for the strengthening of the
opposite surface. Although the strengthening layers were horizontally applied in the
lab environment for logistic reasons, this technique was adopted due to the
supposedly possibility to be fairly replicated in industrial applications through
SHCC spraying (ensuring the proper rheology properties) associated with the

passage of a plastering trowel, thus providing a reasonable alignment of the fibers.

Fig. 4.2 — Casting procedures of the strengthening with SHCC: (a) Substrate

preparation by washing the superficial cement-paste layer; (b) Fixation of the

wood templates; (c) Molding process; (d) Surface correction.

Twenty-four hours after applying the final strengthening layers, the beams
were stored outside the laboratory for 28 days under mild environmental conditions
(average environmental temperature 16° C and humidity 65 %), protected with a

waterproof tarp fabric. The specimens were returned to the laboratory 72 hours prior
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to testing to dry, facilitating the surfaces painting for Digital Image Correlation

(DIC) and fixation of sensors.

4.2.3. Specimens’ details and setup

All the beams had a rectangular cross-section of 130 mm in width and
280 mm in depth, and a total length of 1450 mm; see Fig. 4.3. The span length was
1250 mm, and the shear-span ratio was 2.3. All the specimens were longitudinally
reinforced with @8 mm ribbed steel bars, with a constant upper and lower
reinforcement of two and three rebars, respectively. Plastic spacers were used to
ensure a constant concrete cover thickness of 10 mm for all beams. Two variations
of shear reinforcement were assessed in the RC beams: with @8 mm stirrups spaced
at a distance of 150 mm, and without any type of transversal reinforcement. The
design parameters of these two variations of the RC beams are listed in Table 4.4.
The RC beams were labeled "Ce" and "Se" in reference to the presence or absence

of stirrups, respectively.
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Fig. 4.3 — Geometry of the RC beams, layout of the steel reinforcement and
location of the embodied instrumentation: (a) Beams without stirrups (Se); (b)

Beams with stirrups (Ce). Dimensions in mm.
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In this work only impact experiments were performed. The static flexural and
shear resistances were calculated according to the Model Code 2010 [121]. As
indicated in Table 4.4, all the specimens should have displayed a flexural failure in
case of static loading. Analogous to other publications from IE (intended
publication) that did not include static tests, these values are not reduced by safety

values, thus giving an estimation for the ultimate strength of the specimens.

Table 4.4 — Static design values.

Se Ce
Longitudinal reinf. ratio [%] 0.72 0.72
Shear reinf. ratio [%] 0.00 0.53
Flexural resistance [kN] 48.2 48.2
Shear resistance [kKN] 70.9 181.1
Shear to bending resistance ratio 1.5 3.8
Expected failure mode Bending Bending

The beams were simply supported and additionally braced at the ends to the
supports; see Fig. 4.4. The braces did not affect the static system and allowed beam
rotation. A rubber pad was used in the contact with the specimens’ surface for
clamping, helping to counterbalance the rebound effect. The impact load was
applied vertically in the mid-span of the top surface of the beams by discharging of
a flat-nose steel projectile with weight of 14.2 kg. The projectile was 250 mm long
and 100 mm in diameter. Aside from the free-falling height of 10 m, the projectile
speed was charged by an air-pressure system, with pressures varying from 0.2 to
1.2 bar, resulting in impact velocities in the range between 17.7 m/s and 29.9 m/s.

An overview of the entire program is presented in Fig. 4.5, including the
specimens’ designated nomenclature. In follow, the designation "Ref" was used for
the reference beams, i.e. specimens without external strengthening. Comparably,
"PVA" and "PE" indicate the beams laterally reinforced with SHCC made with the
named fibers. Finally, the ending number refers to the charging gas pressure of the
impactor. The last column refers to the number of tests effectively performed in
each specimen. Generally the test consisted of a single impact, aside an
intermediary series, where the impact loading was repeated until the complete
depletion of load bearing capacity of the beam; this was done to assess the residual

strength of the specimens reinforced with the SHCC layers.
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Se-Ref
0.2 bar — 1 impact
0.4 bar — 1 impact
0.8 bar — 1 impact
1.2 bar — 1 impact

Ce-Ref
0.2 bar — 1 impact
0.4 bar — 1 impact
0.8 bar — 1 impact
1.2 bar — 1 impact

J Se-PVA

0.4 bar — 1 impact
0.8 bar — 1 impact
0.8 bar — 2 impacts
1.2 bar — 1 impact

| Ce-PVA

0.4 bar — 1 impact
0.8 bar — 1 impact
0.8 bar — 2 impacts
1.2 bar — 1 impact

| Se-PE

0.4 bar — 1 impact
0.8 bar — 1 impact
0.8 bar — 2 impact
1.2 bar — 1 impact

'| Ce-PE

0.4 bar — 1 impact
0.8 bar — 1 impact
0.8 bar — 3 impacts
1.2 bar — 1 impact

Fig. 4.5 — Configurations of the specimens, charging gas pressures and number of

impacts.

The drop tower used for the investigations, in pressurized air-accelerated

mode, is part of the Otto Mohr Laboratory [208]. It consisted of an aged three-story

building to enclose the impact testing apparatus in the center of the plant; see Fig.

4.6. Aside from the test frame and other customary testing gadgets, the main feature

of this testing setup is the moving base-platform, a slab with 110 cm thickness,

seating in a foundation built with a reinforced base-spring system completely

disconnected from the perimeter elements, ensuring improved absorption of the
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momentum arising from the tests. Besides providing the test-energy secure

dissipation, the moving test floor eased the beams positioning in the test frame.

(b)

Fig. 4.6 — Accelerated configuration of the impact system [115]: (a) Schematic
sketch of the testing facility; (b) Detailed image of the projectile including the

retraction device.

The specimens were instrumented to capture the vertical displacements and
accelerations of the beams, as well as the deformations on the internal steel rebars.
The specimens’ layout and instrumentation positioning are shown in Fig. 4.3. The
specimens’ deflections in the middle span and 300 mm to the left side were
contactless obtained employing Laser Displacement Sensors (LDS and LDSpa)
LAM-F-200 with a cut-off frequency of 100 kHz (by WayCon, Germany) and an

overall measuring length of approximately 200 mm. In order to quantify the
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dynamic response of the beams, four acceleration sensors PCB-M350C04 (by PCB
Piezotronics, USA) were used, three of which were placed on the impact front-
surface (ACCI1, ACC2, and ACC3) and one at the rear-surface (ACC4). These
sensors had a measuring range of £5000 G. Furthermore, two semi-conductor strain
gauges (SG) SB-500-3-P-3 with a working strain of 600 pe (by BCM Sensor
Technologies, Belgium) were applied to record the strains in the mid-span of the
longitudinal rebars located at the bottom of the specimens. An additional strain
gauge was used to assess the strains on the stirrups. A Laser Doppler Vibrometer
(LDV) Nova-Speed-DF with a cut-off frequency of 2.5 MHz (by OptoMET,
Germany) was used to detect the particle speed next to the point of impact.

Aside the instrumentation embodied in the specimen, the system enfolded two
load-cells in the supports with bearing-capacity of 10 MN, two light barriers located
380 mm apart at the end of the acceleration tube to capture the impactor speed (see
next section), and a high-speed camera FASTCAM SAS5 (by Photron, Japan) used
to monitor the displacements field and crack patterns in one of the lateral surfaces
through DIC. Additional images from the opposite side-surface were captured with
a digital camera of 12 megapixels at the end of each test, for optical evaluation of
the cracking patterns. The LDSs, vibrometer, accelerometers, and bearing loads
were collected at a sampling rate of 200 kHz, while the sampling rate of the

FASTCAM and strain gauge data was 10 kHz.
4.2.4. Methodology for indirect parameters estimation

Different from parallel research studies, due to the magnitude of the speed of
the impactor, the utilization of a load cell in the impact front-surface (see Fig. 2.22)
would be unfeasible. Based on preliminary tests the impact load was indirectly
computed through the estimation of the impulse, which in turn was determined by
the measured velocity of the impactor [115,209]. As aforementioned, the impactor

velocity (Vimp) was calculated based on the time (At) needed by the impactor to

cover the distance between the two light barriers positioned at the end of the

acceleration tube (djp,): Vimp = djp/At (Eq. 7).

Considering negligible the energy lost between the time that the impactor
exits the acceleration tube and strikes the specimen, it can be considered that the

impulse generated by the impactor (Ijyp) is entirely sourced by its momentum


DBD
PUC-Rio - Certificação Digital Nº 1712786/CA


PUC-Rio- CertificagaoDigital N° 1712786/CA

93

change: limp = Mypyp - Vimp (EQ. 8), where myy,, is the mass of the impactor and

Vimp 18 the velocity of the impactor immediately before striking the beam surface.

The loading function was assumedly described as a trapezoidal wave,
considering each time-span corresponding to one-third of the total period of transfer
of the impact energy (Fig. 4.7). This simplification of the maximum applied load
(Pmax) represented as a plateau facilitates future numerical simulations [209]. The
time between ty,andts; can be forwardly obtained using the contact time
teontact = Limp/Cimp [210], where Lip,, is the impactor’s length and iy, is the
wave propagation velocity in steel [207]. Thereby, the impulse transferred to the
specimen could be formulated as:

1 1 (Eq.9)
Ibeam = (tl - to)- E + (tz - t1) + (t3 - tz). E -Pmax

P(t) 4

>

Pmax

- Yy

to t t> ts

Fig. 4.7 — Assumed shape of the loading pulse.

Finally, for the determination of the maximum applied load, it was assumed

that the entire impulse was transferred from the impactor to the specimen (I;p,, =
I peam)- Thus, the impact load is directly obtained:

Mimp - Vimp (Eq. 10)
1 1
(=) . 5+ (e —t) + (&5 — &) 5]

Prax =

4.3. Results and discussion

Fig. 4.8 shows the relation between the acceleration pressure and the velocity
of the impactor shortly before striking the beam. An almost linear relation between
the increments of pressure and the impactor speed was observed. It is noticeable the

good agreement between the measurements throughout the experimental program,
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signaling a robust response of the system and providing a low deviation of values

of impulse and thus, impact load (Pmax).
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Fig. 4.8 — Impactor velocity and calculated impact load obtained for each loading

pressure.

The impulse of the impactor and the associated impact load were determined
through the routine described in 4.2.4 considering the contact time of 0.0417 ms. A
summary of these results and the ones presented in the following sections is related
in Table 4.5. Additional information is available on the appendixes at the end of

this thesis.
4.3.1. Non-strengthened beams

The time histories of the reaction forces measured by the load cells and the
displacements obtained through the LDV during the experiment are shown in Fig.
4.9 within a range of 15 ms. The maximum values of these forces are summarized
in Table 4.5. The curves describe the overlapped behavior of the response-waves
obtained from the supports. Almost all the curves tended to display a sinusoidal
wave with a rapid, almost linear increase in the initial ascending branch, followed
by a multi-peaked unloading branch with residual beam oscillations after unloading.
The exception was the specimen Ce-Ref-0.8 which damping behavior was quite
divergent from its peers, thus, considered undependable and not represented.
Typically for high loading rates [160], it was observed a delay to the stress wave to
propagate from the impact point to the supports, corresponding to an average travel
time of about 2.1 ms. After the first peak, the reaction forces took around 6.1 ms to

be counterbalanced.
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Fig. 4.9 — Time histories of the summed reaction forces measured by the load
cells and the displacements obtained through the LDV during the experiments of

the non-strengthened beams.

Analogously to lower impact velocities [141,142], the RC-beams displayed
an increase in the maximum bearing load with the increase of the average impact
velocity from 17.5m/s to 20.7m/s. The specimens without transversal
reinforcement showed considerably lower peak loads compared to those with
stirrups; see Fig. 4.9a. Besides, a new enhancement was observed for an even higher
average impact velocity (29.9 m/s). This last behavior entailed a drop of only 34.3%
and 3.4% with the average increment of the speed of the impactor from 20.7 m/s to
29.7 m/s, raising doubts against the previously related reduction of bearing-
strength, and anomalous performance from the RC-beams tested under 25.7 m/s.
Indeed, the referred specimens held a slightly distinct preparation process; due to

logistics during the casting, these beams also were molded with the retarder paper
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(see Fig. 4.13c and 4.13g), causing the weakening of the cement paste cover, which
probably jeopardized the coarse aggregates’ confinement, and thus the interlock
process. Regardless of this discrepant response of the specimens tested under an
impactor velocity of 25.7 m/s, the observed decline of the bearing loads at 29.7 m/s
appears to indicate the real behavior of the specimens. This performance contrasts
with the available literature, considering lower loading rates, where a direct relation
between the loading rate and the bearing loads could be observed (1 — 6 m/s)
[141,142]. This behavior seems to be related to the depletion of deformation, hence,
the strength of the specimen, after it fails, completely loses its load-bearing
capacity.

The displacements were measured with two LDS positioned on the bottom of
the beams, by optical measurements of one of the lateral surfaces, and by an LDV
positioned on the top surface. The last was positioned orthogonally to the
specimens’ superior face, around 15 cm from the edge of the impactor, thereby, its
signal was correspondent to the frequency of the specimen, allowing the
deformation sourcing [211]. The redundancy on monitoring by different
instruments was a prudential approach with the intent to diminish the eventuality of
data-loss during acquisition and was used for relative validation of the results.

