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Abstract

The aim of this work is to investigate the arrangement effect of bar reinforcement
to deformations and cracking behaviour of concrete elements subjected to short-
term loading. The study experimentally verifies the effective concrete area con-
cept and analyses peculiarities of cracking process of reinforced concrete (RC)
members with the emphasis on arrangement of the bar reinforcement. The test
results of 9 beams and 119 ties with different reinforcement and loading layouts
are reported.

Results of the beam tests do not reveal a clear correlation between the crack
widths and the crack spacing when the reinforcement layout changes, while the
number of the reinforcement layers correlates with the flexural stiffness.

An iterative procedure has been proposed for localizing the end effect in the
ties. This procedure allows identifying the representative geometry for assessing
the cracking parameters of RC ties. It was observed that scatter of the experi-
mental outputs increases with the concrete cover.

Specific equipment has been developed for tests of the ties with multiple re-
inforcement bar. The test results (maximum and average crack spacings) are prac-
tically independent of the reinforcement parameters, while the Eurocode 2 and the
Model Code 2010 predictions of the maximum crack spacing are dependent on
the ratio of the bar diameter to the reinforcement ratio. These results enable for-
mulating a hypothesis that the crack parameters (spacing and width) are mainly de-
pendent on the geometry of the concrete prism and, particularly, the cover depth.

Deformation behaviour of the ties with multiple reinforcement bars was also
modelled with nonlinear finite element software ATENA. The results of numerical
simulations and physical tests indicate that the strain gradient in the concrete
varies not only along the bar, but also within the cover. The outputs support a
conclusion that the “effective area” concept has a limited application related with
the loading conditions, stress-strain state, cover, and configuration of the unrein-
forced area.

The thesis is composed of three chapters: literature survey, experimental
programs, and discussion of the results. The literature survey is focused on the
effects responsible for deformation and cracking performance of reinforced con-
crete members. The experimental study deals with deformations and cracking of
flexural and tensile elements with different arrangement of the reinforcement in
the tension zone. The last chapter discusses predominant characteristics of ser-
viceability performance of flexural and tensile reinforced concrete members. The
author have published 14 articles on the topic of the dissertation (five of them in
the journals with an Impact Factor and three in the conference proceedings
reffered by the Clarivate Analytics Web of Science).



Reziumeé

Disertacijoje nagrinéjama strypinés armattros iSdéstymo jtaka betoniniy elementy
deformacijoms ir pleisejimui veikiant trumpalaikei apkrovai. Eksperimentiskai
tikrinama efektyviojo tempiamojo betono koncepcija bei, atsizvelgiant j ar-
matiiros strypy iSdéstyma skerspjiivyje, analizuojami elementy pleiséjimo ypatu-
mai. Pateikta 9 lenkiamyjy bei 119 tempiamyjy armuoto betono elementy defor-
macijy ir pleiséjimo eksperimentiniy rezultaty analizé.

Eksperimentiniai sijy pleiséjimo bei deformacijy rezultatai leidzia teigti, kad
armatliros strypy iSdéstymas skerspjivyje, neturi reikSmingos jtakos
pagrindiniams plei$éjimo parametrams, t. y. plySio plociui ir atstumui tarp plysiy,
taciau armatiiros strypy sluoksniy skaicius lemia lenkiamajj sijy standuma.

Disertacijoje pasitilyta metodika skirta pakras¢io efekto (angl. end effect)
nustatymui tempiamosiuose elementuose. Eksperimentinio priartéjimo metodika
paremta elemento pavirSiaus deformacijy matavimo bazés kitimu. Taikant
pasitlyta metodika nustatyta, kad apsauginio betono sluoksnio storis tiesiogiai
proporcingas eksperimentiniy armuoto betono elementy rezultaty issibarstymui.

Siekiant jvertinti armatiiros strypy iSdéstymo jtaka tempiamyjy elementy de-
formacijoms bei pleiséjimui, sukurta ir uzpatentuota bandymo jranga leidzianti
atlikti keletu strypy armuoty elementy tempimo bandymus. Bandymy rezultatai
parodé, kad vidutiniy ir maksimaliy atstumy tarp plySiy dydis nepriklauso nuo
armavimo parametry (armattiros ploto bei strypy iSdéstymo), nors norminiuose
projektavimo dokumentuose yra aiskiai iSreikSta maksimaliy atstumy tarp plySiy
priklausomybé nuo strypy skersmens ir armavimo koeficiento santykio.