The MatLab’s Signal Analyzer toolbox (by MathWorks, USA) was used to
sample and filter the data and evaluate the best fit to represent the results with
minimum information loss. A quadratic regression with a smoothing factor of 0.2
was used in all analyses. This protocol was chosen because it could assure a sound
fit without detracting from the primary shape of the original signal. In contrast, the
measurements derived from the LDV were relatively free of noise, although slightly
smaller in magnitude than the values obtained through DIC; see the supplementary
Fig. 4.10. Moreover, except for the specimen Se-Ref-1.2, which displayed an
elevated level of damage, it was observed that the displacement-time curves related
to the LDS positioned in the bottom mid-span of the beams were similar to the ones
provided by LDV, being also in the same order of magnitude of the values obtained
through DIC. Therefore, the LDV displacements were used on the following
evaluations. Their time histories are displayed in Fig. 4.9. The observed beam
response is probably related to the visible small bending displacements in almost
all specimens, despite the substantial damage, with emphasis on the ones externally

reinforced with SHCC.
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Fig. 4.10 — Time histories of the LDV displacements during the experiment for
the specimen Ce-PVA-0.8.

In general, the displacements increased with the enhancement of the impactor
velocity. All the transversally reinforced beams tended to display a deformation
recovery on the graphs, which is actually due to the tendency of rigid body
movement on the rebound engaged by the higher global stiffness. The RC-beams
Se-Ref, without any type of shear reinforcement (Fig. 4.9¢) presented a similar
performance at the lowest impactor velocity (17.5 m/s), switching to drift at the
instant correspondent to the bearings’ peak loads (= 5 ms) at higher levels. This
suggests the yielding of the longitudinal metallic reinforcement, combined with
concrete crushing on the top side and the development of wide diagonal cracks
(punching cone).

The specimen Se-Ref-0.2, as all the beams with some type of transversal
reinforcement (internal and/or external), tended to display a minor residual flexural-
deflection. However, this remark does not necessarily reflect the performance
during the impact events, when large displacements were visually observed. As
more clearly evidenced in Fig. 4.11, it is clear that the residual deflections, as the
deflections during the tests, were directly related to the loading rate. Moreover, the
magnitude of the immediate deflections, the deformations that occurred shortly
after the impactor contact, and before the beginning of load transferring to the

bearings, also seem related to the impact energy.
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Fig. 4.11 — Load-deflection curves of the RC-beams during the experiments.

Usually load-deflection curves based on the applied load and the mid-span
deflection enabled a deeper understanding of the mechanical behavior of materials
under three-point bending tests, providing the energy expended in deflecting and
fracturing of the specimens [136]. Here it seems that higher absorbed energies are
related to higher levels of the impactor speed, albeit this also does not necessarily
entail the residual structural stability of the specimen, or at least a safe absorption
capacity. For instance, the larger areas were obtained with the Ce-Ref specimens,
which also presented substantial fragmentation and scabbing (see Table 4.5). The
Se-Ref beams also presented sizable areas, as shown in Fig. 4.13a, but they yielded
structural failure.

No clear correlation was observed between the impact-energies and the
amplitudes of the wave signals derived from the acceleration measurements, yet a
dependency between the amplitude values and the positioning of the sensors was
detected (see Fig. 4.12). Higher values were obtained in the sensors ACC4, ACC3,
ACC2, and ACCI1, respectively. Moreover, it can be noticed that no representative
resemblance was observed between the signals ACC1 and ACC3, as would be
expected as these sensors were equally distant from the point of loading. This issue,
of the deviation of the theoretical and experimental behavior, was already addressed
in previous studies [174,212]. As pointed out, the main reason behind this
difference could be directly accounted on the misplacing of the specimen, but in
truth, many variables can locally intervene with the damping, as the internal

tridimensional porous structure. As such, these results should not be discredited.
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Fig. 4.12 — Acceleration histories of the specimens with and without stirrups

during the experiment.

Although exhibiting the higher magnitude, the signals deriving from ACC4
were the ones that were most rapidly diminished. After the peak, the waves were
virtually stabilized after 0.8 ms and 1.2 ms in the case of the Se-Ref and Ce-Ref
specimens, respectively. The SHCC reinforced beams also displayed strong
damping for the first 0.5 ms but seemed to present a slower decay after that, with
remaining oscillations. The most delayed attenuation (1.5 ms in total) was observed
for the Ce-PE specimens, which also presented the lower level of damage of the
mid-span cross-section.

All tested specimens presented a significant level of damage. The evaluation
of the cracking patterns is an important comparative criterion in structural tests
[174]. A leaning towards a direct relation with the impactor velocity could be
detected. As the program included beams with a non-negligible relative variation
of self-weight due to the differences in the internal reinforcement and the SHCC
layers, the mass reduction due to impact was handled as a percentage of the original
weight of the intact specimens. These values of loosened material are available in
Table 4.5. The strain gauges' signals will be addressed in the next section for
comparison purposes.

The RC beams presented significant scabbing and spalling. The specimens
without transversal reinforcement displayed marked punching cones, characteristic

of shear failure (see Fig. 4.13a-d). Thus, a change in the failure mode with the
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enhancement of the loading rate from static to impact levels was observed,
following previous research studies [122,123,131,142,199-201]. However, this
cracking pattern was not noticed on the RC specimens with stirrups, which in turn
yielded a combination of bending and shear cracks with no evident punching cone
(Fig. 4.13¢-h).

From the cracking pattern of the RC specimens, it can be noticed that the
stirrups contributed to the confinement of the upper reinforcement, influencing the
deterioration on the top side and improving the perforation strength. Notably, the
specimens Se-Ref and Ce-Ref exhibited somewhat rounded holes sized close to the
impactor’s diameter at projectile velocities of 17.5 m/s and 20.7 m/s respectively.
Under greater speeds, craters were observed, related to the elevated levels of
breakdown material. Moreover, an hourglass aspect could be detected in the lateral
cracking patterns. Although the studied range of impact energy was not enough to
produce vertical segmentation (horizontal cracks), disengagements could be noticed
just below the impactor’s contact point. These upper segments stood out by the

resounding difference from the original substrate, presenting themselves as highly

fragile, with a powdery bias related to the substrate concrete crushing.

Fig. 4.13 — Damage extent in the RC beams after the impact tests with different

charges.
4.3.2. Beams strengthened with SHCC

The time histories of the summed reaction forces are shown in Fig. 4.14. The
maximum values of these forces are summarized in Table 4.5. All the curves tended

to display a trapezoidal wave with a rapid and almost linear increase in the initial


DBD
PUC-Rio - Certificação Digital Nº 1712786/CA


PUC-Rio- CertificagaoDigital N° 1712786/CA

101

ascending branch similar to the non-strengthened specimens, followed by a plateau

and unloading with evident oscillations.
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Fig. 4.14 — Time histories of the summed reaction forces

measured by the load

cells and the displacements obtained through the LDV during the experiments of

the strengthened beams.

The external reinforcement with SHCC approximated the behavior of the

specimens with and without stirrups, enhancing the magnitude of the reaction loads

even for the Se specimens; see Fig. 4.15. A subtle tendency of the rise of the support

loads with the increase of the loading rate could be observed.
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Fig. 4.15 — Maximum reaction loads: (a) reference beams;
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(b) beams strengthened

with PVA-SHCC; (c¢) beams strengthened with PE-SHCC.

With the intent of studying the residual strength provided by the SHCC

reinforcement, four additional specimens of the intermediary series (25.7 m/s) were

subjected to repeated impact events. At the second strike, the amount of load

acknowledged by the bearings is significantly reduced for the specimens reinforced

without internal transversal reinforcement and externally

reinforced with PVA-

SHCC (37.4%) and PE-SHCC (31.4%); see Fig. 4.16 a and c. This reduction is

probably due to concrete crushing under the impactor. The

presence of the stirrups
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apparently contributed to the tridimensional confinement of the substrate, noticed
by the compliance of the curves obtained from the subsequent strikes (Fig. 4.16 b
and d). The shear strengthening covers, especially the one made with PE-SHCC,
ensured a higher specimen rigidity and damage tolerance. This subject will be

further addressed in the end of this section.
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Fig. 4.16 — Time histories of the bearing loads of the specimens subjected to

repeated impact loads.

Analogously to the RC-beams, the data here referred was based on the LDV
data. In general, the displacements increased with the enhancement of the loading
rate. All the transversally reinforced beams yielded a considerably higher
deformation recovery compared to the non-strengthened beams. Again, as it was
observed in Fig. 4.14, it is noticeable that the behavior of the beams reinforced with
SHCC seems independent of the internal transversal reinforcement (Fig. 4.14 c, d,

g, and h). This response strongly suggests that the SHCC improves the stiffness of
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the beams without or with insufficient transversal reinforcement at least for impact

energies until 6.4 kJ.

Following the findings of the last section all the beams with some type of

transversal reinforcement (internal and/or external), tended to display a limited

residual flexural-deflection. However, as more clearly evidenced in Fig. 4.17, it is

salient that the residual deflections, as the deflections during the tests, were directly

related to the loading rate. Moreover, the magnitude of the immediate deflections,

1.e., the deformations that occurred shortly after the impactor contact also seem

related to the impact energy. It also seems that higher absorbed energies are related

to higher levels of the impactor speed.
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Fig. 4.17 — Load-deflection curves of impacted beams strengthened with SHCC.

Indeed, it appears that the broader areas obtained with the reference

specimens (Fig. 4.11) do not necessarily reflect a greater energy absorption

capacity, probably on account of the way the specimens were fixed and the fact that

the SHCC reinforcement has contributed to an increase of rigidity. Normally,
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sudden drops would reflect that the ultimate capacity was reached, but as
aforementioned in the previous section, the observed declines of deflection of the
specimens that maintained some structural integrity were in truth due to the rigid-
body rebound. This behavior was noted in all beams reinforced with SHCC (Fig.
4.17), which did not yield shear failure but maintained their structural integrity with
pronounced multiple cracking in the SHCC covers. Also, the beams reinforced with
both types of SHCC exhibited an analogous behavior in all velocity levels and for
both variations of internal reinforcement. At last, it is also noticeable the
resemblance of the curves of the specimens with and without stirrups, once again
indicating the improved performance supplied by the external reinforcement with

SHCC.

Table 4.5 — Resume of the results regarding loads and detached mass for the

specimens subjected to a singular impact event.
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Q < C = i) = = j— < M < o
53 S8 -2 EL EE  EE 5% g3
2 2 g = 52 = - B
N A A= A—
Se-Ref-02  1.15 17.65 25098 9036.88 14465 8892.23  98.4

Ce-Ref-02  0.65 1720 24586 885256 17218 868038  98.1

Se-Ref-0.4  3.41 20.86 301.32 1068041 15738  10523.03 98.5
Ce-Ref-0.4  1.92 21.19 296.63 1084937 19997 1064940 982
Se-PVA-04  0.00 2141 289.80 1096201 19265  10769.36 98.2
Ce-PVA-0.4  0.00 20.02 292,08 1025033 18373 10067.10 98.2
Se-PE-0.4  0.00 2038 304.45 1043465 19178 1024287 982
Ce-PE-0.4  0.00 20.54 28468 1051657 9815 1031842 98.1
Se-Ref-0.8  5.53 2576 365.60 1318923 7849 13110.83  99.4
Ce-Ref-0.8  2.26 2573 360.19 13173.87 7774 13096.13  99.4
Se-PVA-0.8  0.01 2630 373.99 1346572 19542 1327030 98.6
Ce-PVA-0.8  0.04 2626 37342 1344524 50759 13237.73  98.5
Se-PE-0.8  0.03 2533 36631 1296907 18713 12781.94 98.6
Ce-PE-0.8  0.00 2571 36588 13163.63 19564  12967.99 985
Se-Ref-12 824 2990 42518 1530893 10333 15205.60 99.3
Ce-Ref-12 239 29.90 425.18 15308.93 19327 1511566 98.7
Se-PVA-12  0.07 29.85 41878 1528333 18757 1509576 98.8
Ce-PVA-1.2  0.00 2945 425.18 15078.53 51239  14866.14 98.6
Se-PE-12  0.30 - - -
Ce-PE-12  0.06 2990 42447 1530893 25929  15079.64 98.5

Analogously with what was observed for the RC-beams, no correspondence

could be detected between the impact-energies and the amplitudes of the wave
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signals (see the supplementary Fig. 4.18). However, a dependency between the
amplitude values and the positioning of the sensors could be observed. Higher
values were obtained respectively for the sensors ACC4, ACC3, ACC2, and ACCI.
Also, again no representative resemblance was observed between the signals ACCI
and ACC3, as would be expected due to the positioning of these sensors. Although
exhibiting the higher magnitude, the signals deriving from ACC4 were the ones that
were most rapidly diminished. After the peak, the waves displayed strong damping
for the first 0.5 ms but seemed to present a slower decay after that, with residual
oscillations. The most delayed attenuation (1.5 ms on total) was observed for the
Ce-PE specimens, which also presented the lower level of damage of the mid-span
cross-section.

Strain gauges were used to track the development of strain on the internal
rebars. The transducers were applied on the specimens of the series tested by a
single impact-event under the initial charges 0f 0.2, 0.8, and 1.2 bar. The measuring
points were already addressed in Fig. 4.3. Considering the entire program, the
presented results were based on 92.9% of the installed transducers, as some of them
provided false or no recordings. Almost all the strain gauges (96.4%) presented a
step-type of signal response. Hence, a graphic representation was employed to
facilitate possible comparisons and give a better understanding of the results. The
peak values of strain are available in supplementary Fig. 4.19. Most of the readings
(53.6%) were limited by the transducers’ measurement range. Except for one of the
strain gauges positioned on the longitudinal rebars of the specimen Se-Ref-0.2, all
the specimens without shear reinforcement and strengthening layers presented an
overload of the monitored signals. Considering the yield stress of 500 MPa of the
metallic rebars and the standard steel’s Young modulus of 210 GPa, the threshold
of 2.38%o could be adopted as the reference yielding strain. Thus, an overload
suggests significantly elevated levels of plastic deformations. While this finding is
thoroughly in agreement with the visual aspect of the tested specimens, it also raises
doubts about the possibility of localized yielding in regions outside the monitored
region, or either a false-response due to the compromise of the strain gages wiring.

It was found that the RC beams with stirrups tended to reduce the strain level
in the longitudinal rebars (= 91.6%) and stirrups (= 68.0%) with the increase of the
impactor velocity from 17.5 m/s to 29.9 m/s. Despite the fact that the beams

subjected to the higher level of impact energy displayed extremely elevated levels
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of plastic deformations of the superior rebars, these results indicate that these
specimens failed due to the loss of structural integrity issued by the substantial
amount of material disintegrated during the event. This type of failure is

considerably less stable than the one obtained through the reinforcements yielding.
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Fig. 4.18 — Acceleration histories of the specimens reinforced with SHCC with

and without stirrups during the experiment.

Overall, no correspondence could be observed between the loading rate and
the strain level, nor an influence of the SHCC strengthening on the strains of the
longitudinal rebars. It is surprising though, that the strengthened beams did not
exhibit severe damage based on the optical analysis of the lateral surface but the
concrete region below the impactor crushed and the rebars yielded great

deformations. Concerning the internal transversal reinforcement, PVA-SHCC
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specimens seemed to present the same effect as the reference beams fully prepared
with original RC substrate, tending towards a reduction of the strain to a level
underling the yielding strain for higher loading rates. In turn, PE-SHCC seemed to
improve the participation of the transversal reinforcement on higher impact

energies scenarios.

10 | ¢ I L I L I 10 I . I ! I lO I Y I ! I ! I
() O SeRef | L(b) O CeRef - (c) O CeRef |
8 | A Se-PVA- 8 | sensor A Ce-PVA- 8  sensor A Ce-PVA

- t ¥ Se-PE L overload\ ¥ Ce-PE -overload\ X Ce-PE

R=| I Nsensor 1 I S *

£ 4r overload N 4 Py N 4 N
2} L ] L R S J L .
2 o 1 2f AN q 2F % -0V

| 1 | L 1 " 1 0 1 " 1 L lﬁ\.\é 0 1 " | ! 1 " ?

15 20 25 30 15 20 25 30 15 20 25 30

Impactor speed [m/s] Impactor speed [m/s] Impactor speed [m/s]

Fig. 4.19 — Peak values of strain on the: (a) longitudinal rebars, in the specimens
without stirrups; (b) longitudinal rebars, in the specimens with stirrups; (c)

stirrups.

The SHCC strengthening contributed to the increased rigidity of the
specimens and also substantially reduced the amount of breakout material. The
beams strengthened with SHCC did not entirely loose their strucural integrity, with
apparent multiple fine cracks with widths varying between 20 um and 100 um on
the lateral surfaces. The multiple-cracking formation is an intrinsic characteristic of
SHCC, necessary to the achievement of the composite’s high macroscopic ductility
under tensile and shear stresses [213,214]. This outstanding width control, in turn,
is one of the top desirable qualities for reinforcing materials, being a contributing
factor to the durability of structural members [88].

The damage assessment of these beams also included the evaluation of the
cracking patterns of the mid-span cross-section. Fig. 4.20 displays one of the lateral,
and the cross-sectional cracking patterns of the four strengthened beams of the
1.2 bar series, which corresponds to the higher level of impact energy of the present
program. Under this evaluation, the internal damage of the original substrate is quite
visible. A propensity of a cone cracking pattern can be detected, with the internal
rebars acting as stress concentrators, luring the fracture path. It is notable the

excellent adhesion between the SHCC reinforcement and the concrete, supporting
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the SHCC function as a strengthening material for structural elements with cement-

based substrates.

Series Se-1.2 Series Ce-1.2

Fig. 4.20 — Comparative damage assessment of the specimens tested under 29.9 m/s:
influence of the stirrups and the SHCC reinforcement: (a) Cracking pattern of the
reference specimen without stirrups; (b) Highlighted cracking pattern and middle

cross-section of the specimen without stirrups and strengthened with PVA-SHCC; (¢)

Highlighted cracking pattern and middle cross-section of the specimen without
stirrups and reinforced with PE-SHCC; (d) Cracking pattern of the reference
specimen with stirrups; () Highlighted cracking pattern and middle cross-section of
the specimen with stirrups and reinforced with PVA-SHCC; (f) Highlighted cracking
pattern and middle cross-section of the specimen with stirrups and strengthened with

PE-SHCC.

Analogous to the RC beams, those strengthened with SHCC presented a
marked deterioration of the impacted surface, even though no sizeable scabbing
could be detected. In particular, the condition of the upper part of the punching cone
displayed a divergent behavior, tending towards a much more consolidated state.
The main reason behind this behavior is probably because the penetration resistance
is ruled by the rigidity of the targeted substrate and the strength of the surfaces
parallel to the impactor’s path [57]. On account of the way the testing setup was
contemplated, with the impactor diameter reaching only the specimens’ core, the
SHCC layers were loaded both in shear as in bending tension, significantly

improving the confinement of the substrate. For instance, even with the cross-
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section cuts, only the specimen Se-PVA-1.2 presented the absolute separation of
the upper-cone volume; an integrated mass of 0.427 kg.

The contribution of the SHCC reinforcement can be better illustrated with the
damage assessment of the specimens subjected to more than one single impact event
(see Fig. 4.21). Both types of SHCC secured an afterlife to the original RC
specimens, evidenced by the existence of a considerable residual load-bearing
capacity. Although during the second and third events (the last about Ce-PE
specimen; see Fig. 4.21) the concrete substrate initially presented itself highly
cracked, it was still able to transmit the kinetic energy of the impactor to the SHCC
covers, evidenced by the enhancement of crack density. Despite the damage of the
substrate, the SHCC reinforcement was still capable to limit the detached

fragments. The damage assessment of these specimens, as well as the contribution

Final
Final penetration: penetration:

3,4 cm . 0000 ! 1,5cm

Final
penetration:

7,5 cm Final penetration: 6,1 cm

Fig. 4.21 — Lateral and upper view of the specimens impacted more than one time.
Photo report of the cracking patterns after the first and the last impact: (a) Se-
PVA; (b) Ce-PVA; (c) Se-PE; (d) Ce-PE.

4.4. Conclusions

An extensive experimental program on the impact performance of RC-beams
reinforced with different types of transversal reinforcement was carried out by
combining two configurations of internal rebars, with two variations of external

reinforcement made with SHCC, under levels of kinetic energy varying between
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2.1 kJ and 6.4 kJ. Based on the presented results, the following conclusions can be

drawn:

1.

Both types of transversal reinforcement, internally with stirrups and
externally with the SHCC achieved similar contribution in terms of stress-
transference to the bearings and residual stability. All the specimens
reinforced with SHCC displayed an even more significant after-event
stability, with residual bodies able to endure additional impact events
(impactor velocities = 26 m/s)

The load-displacement hysteresis were found to be not sufficient for a
quantitative evaluation of the dissipated energy due to the rigid-body
tendency of motion of the specimens with greater rigidity, which impaired
a comparative correlation.

SHCC presented a strong synergetic composite action with the concrete-
substrate, presenting outstanding adhesion and deformation compliance. It
also restated its elevated damage tolerance under extreme scenarios,
excelling on the breakout material control, significantly reducing the
detritus deriving from scabbing and spalling (= 0 %). Moreover, it also
displayed a remarkable cracking control, with crack widths varying between

20 pm and 100 pm.
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5 Experimental modal analysis of RC beams strengthened
with SHCC subjected to shear under impact strain rates

5.1. Introduction

Strain-Hardening Cement-based Composites (SHCC), also known as
Engineered Cementitious Composites (ECC), are a class of building material that
exhibits elevated strain capacity (1-5 %) under tension when compared with plain
concrete [193,215,216]. This distinct strain capacity prior to failure localization is
related to the formation of very fine multiple cracks (max. 100 pm of width)
[14,49,203], which are controlled by dispersed polymeric microfibers (3-12 mm
long), typically employed with volume fractions of 2 %. Although SHCC
nomenclature is remitted to its direct-tension behavior, it also displays
advantageous performances under compressive and shear stresses, especially with
regard to its energy absorption capacity [18,213]. Aside from its awesome
mechanical response, the complete substitution of normal concrete for SHCC in
new structures poses as economically unfeasible mainly due to the cost of the fibers
[15,87,104]. However, it holds great potential for applications as external
strengthening layers due to its fresh-state properties which enable spraying or
lamination [15]. Moreover, SHCC easily overcomes one of the main problems
regarding strengthening materials, the bond between the patch-material and the
substrate as long as the properly rough application surface is ensured [17]. It also
presents comparatively a much lower cost than the most commonly marketed
strengthen materials [87].

Reinforced Concrete (RC) structures are, in general, in constant deterioration
due to erosive actions resulting from environmental exposure conditions
(volumetric dilatation, moisture, wind, sea air, etc), air pollution (CO2), and
variations on the service loads [117,145,217]. Quite often this accumulation of
damage requires the rehabilitation of the structure to hold its serviceability,
commonly adding new concrete covers. In the long-term, it is also to be expected
the degradation of these reinforcement layers, which unfortunately makes the task

of damage detection harder, especially with regard to the state of the substrate, as
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the strengthening layers impair any visual inspection [145,218]. On the other hand,
reinforcements made of Fiber-Reinforced Polymers (FRP) are subjected to
transverse cracking, interlaminar delamination, fiber breakage, fiber-matrix
debonding, and cavitation, representing a damage-detection challenge by
themselves [145,217-219]. FRP made with cement-based composites, let alone the
ones reinforced with dispersed fibers such as SHCC, are exposed to similar
deterioration mechanisms than the concrete substrate, thus can be examined using
the same methods.

One advantageous technique to detect the damage in cement-based systems
is the evaluation of their vibrational response, more specifically their change in
mode shapes, natural frequencies, and damping ratios [117,133,145-150]. For
instance, it was already reported that undamaged reinforced concrete members
display damping values of ~ 0.85 %, while cracked ones can provide larger
coefficients, with values varying between 0.5 — 4.0 % [152—154]. Thus, although
experimental modal analysis is intrinsically a non-destructive evaluation, it can also
be used to assess the residual response of damaged systems when considering an
intact referential, thus being useful to evaluate the residual stability provided by
strengthening layers [146,151]. The technique consists of measuring the
frequency(ies) at which a structural member would oscillate when disturbed by an
external stimulus and allowed to vibrate freely [151]. Therefore, its dynamic
response comes from an interaction between its inertial and elastic forces,
constrained by the undercritically-damped system, which in turn arises from the
substrate and reinforcement internal molecular friction, viscosity, and cracking,
thus providing an understanding of the structural integrity of the examined
specimen, being an important technique of structural health monitoring
[133,151,220-228]. To the best of the authors’ knowledge, there are still limited
experiments on RC beams subjected to structural damage focusing on impact
scenarios, previously and subsequently monitored through vibration analysis to
detect the enhancement of deterioration [223,225]. The topic has been even more
discreetly addressed on fiber reinforced composites (FRC) structural elements
[220,226,227], let alone members strengthened with SHCC.

In this way, this chapter presents the second-part analysis of an experimental
campaign designed to examine the influence of transversal reinforcement and

strengthening layers on the impact resistance and fracture behavior of RC beams
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(chapter 4). The influence of the strengthening layers made out of SHCC on the
intact specimens, as the contribution to their residual performance, were evaluated
through the assessment of their modal parameters i.e. mode shapes, natural
frequencies, and damping. A total of 24 structural beams were tested. Their
experimental modal results were obtained using two independent routines
implemented on Matlab (by MathWorks, USA). Comparisons among the
experimental results coming from the RC beams with theoretically calculated
values and a numerical model implemented on Abaqus (By Dassault Systémes
Simulia, USA) were used to evaluate the agreement of the vibration modes. Finally,
the numerical routines implemented on Matlab were extrapolated for the beams
strengthened with SHCC, providing the means for a comparative damage
evaluation of these specimens. While this research consists of a very special
structural case, it represents an important step forward the understanding on the
contribution of SHCC strengthening covers on the impact resistance of existing

structures.
5.2. Materials and methods

The present program entailed the modal evaluation of 24 specimens that were
subjected to increasing levels of impact energy varying from 2.1 kJ to 6.4 kJ. Two
variations of RC beams with outer dimensions of 0.13 m x 0.28 m x 1.45 m (width
x height x length) were studied: the first group considered the specimens without
transversal reinforcement whereas the second one with stirrups on a shear
reinforcement ratio of 0.53 %. Both variations had the same longitudinal
reinforcement ratio of 0.72 %, and a concrete cover of 10 mm. The investigation
focused on the improvement of the impact resistance and residual stability through
the use of externally applied strengthening layers of SHCC. Eight beams from each
reinforcement configuration (without and with stirrups) received a 20 mm thickness
layer of two variations of SHCC, totalizing 16 strengthened specimens. More details

regarding the experimental program can be found in chapter 4.
5.2.1. Materials

All the beams were built with the same normal-weight concrete with a water-

to-binder ratio (w/b) of 0.35 and a maximum aggregate size of 8 mm. Besides
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Portland cement type III (42.5N), a discrete amount of fly ash was also used as a
binder for rheological improvement purposes. The mix design by weight is given
in Table 5.1. The mean compressive strength measured on 150 mm cubes was 49.5
MPa at 28 days and 50.9 MPa at 42 days, which was the average testing age. The
beams were reinforced with @8 mm ribbed bars of steel B500S (fy = 500 MPa).