Eksperimentiniai ir skaitinio modeliavimo rezultatai rodo, kad tempiamuose
elementuose deformacijos kinta ne tik iSilgine elemento kryptimi, bet ir pa¢iame
betono apsauginiame sluoksnyje. Rezultatai patvirtina, kad efektyviojo tem-
piamojo betono koncepcijos taikomos projektavimo dokumentuose adekvatumas
gali buti laikomas priimtinu tik iSskirtinais atvejais atsizvelgiant j elementy ap-
krovimo salygas, jtempiy ir deformacijy biivi bei nearmuoto betono konfigiiracijg.

Disertacijg sudaro trys skyriai — literatiiros apzvalga, eksperimentiné dalis
bei rezultaty aptarimas. Literatiiros apZvalgoje aprasomi veiksniai lemiantys
armuoty betoniniy elementy deformacijas bei pleiséjima. Eksperimentinéje darbo
dalyje pateikiami lenkiamyjy bei tempiamyjy armuoto betono elementy su
skirtingai skerspjiiviuose iSdéstytais armattros strypais bandymy rezultatai bei
trumpa jy analizé. Paskutiniame skyriuje aptariamos parametrai, lemiantys len-
kiamyjy bei tempiamyjy armuoto betono elementy eksploatacines savybes.
Disertacijos tema autorius paskelbé 14 publikacijy (5 i$ jy Zurnaluose, turinéiose
cituojamumo rodiklj, bei 3 — konferencijy medziagose referuojamose Clarivate
Analytics Web of Science duomeny bazése).
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Notations

Symbols

B — coefficient that accounts for type of the loading;

os — Steel stress;

osr — maximum stress in reinforcement in a crack;

ae —modular ratio (=E/E);

& — strain;

&c — average strain of concrete surface;

&cr — concrete cracking strain;

&r — average strain of reinforcement;

eruit — Ultimate strain of reinforcement;

&sm — strain of reinforcement at stabilized cracking stage;
K — Ccurvature;

oms — Mean bond stress;

A1 — area of reinforcement in tension (1) and compression (2);
a, — concrete cover of reinforcement in compression;

A. — area of concret cross-section;

Ac o — effective area of concrete in tension;

As — area of FRP reinforcement;

As — area of steel reinforcement;

b — overall width of a cross-section;
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¢ — concrete cover;

d — effective depth of a cross-section;

E. — modulus of elasticity of concrete;

Er — modulus of elasticity of reinforcement;

fem — mean value of concrete compressive strength at an age of 28 days;
femt — mean value of concrete compressive strength at an age (t);
feem — mean value of axial tensile strength of concrete;

fu — ultimate tensile strength of reinforcement;

fy — yield strength of reinforcement;

h — overall depth of a cross-section;

hes — effective depth of a cross-section;

L — length;

M — bending moment;

Mecr — cracking bending moment;

Mser — Service bending moment;

M, — ultimate bending moment;

n —modular ratio (=E¢Es);

P — perimeter of reinforcement bar;

p — reinforcement ratio (=As/A¢);

pet — effective reinforcement ratio (=As/Acf);

Pui — ultimate load;

sy — distance between cracks;

Srm — mean distance between cracks;

Srmax — theoretically obtained maximum distance between cracks;
t — the age of concrete;

Wm — mean crack width;

Wmax — maximum crack width;

X — depth of compression zone;

@ — diameter of a reinforcement bar.

Abbreviations

CCD - charge-coupled device;

DIC - digital image correlation;

DOF — degrees of freedom;

FE — finite element;

FRP — fiber reinforced polymer;

GFRP — glass fibre reinforced polymer;

LVDT - linear variable displacement transducer;
RC — reinforced concrete.
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Introduction

Problem Formulation

Steady increased application of innovative construction materials (high strength
reinforcement and concrete) results in longer spans and smaller depths and, con-
sequently, the Serviceability Limit State (limitation of crack width and defor-
mations) becomes the governing criterion in design of structural elements. The
design for serviceability, however, is one of the most difficult and unreliable en-
gineering problem. Serviceability behaviour depends primarily on the concrete
properties, which are often unknown at the design stage. After the crack initiation,
the reinforcement layout plays an important role in deformations and cracking
performance of the concrete elements. Although the predictions are in a good
agreement with the experimental results of concrete elements with relatively high
reinforcement ratios, widely accepted models are often inadequate predicting the
cracking behaviour of elements with a specific arrangement of the bars (e.g., dis-
tributing bars in several layers, combining bars with different mechanical charac-
teristics). The code provisions implementing semi-empirical methods have
a limited ability to predict in-service behaviour of structural concrete.