Table 5.1 — Concrete composition (kg/m?).

Component Cement Fly Coarse Fine Water  Superplasticizer
ash aggregate  aggregate
Quantity 380 60 762 932 188 2.85

Two types of normal-strength SHCC (fck = 42 MPa) were assessed in this
study, as already described on chapter 4; see also Fig. 5.1. Following previous
investigations by the authors, both held a fiber content of 2% in volume [18]. One
was produced with polyvinyl alcohol (PVA) fibers (by Kuraray, Japan), and the
other with ultra-high molecular weight polyethylene (UHMWPE), shortly referred
as PE fibers (by DSM, the Netherlands). The geometric and mechanical properties
of these fibers are listed in Table 5.2.

(a)7|ll|ll|ll|ll|ll| (b)7

Stress [MPa]

LI LI L LI DL DL L
T A R R B
Stress [MPa]

LI N R N B R B S B N
I I I I I I

(=)

S
]
w
-
W

Strain [%)] Strain [%]

Fig. 5.1 — Direct tensile behavior of the studied SHCC at 28 days: (a) PE-SHCC;
(b) PVA-SHCC. Note different scale of the x-axes.

The compositions of the SHCC made with PVA and PE fibers are practically
identical, having an average strain capacity of 1.0% and 2.5% respectively. The
mixture was previously developed by the authors Curosu and Mechtcherine
[10,64,204,205] to ensure proper crack-bridging behavior for PVA-SHCC. Due to
PVA inherent hydrophilic properties [189-191], it yields a strong chemical bond
with cementitious matrices. The matrix in reference was purposely conditioned to
afford limited bond-strength between the fibers and the matrix, therefore reducing

the occurrence of fiber-rupture during the pullout process [10].
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Table 5.2 — Geometric and mechanical properties of PVA and PE fibers according

to producers [187,206].
Fiber PVA PE
Specification RECI15 SK62
Diameter [um] 40 20
Length [mm] 12 12
Density [g/cm?] 1.26 0.97
Tensile strength [MPa] 1600 2500
Young’s modulus [GPa] 40 80
Elongation at break [%] 6.0 3.5

PE fibers are intrinsically hydrophobic, hence mainly frictionally anchored to
cementitious matrices [193]. Consequently, the pullout behavior of PE-SHCC
would be favored by the matrix compactness. However, it was chosen to maintain
the same matrix, which was primarily developed to PVA-SHCC for comparison
purposes with minor adjustments. The modifications were implemented to ensure
the proper workability for PE-SHCC since its relative higher aspect ratio represents
a drawback in terms of fiber dispersion. The proper rheology was achieved with a
small increase in the superplasticizer content and with a combination of higher

energy and duration of mixing [10]. Both SHCC compositions are listed in Table 5.3.

Table 5.3 — Compositions of the SHCC under investigation.

PVA-SHCC PE-SHCC

[kg/m?3] [kg/m?3]

Portland cement CEM 142.5 R-HS 505 505
Fly ash Steament H4 621 621
Quartz sand 60 - 200 pm 536 536
Water 338 333
Superplasticizer BASF Glenium ACE 30 10 25
Viscosity modifying agent 4.8 4.8
PVA fiber 2 % by volume 26 -

UHMWPE fiber 2 % by volume - 20

5.2.2. Test specimens and setup

All the specimens were subject to impact load by usingthe accelerated
configuration of the drop tower facility located at the Otto-Mohr Laboratory of the

Technische Universitit Dresden [208]. The RC beams were positioned over rollers
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and vertically braced at ends so that the supports enabled only the rotation in the
plane of loading (Fig. 5.2a). Each brace consisted of a neoprene pad fastened by a
pair of manually adjusted metallic clamps. The impact load was applied by a flat-
nose steel impactor with 100 mm of diameter, and 14.2 kg of weight. This projectile
was initially charged with pressures varying from 0.2 bar (200 kPa) to 1.2 bar (1200
kPa), resulting in impact velocities from 17.7 m/s to 29.9 m/s, and corresponding
to a kinetic energy varying from 2.1 kJ to 6.4 kJ, respectively. The specimens were
instrumented with four piezoelectric accelerometers model PCB-M350C04 (by
PCB Piezotronics, USA), with a sensitivity of 0.10 mV/(m/s?), and a bandwidth

varying from 0.2 Hz to 25 kHz. The data acquisition system worked on a sampling

rate of 200 kHz. Three of the sensors were positioned on the impact front-surface —
top of the beams (ACC1, ACC2, and ACC3), and one at the rear-surface — bottom
of the beams (ACC4); see Fig. 5.2b.

(b)

ACCl ACC2 ACC3
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Data 3 Data
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L2 g . 92 a
g m—— /’ | c— |
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Intact beam Test Damaged beam

Fig. 5.2 — Test configuration: (a) View of the test set-up; (b) Illustration of the
boundary conditions and positioning of the transducers (dimensions in mm); (c)
Schematic representation of the measuring steps considered on the experimental

modal analysis.

The damage assessment was enabled by the modal analysis of the data
collected by a non-destructive excitation before and after each test; see Fig. 5.2c. A
metallic half-round impactor head was struck by hand by the same operator in all
tests, hitting the specimen always at the same position: on the left front-side of the

beam considering the projectile’s penetration path. The data of the accelerometers
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lasting 2 s in time domain was recorded while the specimens were still clamped on
the load cells. It should be noted that only the accelerometer signals (output-only)
were considered in the following analysis of Sections 3 and 4.

Fig. 5.3 relates the nomenclature of the specimens, the pressure and velocity
of the steel impactor, and the number of destructive impacts. Most of the beams
were subjected to a single event. However, with the intention to assess the residual
strength provided by the SHCC layers, additional impacts were performed on some
of the strengthened specimens of the intermediate (0.8 bar) series. The specimens
were labelled according to their configuration of reinforcement ("WS" and "WOS"
in reference to the presence or absence of stirrups, respectively), of the
strengthening layer material ("Ref" was used for the reference beams, i.e. specimens
without external strengthening, and "PVA" and "PE" indicate the beams which
lateral surfaces received the SHCC made with these fibers), and to the initial
charging pressure of the impactor (0.2 — 1.2 bar). Thus, the test set-up results in a

total of 116 dynamic responses in terms of acceleration.

Acceleration pressure / Impactor’s velocity

0.2 bar 0.4 bar 0.8 bar 1.2 bar
(17.7 m/s) (20.8 m/s) (26.1 m/s) (29.9 m/s)

: Without stirrups  Without stirrups  Without stirrups  Without stirrups
‘ Reinforcement o o L e
With stirrups With stirrups With stirrups With stirrups

Without Without Without
\ Strengthening Without PVA-SHCC PVA-SHCC PVA-SHCC
PE-SHCC PE-SHCC PE-SHCC
‘ Number of impacts 1 impact 1 impact 1 coh ack 1 impact
2, or 3 impacts

Fig. 5.3 — Summary of the specimen characteristics and loading conditions.
5.3. Analysis methodology

The damage assessment was based on the analysis of the variations of the
natural frequencies and damping values of the undamaged and damaged specimens.
Both were obtained through the time and frequency domain (TD and FD
respectively). The selection of the natural frequencies corresponding to the first
three theoretical modes was based on the peaks obtained through FD, on the results
of analytical formulations, numerical modeling (Fig. 5.4a), and supported by the

shapes of the normalized modal coordinates (NMC) to unity based only on the TD
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response (Fig. 5.4b). Although the results were obtained through two independent
protocols, they were intricately related: the peaks visualization was based on an FD
routine, as will be further discussed, while the validation data was obtained through
TD proceedings. The motivation that driven these parallel studies was the

enhancement of reliability on the results.

The analytical evaluation was guided by the expression f = C. T[\W
that describes the natural frequency of simply supported beams in Hz [152,154],
where EI represents the stiffness of the specimen, being E its Young’s modulus,
and [ its moment of inertia. The variable m’ represents the modal mass of the
specimen, which is half the value of its total measured mass in case of simply
supported beams, and [ is the free span of the set. The variable C is a constant that

assumes the values 0.5, 2.0, or 4.5 for the first, second and third theoretical modes,

respectively [152,154].
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Fig. 5.4 — Three first theoretical vibrational modes with indication of the
transducers’ positioning (e.g. WOS-Ref): (a) mode shapes and corresponding
natural frequencies obtained through numerical modeling; (b) correlation example

of the NMC with the analytical formulations.

Analogous to other dynamic evaluations, the detection of the natural
frequencies of each specimen is not an easy task, being considerably hampered on
the damaged specimens. The calculation by simple observation of the natural period
of the TD free vibration response (Fig. 5.5a) is almost impossible because of the
contribution of several vibration modes. Consequently, a Fast Fourier

Transformation (FFT) is typically adopted (Fig. 5.5b). In this sense, a routine was
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also implemented in Matlab as part of the FD procedures to facilitate the
identification of the natural frequencies, easing especially the recognition of the
peaks related to the lowest frequencies and the damaged specimens. Thereby, the
determination of the natural frequencies was based on the peak values of the
Averaged Normalized Power Spectral Density plot (ANPSD) [117,229], which
corresponds to the sum of the normalized square magnitude of the spectral density
functions obtained from the four accelerometers (see Fig. 5.5¢). For this, the Power
Spectral Density (PSD) of each signal was first computed using Welch’s method
[154]. Additionally, the ANPSD values are also shown in decibels (dB) to improve
the visualization of the peaks (Fig. 5.5d).
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Fig. 5.5 — Typical vibration spectrums for an intact specimen (e.g. WOS-Ref): (a)
acceleration-time response considering the four accelerometers; (b) acceleration-
frequency response coming from the FFT; (¢) ANPSD-frequency response;(d)
ANPSD-frequency response on decibel scale.

Afterward, a combination of low and highpass Butterworth filters to form a
bandpass filter was used on the TD signals to isolate the contribution of the
vibration modes of interest considering appropriate cutoff frequencies. This

procedure allowed the estimation of the modal damping ratios in TD by the
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automatic curve fitting of the exponential free decay from each accelerometer
signal. Furthermore, as each peak in FD was well approximated by a single degree
of freedom response, the damping ratios were also determined from the ANPSD
plots using the well-known half-power bandwidth method [229,230].

Normalized damage indices based on [222] were also adopted to evaluate the
overall cracking progression associated with each impact velocity on the
strengthened beams. Damage indexes are a well-known method to qualitatively
assess changes in structural modal strain energy of elements without significant
variations of the modal mass [117]. The stiffness degradation index (DIf) was
estimated by the change of the natural frequency of a specific vibrational mode of

a specimen from its intact state (f,) and after the damage (f;): DIr = (fo — fi)/fo
(1). Analogously, the damping degradation index (DI;) was based on the variation

on the damping coefficients of a specimen on its intact ({,) and damaged state ({;)

for each vibrational mode: DI; = ({; — {o)/Jo (2).

5.4. Results and discussion
5.4.1. RC-beams

Typical vibration spectra of the RC beams coming from the FFT are shown
in Fig. 5.6 before and after the damage. While the peaks referent to the frequencies
greater than 500 Hz could be clearly detected, an uncertainty hovered the detection
of the first peaks. Thus, as detailed in Section 6.3, the spectra based on the ANPSD,
as part of the FD protocol, were used to support the observations from the TD
routine. This way, all the significant peaks until 2000 Hz were initially investigated
and the filtered data in the TD was used to plot their NMC. Based on this routine,
it was possible to verify for all intact specimens that the peak associated with
frequencies around 500 Hz represented an experimental mode without correlation
with the first three theoretical vibration modes presented in Fig. 5.4. These would
be spurious modes, that according to the numerical model, wouldn’t be able to be
performed by real specimens. For this reason, these peaks were not considered in
the analysis. The main graphs produced for the analysis of each specimen are

available in the second appendix of this thesis.
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Fig. 5.6 — Typical vibration spectra for the RC specimens and natural frequencies
associated with the three first vibrational modes (e.g. WOS-Ref): (a) FFT before the
impact; (b) FFT after the impact; (a) ANPSD before the impact; (b) ANPSD after the

impact.

The identified natural frequencies (f) and damping values () based on the FD
and TD to the first three vibration modes are shown in the supplementary Table 5.4
for the intact beams. As the level of damage does not interfere with the values at
this instance (analysis based on the data before the damage), the specimens were
grouped into two major groups: specimens without transversal reinforcement
(WOS) and specimens with transversal reinforcement (WS). It is possible to notice
that the natural frequencies associated with each mode showed a very low
dispersion on the results obtained through TD or FD for both WOS (~ 2.3 %) and
WS (~ 2.7 %) configurations, with the specimens without stirrups presenting
superior values for the first (4.7 %), second (1.5 %), and third (1.2 %) modes when
compared with the specimens with stirrups. These results point out that although
the WS specimens presented a small enhancement of stiffness due to the presence

of stirrups, the representativity of the relatively higher amount of reinforcement
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steel was even more significant in terms of mass, leading to a reduction in the values

of the natural frequencies.

Table 5.4 — Natural frequencies and damping values of the undamaged RC beams
obtained through TD and FD for the first three theoretical modes regarding the
specimens without transversal reinforcement (WOS) and specimens with

transversal reinforcement (WS). Standard-deviation in parenthesis.