The application of finite element (FE) simulation techniques has increased
due to progressing knowledge and capabilities of computer software and hard-
ware. Commercial FE packages (e.g., ABAQUS, ATENA, DIANA) offer a powerful

1



2 INTRODUCTION

tool for analysis of RC structures. The numerical approach enables estimating
effects, which are even too complicated to be evaluated experimentally. However,
the development and the models should be based on the reliable test data. In order
to improve adequacy of the serviceability (deformations and cracking)
predictions, the effects related with the arrangement of bar reinforcement require
an assessment and consideration for the design. The present study is focused on
serviceability characteristics of flexural and tensile reinforced concrete elements.
It involves new experimental results (some of them are related with application of
innovative testing layout developed within the framework of this work).

Relevance of the Thesis

Structural concrete components exist in buildings and bridges in different forms.
Understanding the response of these components during loading is crucial to the
development of an overall efficient and safe structure. It is impossible, however,
without reference to reliable experimental results, which also could help to de-
velop adequate numerical models for solution of serviceability problems — one of
the most complex and difficult tasks in the structural engineering.

Investigation of strain distribution within the concrete cover allows
evaluating the cracking phenomena related with cross-section parameters. The re-
ported results enable development of mathematical models (consistent with experi-
mental evidence) that provides a reasonable reliability of the serviceability predic-
tions. The prediction reliability is related with the scatter of the structural responses.

Object of the Research

The object of research is concrete elements with bar reinforcement subjected to
short-term loading. The analysis is based on the test results of concrete beams and
prisms with different arrangement of tensile reinforcement. The specimens were
made of the concrete with 38-56 MPa compressive strength. Diameter, mechani-
cal properties and material of reinforcement, reinforcement ratio and geometry of
the specimen as well as depth of the concrete cover are the variables of the study.

Aim of the Thesis

The study is focused on the effect of reinforcement arrangement on deformation
and cracking resistance of tensile and flexural elements with the aim of identifying
the major parameters, which are responsible for scatter of the structural outputs.
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Tasks of the Thesis

In order to achieve the aim of the thesis, the following tasks are formulated:

1. To identify the governing characteristics of the deformation and cracking
performance of reinforced concrete members.

2. To perform experimental and numerical analysis of bar reinforcement
arrangement effects to deformations and cracking behaviour of concrete
elements subjected to short-term loading.

3. To verify the adequacy of the deformation and cracking predictions by
design codes.

4. To propose several alternative layouts of reinforcement bars ensuring the
control of the stiffness and cracking behaviour of concrete elements
under serviceability conditions.

Research Methodology

The present study is exploratory by nature. A qualitative research is based on a
relatively small number of carefully selected test specimens. The samples were
selected in an iterative manner by following criteria formulated with the help of a
comprehensive review of relevant literature. The performed data analysis is de-
scriptive; the corresponding methodological approach is guided by intuition and
experience. The data patterns (e.g., correlation of variables) are identified,
examined, and interpreted by taking into account the relations between the
theoretical and physical nature of the investigated object. The applied research
methodology allows identifying the effect of arrangement of reinforcement on de-
formations and cracking of concrete elements though not every finding of this
work can be generalized straightforwardly (owning the limited number of the con-
sided test samples).

Scientific Novelty of the Thesis

1. The fundamental assumption of direct relation between the maximum
crack width and the maximum crack distance is not necessarily true. The
maximum crack opening is not always adjacent to the maximum distance
between cracks or located between two consecutive uncracked blocks of
maximum total length. This presumption is supported by the experi-
mental cracking results of nine RC beams.



4 INTRODUCTION

2. Specific equipment that enables independent variation of each of the key
parameters in cracking analysis, i.e. concrete cover, reinforcement ratio
and diameter of the reinforcement bars, has been developed. Cracking
results obtained using the developed test equipment indicated that crack
spacing is practically independent of the reinforcement characteristics
(bar diameter and reinforcement ratio) that contradicts the common de-
sign assumption. The concrete cover was identified as the key parameter
controlling the cracking behaviour.

3. The proposed representativeness condition of a test specimen allows iso-
lating the investigated parameter from uncontrolled effects. For instance,
representative shape of the tie (i.e., certain arrangement of reinforcement
bar and cover depth) enables minimising the end effect, which is related
with different deformations of the reinforcement and concrete surface.

4. On abasis of the regular bond model proposed in the literature, numerical
models of the concrete ties with multiple bars tested in this study were
developed. This approach is particularly efficient in a numerical sense;
furthermore, it ensures to represent an actual distribution of strains in the
concrete and to illustrate cracking phenomena in reinforced concrete ties.

5. Both numerical simulation and physical test results indicate that the strain
gradient in the tensile concrete varies not only long the bar, but also
within the cover. The commonly accepted concept of “area of the con-
crete effective in tension” has a limited application that is related to the
loading conditions, stress-strain state, cover, and configuration of the un-
reinforced area.

Practical Value of the Research Findings

1. A specific equipment for producing and testing concrete ties reinforced
with multiple bars made of any materials was developed. The equipment
allows designing ties with independently controlled cross-sectional pa-
rameters (i.e. concrete cover, reinforcement ratio and diameter of the
bars). The developed equipment was patented in 2016 in the State Patent
Bureau of the Republic of Lithuania (Patent No. LT 6275 B).

2. A testing procedure that enables monitoring both deformations of bar re-
inforcement and concrete surface of the tensile prisms reinforced with
multiple bars was proposed. This technique allows obtaining supplemen-
tary testing data for control of deformation behaviour of the concrete.
Such information is vital for the development of numerical models
adequate to the test results.
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3. The developed test equipment and the proposed monitoring procedure
allow verifying adequacy of cracking predictions by design codes.

The Defended Statements

1. To avoid correlation between the key variables (i.e. concrete cover, rein-
forcement ratio, and the diameter of reinforcement bars), the traditional
equipment for the tensile tests should be modified.

2. The commonly accepted concept of “area of the concrete effective in ten-
sion” has a limited application.

3. Increasing the number of reinforcement bars can serve to improve the ser-
viceability properties of elements with moderate (1.4% and 2.0%) rein-
forcement ratios.

4. Finite element approaches based on concrete fracture and the regular bond
models reported in the literature enables estimating effects, which are
even too complicated to be evaluated experimentally.

Approval of the Research Findings

A specific equipment for dissertation research was developed and patented in the
State Patent Bureau of the Republic of Lithuania. The author have published 14
articles on the topic of the dissertation (five of them in the journals with an Impact
Factor and three in the conference proceedings referred by the Clarivate Analytics

Web of Science). During the PhD study period (2013-2017) the results of the dis-

sertation were published at nine scientific conferences:

— 2017. The 24™ International Conference on Composites and Nano Engi-
neering. Rome, Italy.

2017. The Third International Conference on Mechanics of Composites.
Bologna, Italy.

2016. The 12" International Conference Modern Building Materials,
Structures and Techniques. Vilnius, Lithuania.

— 2015. The 15" German-Lithuanian-Polish Colloquium and Meeting of
EURO Working Group Sustainable Development and Civil Engineering.
Poznan, Poland.

2015. The 18" Conference for Junior Researchers Science — Future of
Lithuania. Vilnius, Lithuania.

— 2014. The 19™ International Conference Mechanika. Kaunas, Lithuania.



6 INTRODUCTION

— 2014. The 17" Conference for Junior Researchers Science — Future of
Lithuania. Vilnius, Lithuania.

— 2014. The Fourth Conference for Junior Researchers Interdisciplinary
Research of Physical and Technology Sciences. Vilnius, Lithuania. 2013.

— The 11" International Conference Numerical Analysis and Applied
Mathematics. Rhodes, Greece.

Structure of the Dissertation

The dissertation consists of an introduction, three chapters, general conclusions,
literature reference list (137 publications), list of the author’s publications on the
research topic (14 publications), LR patent, summary in Lithuanian and 3 annexes.
The volume of the dissertation is 143 pages.
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Cracking and Deformations of
Reinforced Concrete Elements

This chapter reviews material parameters important for analysis of deformation
behaviour of reinforced concrete (RC) members. The corresponding test layouts
are considered as well. Different approaches in tension-stiffening and methods of
deformation analysis of RC members as well as numerical models and design
approaches have been observed. This chapter also formulates the main objective
and tasks of the present investigation. This chapter includes the material presented
in journal publication Rimkus & Gribniak (2016) and conference proceedings
Rimkus & Viléniskyté (2015), Gudonis et al. (2014a) and Rimkus et al. (2014).