Mode 1 Mode 2 Mode 3
f,FD f,TD LFD ,TD f,FD f,TD LFD {TD f,FD f,TD LFD ,TD
1 1 1 1 2 2 2 2 3 3 3 3

[Hz] [Hz] 1%l 1%l [Hz] [Hz] %l %l [Hz] [Hz] 1%l 1%l

97.78 93.54 5.08 3.28 1210.23 121591 0.82 1.14  2016.23 2001.30 0.50 0.57
wos (7.32) (6.78) (2.57) (1.39) (25.52) (27.51) (0.29) (0.48) (39.75) (57.21) (0.09) (0.04)

9471 87.96 6.43 5.77 1196.10 1194.84 1.10 1.49 1988.30 1982.41 0.65 0.84
WS

(6.84) (2.65) (1.62) (1.45) (2649) (25.85) (0.34) (0.79) (3634) (35.92) (0.07) (0.14)

The damping values, in turn, displayed discreetly higher values of dispersion
between the results obtained through TD or FD for both WOS (~ 31.8 %) and WS
(~ 20.1 %) configurations, with the specimens with stirrups presenting superior
values for the first (31.5 %), second (24.6 %), and third (28.0 %) modes when
compared with the specimens without stirrups. It means that most probably the
inclusion of stirrups enhanced the number of microstructural defects on the WS
specimens, leading to a larger number of crack initiation points, even if visually the
crack pattern of the damaged specimens is significantly more discrete (chapter 4).

As the values of natural frequencies are widely dependent on a specimen's
modal mass, stiffness, and boundary conditions, comparisons of the values obtained
on the present program with other studies become impractical. Yet, overall
benchmarks can be drawn based on the results of the damping coefficients. The
undamaged RC beams presented values fairly in agreement with the examined
references [152,153], with a maximum dispersion of 52.3% (WS) on the second
mode and 36.5% on the third (WOS). However, the values obtained for the first
mode deeply contrasted, matching the results of damaged specimens. This behavior
is a strong indicator that the first vibrational mode is markedly more controlled by
a friction damping, being more affected by the defects (microcracks, voids)
intrinsically present on RC members, even under negligible stress states [152]. The
second and third modes, in turn, appear to assume a larger portion of the viscous

damping typically related to uncracked specimens.
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The natural frequencies and damping values according to the first three
vibration modes based on the FD and TD analysis for the damaged beams with
stirrups considering an impactor speed until 25.73 m/s are available in Table 5.5. It
should be noted that the beams of the WOS configuration, as the WS specimens
tested on speeds of 29.9 m/s did not preserve any beam stability, preventing the
observation of their modal parameters. As aforementioned, the modal analysis of
the damaged specimens in general entailed a great difficulty of identification of the
natural frequencies peaks even counting with the ANPSD spectrums (see also Fig.
5.6b); the dismissed parameters were also related to the acknowledgement of
“mixed-mode” NMC plots on the monitored peaks, i.e. it was not possible to clearly

distinguish the mode shapes from the theoretical ones.

Table 5.5 — Natural frequencies and damping values of the damaged RC beams with
stirrups obtained through TD and FD for the first three theoretical modes.

Mode 1 Mode 2 Mode 3
f,FD f,TD LFD ,TD f,FD f,TD LFD ,TD f,FD f,TD LFD ,TD
Speed 1 1 1 1 2 2 2 2 3 3 3 3
[m/s] [Hz] [Hz] 1%l 1%l [Hz] [Hz] %] %] [Hz] [Hz] 1%l 1%l
1729 74.84 - 3.78 - - - - - - - - -

21.79 7948 7942 7.16 811 539.57 53098 3.33 8.63 133870 133620 1.41 433
25.73 88.19 88.98 7.47 3.74 23546 242.18 748 11.53 116950 103090 1.66 10.00

The parameters referred to the damaged RC beams displayed much more
significant dispersion, especially on the damping values, with average values ever
exceeding the maximum reference value of 4 % [152,153,231]. It was found a
maximum average dispersion of 91.0 % (21.9 m/s), 137.8 % (25.7 m/s), and 45.8 %
(25.7 m/s) for the first, second, and third modes, respectively.

Unexpectedly, the greater damage was observed on the beam subjected to
17.29 m/s of impactor speed, which presented the larger reduction in the natural
frequency of the first mode while presenting negligible enhancement on the
damping value as would be expected for cracked specimens. This is most probably
caused by a greater content of internal defects on this beam due to problems during
the specimen preparation, which led to an intact state internally much more
impaired than what was expected by visual inspection. Indeed, this specimen
already presented a natural frequency for the first mode on the intact state quite

below the average (7.3 %), representing a reduction of 18.4 % while on the damaged
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state. This reduction, as of the other specimens here referred, will be better

illustrated on the next section.
5.4.2. RC-beams strengthened with SHCC

The analysis of the strengthened specimens followed the same protocol as the
reference beams. The values were listed in the Table 5.6 to Table 5.8, so that they
were sorted by type of reinforcement and strengthening. As well as the RC beams,
the intact strengthened specimens also entailed an uncertainty regarding the
detection of the peaks lower than 500 Hz (Fig. 5.7), justifying the auxiliary plot of
the spectrums based on the ANPSD. At first, all significant peaks were monitored.
Only when identified a resemblance between an NMC shape and one of the first

three theoretical modes, that the peak was properly labeled.
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Fig. 5.7 — Typical vibration spectra for the strengthened specimens and natural

frequencies associated with the three first vibrational modes (e.g. WOS-PVA): (a)

FFT before the impact; (b) FFT after the impact; (a) ANPSD before the impact;
(b) ANPSD after the impact.

The intact strengthened beams also presented an experimental mode without
correlation with the first three theoretical vibration modes on the peak associated

with the frequencies around 500 Hz. In fact, when comparing the correspondent
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natural frequencies of the peaks selected through NMC of the reference specimens
(RC beams) with the ones that received the SHCC layers, it is possible to observe
that these values corresponding to the three vibration modes are similar to each
other, as shown in Fig. 5.8. This finding indicates that the SHCC initially only

slightly affects the natural frequencies of the intact beams.

Table 5.6 — Natural frequencies and damping values of the intact strengthened

beams obtained through TD and FD for the first three theoretical modes.

Mode 1 Mode 2 Mode 3
f,FD f,TD LFD ,TD f,FD f,TD LFD {TD f,FD f,TD LFD ,TD
1 1 1 1 2 2 2 2 3 3 3 3
[Hz] [Hz] %] %] [Hz] [Hz] [%l [%l [Hz] [Hz] 1%l 1%l

WOS 98.13 87.64 3.03 273 115943 115699 1.54 1.83  1908.63 1906.96  0.55 0.68

PVA (1.59) (1585 (L.15) (0.81) (4.19)  (L71) (0.29) (0.48) (10.69) (12.97) (0.10) (0.06)

WOS 9830 109.05 492 249 1168.13 116691 1.46 1.75 190635 1904.58 0.61 1.10

PE  (1.39) (1966) (1.89) (1.56) (15.88) (18.83) (0.80) (1.10) (11.94) (12.34) (0.08) (0.96)

we, 978L 9309 325 267 114005 113839 137 159 187875 187748 063 084
PVA (275) (7.34) (0.67) (1.63) (19.42) (18.85) (0.17) (0.39) (2643) (26.30) (0.11) (0.22)

we, 9260 L83 419 326 114290 114074 121 131 187933 187591 054 157
PE  (423) (10.08) (1.25) (1.49) (4.85)  (4.84) (0.36) (0.18) (7.71)  (9.52) (0.16) (1.17)
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frequencies obtained through TD and FD on the intact specimens classified by

type: (a) Mode 1; (b) Mode 2; (c) Mode 3. Note different y-axes.

In turn, the SHCC contribution could be fully noticed after the damage. As
illustrated in Fig. 5.9, the strengthening contributed to the maintenance of the values
of natural frequencies after de impact, even for the highest levels of damage
(impactor speed of 29.9 m/s) on the three monitored vibrational modes. This
observation agrees with the residual stability observed on the specimens that
received the SHCC layers (chapter 4), and is a strong indicator of limited
progression of damage [222]. On the non-strengthened specimens, none of the RC

beams without stirrups outlasted any level of impact, and some specimens with
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stirrups withstood some vibrational response even if with the substantial average
reduction of 37 % on the values of natural frequencies. In contrast, almost all the
strengthened beams overcame the reference values (WOS-PVA, 25.0 %; WS-PVA,
23.5 %; WS-PE, 24.7 %) corresponding to damaged RC beams with stirrups (see
also Table 5.4), except for the beams without stirrups strengthened with PE-SHCC,
which seemed to present a higher density of cracks though with a smaller opening
width (chapter 4). This higher global deformation most probably impaired the
WOS-PE specimens internal integrity, and thus their vibrational response on Mode
2 (see Fig. 5.9b) resulting in an average global decrease of 46.4 %, even if no

significant deterioration could be optically observed.

Table 5.7 — Natural frequencies of the damaged strengthened beams for the first

three theoretical modes.

Speed fFD 1 fTD 1 fFD2 fITD2 fFD 3 fTD 3
Config. [m/s] [Hz] [Hz] [Hz] [Hz] [Hz] [Hz]
WOS-PVA 2141 8509 8625  700.08 - 1374.80  1380.10

2630 8728 8561 57280  565.84  1281.05 1220.33
(1.31)  (439)  (16.88)  (17.44) (150.40) (141.32)

2985  81.66 81.16 - - - -

WOS-PE 2038 8292 8369 66028 65637 1197.10  1246.10
2533 80.50  76.09 43484 43028  1192.00 1184.10

(3.13)  (8.73) (142.55) (136.15) — -

2990 8846 8897 33033 32075 161500 1559.45
WS-PVA 2002 9834 9127 77828  772.64 143770  1432.95
2626 89.61 7762 67970 65844  1372.60 1375.80

(3.18)  (10.30) (50.53)  (32.56) — -

2045 8698 87.14 67534  672.04  1390.10 1381.70

WS-PE 2054 8198 70.16 69932 69127  1743.00  1740.40
2571 8730 8723  641.01 63395 126390 1283.75

(7.48) (7.53)  (6.46) (3.38) - -

2090 8698 87.04 67534 67254 139490  1383.30

The maintenance of the values of natural frequencies, as the level of
deterioration of the specimens, is antagonistic to the enhancement of the damping
coefficient values since the cracking process usually enlarges a structural element’s
capacity to absorb energy through the development of elastic and plastic (new
surfaces, for cement-based materials) deformations [152]. Therefore, not
surprisingly the RC specimens with stirrups, notably the ones that poorly outlasted

the impact events, presented the greatest increase in the global damping coefficient
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(55.2 %), which takes into account only the values corresponding to an established
vibrational performance on the undamaged and damaged states; see Table 5.9.
Nevertheless, with the exception of the WOS-PVA specimens that presented a
discrete increase in this value (14.8 %) attributed to the rapid crack localization of
the strengthening layers observed on these specimens (see chapter 4), the beams of
the remaining configurations displayed substantial enhancements on the same
parameter (WOS-PE, 55.4%; WS-PVA, 40.3 %; WS-PE, 43.9%), notoriously
without compromising their residual stability (see chapter 4). From these findings
it is clear that PVA-SHCC is more sensitive to the internal reinforcement
configuration since the absence of stirrups seemed to jeopardize the internal stresses
path. PE-SHCC appeared to better hold the transferred energy, presenting an
extremely dense cracking pattern with cracks of small width while the substrate

presented itself with severe levels of deterioration (chapter 4).
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Fig. 5.9 — Average values of the natural frequencies obtained through TD and FD
in function of the impactor speed regarding the SHCC damaged specimens
classified by type: (a) Mode 1; (b) Mode 2; (c) Mode 3. Note different y-axes.
Values on the x-axis are out of phase to improve the visualization. The reference
values (Ref. Value) corresponds to the average value obtained on the damaged RC

beams with stirrups (see also Table 5.5).

Another outstanding contribution of the SHCC strengthening layers was its
participation concerning the modal parameters maintenance while ensuring residual
structural stability in the occasion of multiple impact events. As presented in Fig.
5.10, the strengthened beams were able to repeatedly endure average impact
energies of 4.8 kJ. The values of natural frequencies on the undamaged state (0 impacts)
are compared with the values obtained after 1, 2, and 3 impacts. The dotted
reference values emphasize the magnitude of the natural frequencies of the
reference specimens with stirrups, the only RC-only configuration that displayed

residual vibrational response after one impact event. Despite the reduction of the
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natural frequencies associated with the three analytical vibrational modes,
especially pronounced for the second and third modes, it is notorious the afterlife
capability provided by the strengthening layers. Emphasis is given to PE-SHCC
which was able to stand up to two additional impact events on the WS

configuration.

Table 5.8 — Damping values of the damaged strengthened beams for the first three

theoretical modes.

Speed (FD 1 (TD 1 (FD2 (TD2 (FD3 (TD 3

Config. [m/s] [%] [%] [%] [%] [%] [%]
WOS-PVA 2141 5.48 4.08 3.23 - 1.38 3.25
26.30 4.88 2.57 3.20 473 1.50 6.89
0.91) (0.04) (0.25) (0.30) 0.21) (0.88)
29.85 3.78 3.77 - - - -
WOS-PE 2038 10.56 6.56 5.53 7.07 10.05 8.96
25.33 4.16 2.94 3.64 5.88 1.33 3.83
(0.63) (0.31) (0.44) (0.46) - -
29.90 3.77 2.38 2.15 3.07 1.04 9.83
WS-PVA  20.02 457 1.54 1.00 3.18 0.49 3.19
26.26 6.43 5.15 2.53 4.02 1.34 2.30
(0.49) (0.93) (0.04) (1.15) - -
29.45 3.33 1.56 2.59 4.62 1.66 424
WS-PE 20.54 7.22 7.24 3.28 4.97 1.56 422
25.71 3.99 222 2.72 4.17 1.49 2.53
0.25) (0.41) (0.12) 0.11) - -
29.90 3.33 1.45 2.59 4.62 1.37 432
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Fig. 5.10 — Average values of the natural frequencies of the SHCC specimens
subjected to more than one impact at the speed of 26.1 m/s: (a) Mode 1; (b) Mode 2;
(c) Mode 3. Note different y-axes. Values on the x-axis are out of phase to

improve the visualization.

As illustrated in Fig. 5.11, the values of the average damping coefficients

displayed the opposite tendency, significantly increasing with the additional impact
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events. The results tended to exceed the regular reference value of 4 % related to
building beams [152,153], almost achieving levels ~10% associated to beam-slabs
usable in bridges when subjected to cyclic loading [231]. The configuration WOS-
PE exhibited the highest global level of damping when comparing the three modes,
enhancing the damping coefficient on 144 % after the first impact, and an additional
107 % after the second, when the level of deterioration detected by visual inspection
was considered overly substantial and the loading was interrupted. Both
configurations of internal reinforcement which specimens were strengthened with
PVA-SHCC held a similar performance, presenting an increase in the damping
coefficient of 92 % and 112 % on the first impact event, and 15 % compared to 7
% on the second event for WOS-PVA and WS-PVA, respectively. The
configuration WS-PE, that was able to endure more events, displayed a mildly
discrete increase on the same parameter presenting enhancements of 60 %, 84 %,

and 19 % from the undamaged state to the first, second, and third impact events,

respectively.
(@ 12 () 12 © 1
| 1*Mode 4 L 2% Mode d | 3 Mode d
- WOS-PVA - WOS-PVA —h- WOS-PVA
10 e wos-p . 10 = 5 wos-pe 4 10 e wos-pr I
[ 2 WS-PVA - F A WS-PVA 71 [ A Ws-PVA 9

o

| WS-PE = 8 |- % WsPE / = g -+ wseE =

Damping [%]

0 <

Number of impacts Number of impacts Number of impacts

Fig. 5.11 — Average values of damping on the specimens subjected to more than
one impact at the speed of 26.1 m/s: (a) Mode 1; (b) Mode 2; (c) Mode 3. Note
different y-axes. Values on the x-axis are out of phase to improve the

visualization.

The analysis of the damage indices [see Egs. (1) and (2)] enabled a better
assessment of the overall behavior of the tested specimens. These values were
summarized in Table 5.9, where the absent values correspond to combinations
where no vibrational response could be detected after the damage, preventing the
determination of the indices. Positive values of both indices indicate the expected
increase in the progression of structural damage, while negative values suggest a
pseudo global hardening surely associated with the multiple-cracking process of the

SHCC strengthening covers. In accordance with the reference [222] the results of
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the RC beams displayed a crescent correlation between the level of damage (i.e.,
impactor velocity) and the indices values in all the monitored vibrational modes.
The results coming from the strengthened beams presented meaningful distinctions.
In general, the strengthened beams displayed similar values of DI for all levels of
damage, specially considering the second and third vibrational modes. These values
are on average 30.8 % below the reference specimens (WS-Ref). Although the
indexes of the strengthened specimens could not be directly compared with the
results obtained for the RC-beams, as these specimens displayed a sizable mass loss
during the impact event (see Chapter 5), these results are a strong indicator on the
inferior reduction of stiffness on the beams strengthened with SHCC. The DI
values related to the first mode presented a considerable variation for the beams
strengthened with PVA-SHCC; while it seems to be a small stiffness disturbance,
no conclusions could be drawn for certain. In contrast, the specimens strengthened
with PE-SHCC tended to display higher values of stiffness degradation for the first
mode than the reference specimens, even if with smaller values on the WS
configuration. This could be an indication that this composite significantly
contributed to the beams' global hardening during the impact event, an assumption

backed by the reduction observed on the DI, parameter.

Table 5.9 — Stiffness degradation (DIy) and damping degradation (DI¢) indices.

Impact DIt [%)] DI; [%]
Specimen speed Mode Mode Mode Mode Mode Mode
variation [m/s] 1 2 3 1 2 3
20.7 3.9 396 276 863 95 2874
WOS-PVA 259 2.5 517 394 789 1783 627.0
29.8 17.1 - - 227 - -
20.7 4.4 315 233 339 753 1076
WS-PVA 25.9 19.4 445 - 1879 1088  —
29.8 5.3 418 271 -13.7 1752 3748
20.7 295 444 361 1224 109.0 493.0
WOS-PE 259 245 547 — 380 2569 -
29.8 9.3 722 171 164 1502 7947
20.7 21.8 389 7.0 725 1793 584
WS-PE 259 3.8 448 - 358 1455 -

29.8 0.9 40.8 26.5 4.7  236.5 386.1
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5.5. Conclusions

A modal analysis was carried out to investigate experimentally the changes
in the dynamic properties of 24 full-sized RC beams subjected to impact. The
program entailed the examination of the acceleration signals provided by four
accelerometers installed in each specimen, assessing a combination of variables
such as two configurations of transversal steel reinforcement, two configurations of
shear strengthening layers made with SHCC, and increasing levels of kinetic energy
varying between 2.1 kJ and 6.4 kJ. Based on the presented results, the following
conclusions can be drawn:

1. The internal transversal reinforcement represents a small, but nevertheless
relevant influence on the dynamic behavior of RC beams. The RC beams with the
total absence of stirrups did not preserve any structural behavior regarding their
vibrational response in terms of natural frequencies and vibrational modes after the
damage, while the specimens with stirrups withstood a residual dynamic
performance until average impact speeds of 4.8 kJ (26.1 m/s), with increased levels
of the damping coefficient.

2. In general, the specimens strengthened with SHCC excelled on enduring a
residual dynamic response, even standing multiple impact events while preserving
the beams modal mass.

3. Both types of SHCC presented a similar dynamic performance when
considering the specimens with internal transversal reinforcement. The beams
without stirrups strengthened with PVA-SHCC were not able to work out higher
frequencies as the ones associated with the third theoretical vibrational mode.
Moreover, these specimens did not endure higher levels of impact damage (6.4 kJ,
corresponding to the impactor velocity of 29.9 m/s).

4. PE-SHCC appears more suitable for application as strengthening layers of
existing structural elements in case of dynamic scenarios where there is a deficient,

or content uncertainty, regarding the internal shear reinforcement.
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6 Conclusions and outlook

6.1. Conclusions

The contribution of SHCC as strengthening layers to improve the afterlife of
existing structural beams under impact scenarios was assessed. Two variations of
normal-strength SHCC were investigated, differing mainly in the type of
reinforcing fiber: PVA, and PE. On the material-scale, were performed multiaxial
tests combining tensile and shear stresses at quasi-static strain rates. The quasi-
static tests were carried in a closed-loop servo-hydraulic system, under
displacement control. On the structural scale, SHCC's effectiveness as a
strengthening material to prevent shear failure in case of high-speed impact loading
was evaluated with the aid of a 4-story drop-weight testing facility set to permit
accelerated strikes with kinetic energy levels varying between 2.1 kJ and 6.4 kJ.

Under a quasi-static regime, PE-SHCC demonstrated superior mechanical
performance under all combinations of loading when compared with PVA-SHCC.
This was attributed to the superior pre- and post-peak macroscopic crack-bridging
behavior of the PE fibers, which led to substantially more extensive cracking
patterns. It is related in part to their smaller diameter (half of PVA fibers) which
provides relatively higher fiber content acting on the crack width control, and their
well-known pullout behavior with cementitious matrices, tending to the fibers being
pulled out, which favors the overall stable cracking.

The monitored crack-flank displacements (CFD) showed that, even under
direct tensile loading, both types of SHCC yielded significant crack-flank sliding,
both in-plane and out-of-plane. This was partly traced back to the small crack
inclination of the fibers bridging the already opened cracks, being initially (during
the multiple-cracking stage) more significant on the PVA-SHCC specimens, which
presented a relatively lower crack-width opening control. These slide-modes
become more significant during the softening phase on PE-SHCC specimens
(mostly in-plane), contributing to the subtle load-bearing capacity decay of this

composite. PE-SHCC also excelled in the case of the shear stresses related to
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torsion, and in the case of combined torsion and tension loading, enduring
significantly higher deformations and displaying a more uniform distribution of
cracks throughout the gauge portion when compared to PVA-SHCC.

The reported crack-bridging capacity at all CFD variations on both types of
SHCC, but especially noteworthy in the case of PE-SHCC, is a reasonable
indication of the potential of these composites for structural applications, where the
stress states generally include a combination of normal and shear stresses. Despite
the relatively limited strain-capacity displayed by the composite fabricated with
PVA fibers in comparison with the one made with PE fibers in this program, which
entailed a material-level evaluation under quasi-static strain-rates, its performance
was considered quite reasonable for structural applications, where the local
deformations are limited by the global stability of the structural member. In
addition, the expected (according to the state of the art and exploratory program)
strain capacity improvement of PVA-SHCC under very high strain rates (such as of
impact) under direct tension stress states, encouraged the decision to follow with
the evaluation of both composites on the structural level evaluation. Especially
thinking on industrial applications, the SHCC produced with PV A fibers presents a
less-sensible rheology, even presenting many dosages already updated for spraying,
which is a differential thinking on the overall performance as strengthening layers
for shear reinforcement of existing members, that could be favored by this
methodology of casting.

In relation to the structural tests, it was found that both types of SHCC
presented a strong synergetic composite action with the concrete-substrate,
presenting outstanding adhesion and deformation compliance, eliminating the need
for additional bond-bridges such as polymeric resins when provided a proper level
of roughness of the substrate, a standard requirement in all types of strengthening.
Both composites also achieved similar contributions in terms of stress-transference
to the supports and residual stability of the specimens, while demonstrating elevated
damage tolerance when excelling on the breakout material control, significantly
reducing the detritus deriving from scabbing and spalling (= 0 %). PE-SHCC stood
out displaying a remarkable cracking control (crack widths varying between 20 pm
and 100 um) even at post-failure, up to the highest levels of impact energy.

Although it was not one of the main objectives of the research at hand, the

role of stirrups on RC beams alone (without strengthening) under impact loads
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could also be assessed. The stirrups play a decisive role in the stress transference to
the supports while limiting the defragmentation of the specimens during the event,
significantly reducing the level of global damage for the studied levels of energy.
Some residual stability was noticed on these specimens after the tests, although
markedly inferior to the strengthened ones, mainly due to the amount of breakout
material and severity of cracks. The contribution of the stirrups in the case of impact
scenarios was also supported by modal analysis since the specimens without
transversal reinforcement did not preserve any vibrational response in terms of
natural frequencies and vibrational modes after the damage, while the specimens
with stirrups withstood a residual dynamic performance until average impact
energies of 4.8 kJ (26.1 m/s).

When comparing the vibrational response of the intact RC beams with the
strengthened ones before the impact event, it was found that the SHCC layers
represent an insignificant interference on the vibrational response of the undamaged
specimens, even while considering the average enhancement of mass due to the
patch’s weight (~ 17.4 %). The contribution of the composite could be clearly
acknowledged after the impact events, considering that the specimens strengthened
with SHCC excelled on enduring a residual dynamic response, even standing
multiple impacts (under kinetic energy of 4.8 kJ, corresponding to an average
velocity of the impactor of 26.1 m/s) while preserving the modal mass of the
specimens. In contrast to the ones strengthened with PE-SHCC, the beams without
stirrups  strengthened with PVA-SHCC were not able to work out a dynamic
response correspondent to the second and third theoretical vibrational modes under
higher levels of damage (6.4 kJ, corresponding to the impactor velocity of 29.9
m/s).

To sum all, although the SHCC made with PE fibers excelled on the strain
capacity on the material level at quasi-static strain rates, both types of SHCC
presented similar contributions in terms of stress-transference and residual stability
of the strengthened specimens under impact strain rates. Both the SHCC made with
PVA, as the one made with PE fibers overly improved the breakout material
scabbing and spalling, thus being validated as strengthening layers for shear
reinforcement for the improvement of the impact resistance of existing structural
members. When considering their dynamic, residual response, the beams with

stirrups  strengthened with both variations of SHCC exhibited comparable
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preservation of their dynamic performance after the impact tests. However, when
considering the specimens without stirrups, only the ones strengthened with PE-
SHCC displayed a clear modal response. Thus, PE-SHCC would be more suitable
for shear strengthening applications within dynamic scenarios where there is a
deficient, or content uncertainty, about the internal transversal reinforcement of the

existing members.
6.2. Suggestions for future works

While the present research presented novel results concerning the multiaxial
response of SHCC and its application as strengthening layers of RC members, it
also highlighted new demands for specific investigations, such as:

— The performance of the already developed tests combining tension and
torsion on high-strength SHCC, as a step to better understand their
performance under multiaxial stress states, aiming a future structural
application.

— The calibration of a numerical model able to describe the behavior of the
studied normal-strength SHCC produced with PVA and PE fibers, based on
the results of the monitored CFD, which would enable future numerical
enterprises under quasi-static strain rates.

— The development and performance of multiaxial tests combining tension
and torsion on SHCC under high-speed regimes, also focusing on the
monitoring of the CFD, thus establishing a reliable database for numerical
simulations using the Finite Element Method.

— The conduction of triaxial tests under different confining pressures of the
concrete used on the fabrication of the structural beams, focusing on the
influence of confinement on the plastification properties of the substrate
region just below the contact point, and how these parameters affect the

perforation depth on the reference and strengthened specimens.
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Appendix 1 — Cracking patterns of the structural tests

Reference beams (RC only), with stirrups (Ce/WS series)

Impactor velocity 17.5 m/s (2.1 kJ)
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Reference beams (RC only), without stirrups (Se/WOS series)

Impactor velocity 17.5 m/s (2.1 kJ)

Impactor velocity 25.9 m/s (4.8 kJ)

Impactor velocity 29.8 m/s (6.4 kJ)

. Fragmentation region Cracking region
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Strengthened beams with stirrups (Se/WOS series), impactor velocity 29.8 m/s

Strengthening material: PVA-SHCC

(lateral surface / mid-span cross-section)

<
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Strengthening material: PE-SHCC

(lateral surface / mid-span cross-section)

<

Fragmentation region Cracking region


DBD
PUC-Rio - Certificação Digital Nº 1712786/CA


PUC-Rio- CertificagaoDigital N° 1712786/CA

163

Strengthened beams without stirrups (Ce/WS series), impactor velocity 29.8 m/s

Strengthening material: PVA-SHCC

(lateral surface / mid-span cross-section)
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Strengthening material: PE-SHCC

(lateral surface / mid-span cross-section)
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Fragmentation region Cracking region
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Appendix 2 — Datasheets of the structural tests

Impact
tests

Structural program chart

0.2 bar
(~17 mfs — 61 km/)

0.4 bar
(~20 ms — 72 km/)

0.8 bar
(~26 mfs — 94 km/h)
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Transversal reinforcement Without
configuration stirrups
. . Reference

Strengthening specification

beam
Acceleration pressure [bar] 0.2
Age substrate [days] 40
Age SHCC [days] N/A
Impactor velocity [m/s] 17.7
Kinetic energy [J] 2214.9
Specimen mass before the test

105.8
[kal
Specimen mass after the test [kg] 104.6
Accountable breakout material 12

[kl

ACC1 [m/s?]

165

120

Reaction loads [kN]

60

Time [ms]

Displacement [mm]
<
1
i
|
1
1
1
1

6 9 12 15
Time [ms]

ACC2 [m/s? ACC3 [m/s? ACC4 [m/s?|
x104 x104 (i’ x104 (/s x104
5 — T T T 5 T T T T 5 — T T T 5 L
3+ 41 3t .
0 u
3k i
25 ] 1 1 5 | 1 1 5 i I ] 1 -5 1 1 1
0 1 2 3 4 0 | 2 3 4 1 2 3 4 0 1 2 3 4
Time [ms] Time [ms] Time [ms)] Time [ms]
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Se-Ref-0.2 (V01) — data collected before and after the impact
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Ce-Ref-0.2 (V02) — single

Photron FAST

-5

impact test data

167

Transversal reinforcement With 240 | i
configuration stirrups
Reference 180 -
Strengthening specification
beam
120
Acceleration pressure [bar] 0.2
60
Age substrate [days] 40
04
Age SHCC [days] N/A
. 30 —T T T T
Impactor velocity [m/s] 17.3 L
20+ g
Kinetic energy [J] 2125.5 E 10 — .
E I e
Specimen mass before the test =R S S S
104.9 S At
[kg] -y ]
a8 |
Specimen mass after the test [kg] 104.2 20 |
Accountable breakout material 230 L L 1 L
0.7 3 6 9 12 15
[kgl Time [ms)]
ACCI1 [m/s?] ACC2 [m/s? ACC3 |m/s? ACC4 [m/s?
x104 104 L x104 [mis’] x104 (/s
T T T — 1 T T 1 * & v 1 L

T T T 5X'l

Time [ms]

Time [ms]

-5

Time [ms]
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Ce-Ref-0.2 (V02) — data collected before and after the impact

Acceleration (m/sz)
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Se-Ref-0.4 (V04) — single imp

Photron

Transversal reinforcement

configuration

Strengthening specification

Acceleration pressure [bar]

Age substrate [days]

Age SHCC [days]

Impactor velocity [m/s]

Kinetic energy [J]

Specimen mass before the test
[kal

Specimen mass after the test [kg]

Accountable breakout material
[ka]

Without

stirrups

Reference

beam

0.4

42

N/A

20.9

3093.8

107.8

104.1

3.7

ACC1 [m/s?|
x104 x104

ACC2 [m/s?]

x10

act test data

169

240

180 -

120

Reaction loads [kN]

60

Displacement [mm]
(=1
T
1
3

3 e
-10 i Wit E
20 - _
230 1 1 1 1
0 3 6 9 12 15
Time [ms]

4 ACC3 [m/s’]

ACC4 [m/s?|
x104

0 1 2 3 4 0
Time [ms]

Time [ms]

Time [ms]

Time [ms]
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Se-Ref-0.4 (V04) — data collected before and after the impact
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Photron

- |

-3

-5

Se-PVA-0.4 (V07) — single impact test data
W e

i

171

Time [ms]

Time [ms]

Time [ms] ’

) Without 2401 ]
Transversal reinforcement
" . stirrups
configuration Z 180
Strengthening specification PVA g
E 120
Acceleration pressure [bar] 0.4 § 60
~
Age substrate [days] 42 0
1 n L
0 3 6 9 12 15
i
Age SHCC [days] 29 tmeifaee]
15 T T T T T T
Impactor velocity [m/s] 21.4 10 E
g L
Kinetic energy [J] 3259.1 =
g
Specimen mass before the test _§ p
135.1 g st R g 4
[kal a8 |
-10 .
Specimen mass after the test [kg] 135.1 L
-15 1 1 1 1
Accountable breakout material 0.0 0 3 -?ime [m;)] 12 3
[kl '
ACC1 [m/s?] ACC3 [m/s?| ACC4 [m/s?]
4 04 4
XI(')I'I'I 5X1'I'l‘| SXI(.) ——
= - - sensor
I ] 3 | 3 overload 7
—WMWW 0 . 0
- - 2 3k 3
I S 5 I T | 5 [ R | _5-.|.|.|.
0 1 3 4 0 1 3 0 3 0 1 2 3 4

Time [ms]
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Se-PVA-0.4 (V07)

Acceleration (m/sz)

Acceleration (m/sz)

Acceleration (m/sz)

o o
2 2z 2
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— data collected before and after the impact
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Photron

-3

-5

Se-PE-0.4 (V05) — single impact test data

Ja” 4 A
Ay art

173

R Without T T T T T
Transversal reinforcement 240 F 4
. . stirrups
configuration
z 180
Strengthening specification PE =
=
vt—i 120
Acceleration pressure [bar] 0.4 %
.A‘E 60
Age substrate [days] 42
0.
" " " " el i "
0 4 6 8 10 12 14
Age SHCC [days] 29 Time [ms]
15 T T T T T T T
Impactor velocity [m/s] 20.4 L
10 E
Kinetic energy [J] 2953.1 £ st ]
Specimen mass before the test E Ogiom-sssssarsss e =]
140.7 s b~ o
[ka] T oal g ]
a |
Specimen mass after the test [kg] 140.7 S0k o
Accountable breakout material -15 L L L L
0.0 0 3 6 9 12 15
[kg]l Time [ms]
ACC1 [m/s?] ACC2 [m/s? ACC3 |m/s? ACC4 [m/s?
x104 x104 (re] x104ACC3 1M x104 /s
L L L 5 1 T v 1 5 L 5 =1 T T ¥
sensor 1 r I r
overload 3k 3k -
1 L 1 L 1
0 1

Time [ms]

Time [ms]

Time [ms]

Time [ms]
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Se-PE-0.4 (V05) — data collected before and after the impact
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Ce-Ref-0.4 (V03) - single impact test data

Photron

hfevessccssasese
.

175

) With T T T T T
Transversal reinforcement 240 |- E
" . stirrups
configuration
. o Reference 180
Strengthening specification
beam
120
Acceleration pressure [bar] 0.4
60
Age substrate [days] 42
0,
Age SHCC [days] N/A
30 T T T T
Impactor velocity [m/s] 21.2
20 4
Kinetic energy [J] 3192.5 E o} g
g [ i
Specimen mass before the test 1114 5 L e
K & I -< ——
kel a0l U |
a L
Specimen mass after the test [kg] 109.3 220 B
Accountable breakout material y W= v 1 =1
[ka] ’ Time [ms]
2 2
i ACCI1 [m/s?] igd ACC2 [m/s?] 104 ACC3 |m/s?| 104 ACC4 |m/s?|
ST 77— ST T1 1 1 v T ' 1 ST T 71—
I 1 I | S sensor
3+ . overload -

) S——

7 S E

Time [ms]

Time [ms]

Time [ms]
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Ce-Ref-0.4 (V03) — data collected before and after the impact
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Ce-PVA-0.4 (V09) - single impact test data
ik ’ "

’ AW 1 is}

PUC-Rio- CertificagaoDigital N° 1712786/CA

) With 240 T
Transversal reinforcement
. . stirrups
configuration =
g
Strengthening specification PVA g
Acceleration pressure [bar] 0.4 E}
Age substrate [days] 42
Age SHCC [days] 29
15 T T T T
Impactor velocity [m/s] 20.0 10 - b
E 5F B
Kinetic energy [J] 2849.7 = P
g 0 r—‘v\-\--—------—---}f_w-‘/:(i -------- —
Specimen mass before the test s Y i
135.1 & st V= 4
[kal a8
-10 o
Specimen mass after the test [kg] 135.1 L
-15 1 1 | 1
Accountable breakout material 0.0 3 '[6’ime [mg] 12 13
[kal
ACCI1 [m/s?] ACC2 |m/s?| ACC3 |m/s?| ACC4 [m/s?]
x104 x104 x104
5 ¥ T ¥ T x  § 5 T T T T 5 T T T T T T
3 —4 3F
0 _WV\WM
3k - :
-5 i 1 1 1 5 1 L
0 2 4 S 0 12 3 4
Time [ms] Time [ms] Time [ms]
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Ce-PVA-0.4 (V09) — data collected before and after the impact
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Photron ‘i&

179

Ce-PE-0.4 (V06) — single impact test data

I EEET ]
sessnenosee

Transversal reinforcement With wol ]
configuration stirrups
. I Z 180
Strengthening specification PE =
£
—: 120
Acceleration pressure [bar] 0.4 -3
Q
3 60
Age substrate [days] 42
0 _______________ -
" " n " 1 PR |
Age SHCC [days] 29 0 2 4 6- 8§ 10 12 14
Time [ms]
15 T T T T
Impactor velocity [m/s] 20.5 L
10 4
Kinetic energy [J] 2999.6 T 5l ]
= | W
= P e
Specimen mass before the test 1409 § 0 “‘“\'““'““““}:’“:): --------- —
. § \*\ ’I_./
kg] P N |
- L
Specimen mass after the test [kg] 140.9 S0k |
Accountable breakout material ) PSS P E I E—
0.0 0 3 6 9 12 15
[kgl Time [ms]
ACC1 [m/s?] ACC2 |m/s?| ACC3 [m/s?] ACC4 |m/s?|
x104 x104 x104 x104
ST 7 ST 1 71— ST ST T
3 4 3F 4 3F -

4 3F .

Time [ms]

_5.|.|.|.-_5.|

| I ] -5 PR TR I T N -5 PR IS B |

Time [ms] Time [ms] Time [ms]
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Ce-PE-0.4 (V06) — data collected before and after the impact

=) o =) o
o S Q9 o

S
0w

Acceleration (m/sz)
o
=

=)
o

0.1

o = o 9
S & S 0=

Acceleration (m/sz)
=
=

Acceleration (m/sz)

ACC1

Intact
Damaged

500 1000

1500 2000 2500 3000 3500
Frequency (Hz)

ACC3

500 1000

1500 2000 2500 3000 3500
Frequency (Hz)

1500 2000 2500 300f 3500

0 500 1000
Frequency (Hz)
45 <107
a
35
g 1
=
25
£
2 2
w
z
Z1s 1
1
05
0 A f
0 500 1000 1500 2000 2500 3000 3500

Frequency [Hz]

Acceleration (m/sz)

0.9

08

o o
[N

N
=

Acceleration (m/sz)
<
O

=)
w

=
) o
O =

o
w

ACC2
Intact

— Damaged

0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
ACC4
i Intact
— Damaged

0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
F ——ACCI |+
—ACC2
ACC3
—ACC4

=3
o
G

S
I

Acceleration (m/sz)
(=]
o

=}

=3
=3
b3

™

L

1500 2000 2500 3000 3500

Frequency (Hz)
2 %107
1
=
TO8f 1
~
=
»
E 06
a
w
z
Zoar 1
02

500 1000

1500 2000 2500 3000 3500
Frequency [Hz|

180


DBD
PUC-Rio - Certificação Digital Nº 1712786/CA


PUC-Rio- CertificagaoDigital N° 1712786/CA

Photron

f\

Transversal reinforcement

configuration

Strengthening specification

Acceleration pressure [bar]

Age substrate [days]

Age SHCC [days]

Impactor velocity [m/s]

Kinetic energy [J]

Specimen mass before the test
[kal

Specimen mass after the test [kg]

Accountable breakout material
[ka]

Without
stirrups
Reference

beam

0.8

43

N/A

25.8

4718.0

103.8

98.1

5.7

ACC1 [m/s?]

ACC2 [m/s?]

Se-Ref-0.8 (V13) — single impact test data

240

180

120

Reaction loads [kN]

Displacement [mm]
o

181

104 ACC3 [m/s?

Time [ms]

x10

4 ACC4 [m/s?|

<«
sensor
overload

| ST

LI

Time [ms]

Time [ms]

Time [ms]
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Se-Ref-0.8 (V13) — data collected before and after the impact
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Se-PVA-0.8 (V11) — single impact test data

Photron ]irj

183

Transversal reinforcement Without 240 i
configuration stirrups
E 180
Strengthening specification PVA 24
=
L; 120
Acceleration pressure [bar] 0.8 -9
Q
E 60
Age substrate [days] 43
0_
Age SHCC [days] 28 .
Time [ms]
15 T T T T
Impactor velocity [m/s] 26.3 |
10 g
Kinetic energy [J] 4917.9 T . i
= L X
=
Specimen mass before the test R A
137.4 g |\ K
[kg] % oal % V. |
a I e
Specimen mass after the test [kg] 137.4 S0k |
Accountable breakout material -15 1 L 1 L
0.0 3 6 9 12 15
[kgl Time [ms]
ACC1 [m/s?] ACC3 [m/s?| ACC4 [m/s?]
4 104 4 4
SXIQ T T T T T 5X ¥ T T T XI(') T T v T SXH-) T T T
3 4 3F o -
0 _WW,\M«M
3k .
-5 I 1 1 1 <5 PR P | 1 1 1 -5 | L L,
0 2 3 4 0 1 0 2 3 -+ 0 1 2 3 4
Time [ms] Time [ms] Time [ms] Time [ms]
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Se-PVA-0.8 (V11) — data collected before and after the impact
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Transversal reinforcement Without 240 o o P ]
configuration stirrups
Strengthening specification PE é
£
=
Acceleration pressure [bar] 0.8 §
Q
&
Age substrate [days] 43
Age SHCC [days] 28
15 T T T T
Impactor velocity [m/s] 25.3 L
10 - E
Kinetic energy [J] 4561.8 g 5l |
Specimen mass before the test R R R e
137.3 3 A
[kg] 2 L% " ]
a | M R /
Specimen mass after the test [kg] 137.3 S0k i
Accountable breakout material agsb—— 1 —
0.0 0 3 6 9 12 15
[kgl Time [ms]
ACCI1 [m/s?] ACC2 [m/s? ACC3 |m/s? ACC4 [m/s?
x104 x104 il x1042CC /sl x104 [mis]
. — : r . —

T T S

1 " 1 L 1

T T T 5

Time [ms]

3

Time [ms]

Time [ms]

Time [ms]
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Se-PE-0.8 (V10) — data collected before and after the impact
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Ce-Ref-0.8 (V14) — single impact test data

Transversal reinforcement With
configuration stirrups
Reference

Strengthening specification

beam
Acceleration pressure [bar] 0.8
Age substrate [days] 43
Age SHCC [days] N/A Plots not available
Impactor velocity [m/s] 25.7
Kinetic energy [J] 47071
Specimen mass before the test

106.3
[kal
Specimen mass after the test [kg] 103.9
Accountable breakout material o4

[kl
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Ce-Ref-0.8 (V14) — data collected before and after the impact
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Ce-PVA-0.8 (V12) - single impact test data

Transversal reinforcement With a0l ' T ]
configuration stirrups
: I Z 180
Strengthening specification PVA =
%
‘—: 120
Acceleration pressure [bar] 0.8 )
Q
g 60
Age substrate [days] 43
03
" 1 L 1 " " 1 "
Age SHCC [days] 28 0 3 6 9 12 15
Time [ms]
15 v T T T T T T T
Impactor velocity [m/s] 26.3 L
10 -
Kinetic energy [J] 4903.0 g sl ]
Specimen mass before the test 136.2 R e
[kal sk N - |
Specimen mass after the test [kg] 136.2 S0k R |
Accountable breakout material 15 L L ! 1
0.0 0 3 6 9 12 15
[kgl Time [ms]

Accelerometers’ plots not available
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Ce-PVA-0.8 (V12) — data collected before and after the impact
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Photron

E

Ce-PE-0.8 (V08) — single impact test data

4
|

Transversal reinforcement

N

191

With 240 F 4
configuration stirrups
Strengthening specification PE —%_-
%
=
Acceleration pressure [bar] 0.8 §
Q
[+
&
Age substrate [days] 43
Age SHCC [days] 28 :
Time [ms]
15 T T T T
Impactor velocity [m/s] 25.7
10+ B
Kinetic energy [J] 4699.7 g 5 _ 4
= L 2
Specimen mass before the test R - -,*—'-:’-k—
141.2 3 LN g o
[ka] 2 4L
RN o % K 1
= Sk
Specimen mass after the test [kg] 141.2 ok . |
Accountable breakout material -15 1 L PR —
0.0 0 3 6 9 12 15
[ka] Time [ms]
ACC1 [m/s? ACC2 |m/s?| ACC3 [m/s?| ACC4 |m/s?|
x10 4 x104 x104
5 T T T T 5 v T v T ¥ T 5 v T v T A T
I r r S sensor
3k . 3F overload 7

Time [ms]

Time [ms]

Time [ms]

Time [ms]
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Ce-PE-0.8 (V08) — data collected before and after the impact
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Se-Ref-1.2 (V17) — single impact test data

Photron ; ] i 1
b

: 1

I

Transversal reinforcement Without 240 - ' ' ' ' i
configuration stirrups
. e Reference % 180 4
Strengthening specification 24
beam 4
i 120 - s
Acceleration pressure [bar] 1.2 -8
Q
& 60
Age substrate [days] 42
0‘
L 1 1 1 " 1 n 1 n
Age SHCC [days] N/A 0 3 6 9 1215
Time [ms]
30 T T T T
Impactor velocity [m/s] 29.9
20 .
Kinetic energy [J] 6356.4 £ o i
B
Specimen mass before the test 115.6 é Offsmmmmm oo —
ko | T -
Specimen mass after the test [kg] 106.1 20k R
Accountable breakout material Fob—r . .1
9.5 0 3 6 9 12 15
[kgl Time [ms]
ACC1 |m/s’] ACC2 [m/s? ACC3 /s? ACC4 [m/s‘l
x104 x104 (/s x104 [i/e7] x104
ST ST 71— 71— ST 71— 5'\[‘!’!‘
41 3F 4 3F 4 3F 1
IR I WO I 3 |
Mwﬁwm- 0 __f \ il ‘ WMppahsmamased O B
4 -3F 4 -3F 4 -3F —
] 1 -5 | 1 ! .5 1 I 1 -5 1 L L

Time [ms] Time [ms] Time [ms] Time [ms]
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Se-Ref-1.2 (V17) — data collected before and after the impact
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Se-PVA-1.2 (V24) - single impact test data

195

240

120 [

Reaction loads [kN]

6 9
Time [ms]

S5

Displacement [mm]

-10

ACC3 [m/s?]

Transversal reinforcement Without
configuration stirrups
Strengthening specification PVA
Acceleration pressure [bar] 1.2
Age substrate [days] 42
Age SHCC [days] 30
Impactor velocity [m/s] 29.9
Kinetic energy [J] 6335.2
Specimen mass before the test
141.6
[ka]
Specimen mass after the test [kg] 141.5
Accountable breakout material 01
[kg] '
ACC1 [m/s?] ACC2 [m/s?]
x104 x104
T T T 1
= sensor <—sensor
overload overload

mMW InaMlaten
Liiadi L

x104

6 9
Time [ms]

x104

12 15

ACC4 [m/s?)
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Se-PVA-1.2 (V24) — data collected before and after the impact
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Se-PE-1.2 (V23) — data collected before and after the impact °
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° Due to acquisition problems, the datasheet regarding the impact test is not available.

197


DBD
PUC-Rio - Certificação Digital Nº 1712786/CA


PUC-Rio- CertificagaoDigital N° 1712786/CA

Ce-Ref-1.2 (V18) — single impact test data

.

O
T
"

Transversal reinforcement With 240 | ' ' ' ' i
configuration stirrups
. L Reference 180 '} B
Strengthening specification {
beam | \
120 F ‘ ]’ \ y
Acceleration pressure [bar] 1.2 \ } \
V \M
6oF | \,.\
Age substrate [days] 42 / \en .
0 -"w-} --------------- L\%::W—
1 1 n 1 n 1 A
Age SHCC [days] N/A 0 3 6 9 1215
Time [ms]
30 T T T T
Impactor velocity [m/s] 29.9
20 -
Kinetic energy [J] 6356.4 E ok i
]
Specimen mass before the test £ Ofmcmmmmmmmmmmmmememeeeeeeee —
109.6 g . ]
[kg] 2ok ]
z
Specimen mass after the test [kg] 107.0 20k i
Accountable breakout material 30 1 L L
2.6 3 6 9 12 15
[kgl Time [ms]
ACCI1 [m/s?] ACC2 [m/s? ACC3 |m/s? ACC4 |m/s?
x104 x104 Gl x104 m/s’) x104 (/s
5 — 71T T T 1 5 L 1T v T * 1 7 '\ L L B
3t 4 3+ . 4 3F .
_ o] R LT |
e T L [ T
. N 1 © [T _ [k 1 | .
3k 4 3| . 4 -3F B
5 1 I 1 5 I I 1 1 [ -5 T
0 1 2 3 4 0 1 2 3 4 2 3 4 0 2 3 4
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Time [ms]

Time [ms]

Time [ms]

Time [ms]
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Ce-Ref-1.2 (V18) — data collected before and after the impact
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Ce-PVA-1.2 (V21) - single impact test data

Transversal reinforcement With 240 ' T ' i
configuration stirrups L f
R
Z 1801 [V g
Strengthening specification PVA = | \
3 |
E 120 J \ -
Acceleration pressure [bar] 1.2 § ! \
Q
g !
~ 60 J \"\\ =
Age substrate [days] 42 r / \ ) 1
0 (el - m oo WW
" 1 n F 1 " 1 P
Age SHCC [days] 30 0 3 6 9 N
Time [ms]
15 T T T T
Impactor velocity [m/s] 29.5
10 - =
Kinetic energy [J] 6166.5 T sl i
-]
Specimen mass before the test 8 Ofmmmmmmmmmmmmmmmmmeeeee o —
143.8 3 )
[kg] 2L ]
Specimen mass after the test [kg] 143.8 ok i
Accountable breakout material -15 L L L L
0.0 0 3 6 9 12 15
[kgl Time [ms]
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o ‘-\SEHSOF E| r 4 o 1 L 4
3k overload 4 3k . 3 . 3| .
;, Tl 10, LT
f e A Al s and g
" s | . "fw I
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Ce-PVA-1.2 (V21) - data collected before and after the impact
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Transversal reinforcement With sl T T T ]
configuration stirrups L / \
Z 180 I \ .
Strengthening specification PE = I [ \
g |
% 120 r \ -
Acceleration pressure [bar] 1.2 -S | y\
Q
g e | \ ]
Age substrate [days] 42
Age SHCC [days] 30
15 T T T T
Impactor velocity [m/s] 29.9
10 E
Kinetic energy [J] 6356.4 T sl |
]
Specimen mass before the test R 1 S —— P
142.5 3
[ka] % sk ]
Specimen mass after the test [kg] 142.4 ok TS i
Accountable breakout material 01 ‘150 . ; . (- . (1) . llz =1
. b O
[kgl Time [ms]
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5'|\'|'|'5'|'|'|' ST T T ST T
L sensor J B i L H L
overload

3r 3r 4 3r 4 3 ;J e
0 —_T M WWM"MA— 0 - A_cM -—J Nr {%W 0 [} m’wwrmmw;

0
a3t 1 3} d{ 3} " 1 a3t | -
7 ) A P B - 3 P N B I, 3 S P EP 7, S P R
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Ce-PE-1.2 (V22) - data collected before and after the impact
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Se-PVA-0.8 (V20) — multiple impacts

1st impact

Transversal reinforcement configuration Without stirrups
Strengthening specification PVA
Acceleration pressure [bar] 0.8

Age substrate [days] 41

Age SHCC [days] 27
Average impactor velocity [m/s] 26.3

Kinetic energy [J] 4910.5
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Se-PVA-0.8 (V20) - first impact response
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Se-PVA-0.8 (V20) — second impact response
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Se-PE-0.8 (V16) — multiple impacts

1st impact

=

B
-

&
i
i

b #, {

Transversal reinforcement configuration Without stirrups
Strengthening specification PE
Acceleration pressure [bar] 0.8

Age substrate [days] 41

Age SHCC [days] 27
Average impactor velocity [m/s] 25.7

Kinetic energy [J] 47001
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Se-PE-0.8 (V16) — first impact response
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Se-PE-0.8 (V16) — second impact response
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Ce-PVA-0.8 (V19) — multiple impacts

1stimpact

Transversal reinforcement configuration
Strengthening specification
Acceleration pressure [bar]

Age substrate [days]

Age SHCC [days]

Average impactor velocity [m/s]

Kinetic energy [J]

With stirrups

PVA

0.8

41

27

25.8

4718.5
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Ce-PVA-0.8 (V19) - first impact response
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Ce-PVA-0.8 (V19) — second impact response
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Ce-PE-0.8 (V15) — multiple impacts

1st impact

2" impact

Photron

213

Transversal
reinforcement
configuration
Strengthening
specification
Acceleration
pressure [bar]
Age substrate

[days]
Age SHCC [days]

Average
impactor velocity
[m/s]

Kinetic energy

v

With

stirrups

PE

0.8

41

27

26.3

4918.2
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Ce-PE-0.8 (V15) — first impact response
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Ce-PE-0.8 (V15) — second impact response
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Ce-PE-0.8 (V15) — third impact response
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