1.1. Materials for Reinforced Concrete

1.1.1. Concrete: Structure and Mechanical Properties

Concrete is a heterogenous material that can be considered as a combination of
aggregates and hydrated cement paste. The paste, usually composed of cement
and water, hardens and binds the aggregates into a rigid structure. In order to
improve or to obtain the desired fresh or hardened concrete properties, supple-
mentary cementitious materials and chemical admixtures may also be included in
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8 1. CRACKING AND DEFORMATIONS OF REINFORCED CONCRETE ELEMENTS

the paste. The paste constitutes about 25% to 40% while aggregates make up about
60% to 75% of the total volume of concrete. The behaviour of the concrete de-
pends upon the quality of the paste and aggregate and mechanical properties of
the transition zone between them (Mehta & Monteiro 1993). Because the transi-
tion zone typically has a slightly higher water to cement ratio than is observed in
the entire paste (Lowes 1999), this zone is often weaker than the entire paste in
normal-weight concrete (Hsu & Slate 1963, Alexander et al. 1968).

Defects are the inherent component of the concrete structure. Stale & Olefski
(1963) and Stale & Hover (1984) showed that a significant number of micro-de-
fects exists in concrete structure before the application of external load. The de-
fects are governed by curing environment, composition of concrete mixture, con-
solidation quality, and compatibility of subcomponents of concrete (Soudki
2001). An inappropriate curing environment might increase cement paste hydra-
tion temperature that causes thermal expansion of the paste and the development
of micro-cracks around the aggregates (Fig. 1.1a). Trigo & Liborio (2014) inves-
tigated techniques to improve bond between the hydrated cement paste and aggre-
gates and demonstrated characteristics of micro-cracking (Fig. 1.1b). Discontinu-
ous micro-cracks are not a serious threat to concrete deterioration. Over time, due
to mechanical loading, variations in temperature, and changes in environment
conditions, they increase in depth, length and width and combine with other mi-
cro-cracks (Fig. 1.1c) controlling the overall response of concrete. In case of ex-
ternal loading, the micro-cracks become macro-cracks by bringing together the
structural defects (Fig. 1.1d). Although the behaviour of concrete is governed by
its heterogeneous composition and stochastic defects, only the macroscopic
properties of concrete are considered in practical design applications (Weerheijm
2013).

Concrete properties determined from experiments depend on the particular
testing method. In some cases, even the application of standardised testing
methods cannot prevent significant scatter of test results (Kaufmann 2013). Bart-
lett & MacGregor (1996) performed statistical analysis of compressive strength
of 3756 cylinder tests representing 108 concrete mixes. It was concluded that co-
efficient of variation of compressive strength of investigated specimens is 23%.

Typical concrete mixes have high resistance to compressive stresses. How-
ever, its tensile strength is only about 8% to 12% of its compressive strength
(Nmai et al. 2006). The tensile strength of concrete can be determined using either
direct or indirect tension tests (Fig. 1.2). Due to the difficultiesof applying tension
to the specimen and avoid eccentricity induced by the equipment for the specimen
fixing in the testing machine or physical eccentricity due to uneven stiffness of
the concrete structure, direct tensile tests (Fig. 1.2a) are complicated and rarely
used. Usually, the concrete tensile strength is determined by means of indirect
tests such as the split cylinder test, the bending test, or the double punch test,
shown in Fig. 1.2b, 2c and 2d, respectively. Compressive strength, tensile strength
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and modulus of elasticity of concrete are interrelated mechanical parameters,
which govern the elastic behaviour of the concrete. One of the relevant parameters
that characterize concrete fracture and allows to perform proper modelling of the
initiation and propagation of cracks is the fracture energy G (@stergaard & Olesen
2004). The fracture energy is the energy required to form a unit of the cracking
surface in the concrete.

Governing characteristics of overall performance of concrete can be identi-
fied by various direct and indirect experimental methods. Many researchers have
demonstrated that the outputs of aforementioned characteristics are test-method
sensitive and can result in significant scatter (up to more than 20%). Therefore,
due to inevitable defects and micro-cracks in the heterogeneous composition of
concrete, experiments requires great care on specimen size and shape selection.

; Hydrated Hydrated
cement cement paste

Sand & s
grain

20 um —

Fig. 1.1. Defects and micro-cracks of the concrete a) and b) observed by
Trigo & Liborio (2014), c) observed by Lima et al. (2014), and d) macro-cracks in a
fine-grained concrete under compression observed by Landis & Bolander (2009)

Fig. 1.2. Tensile strength of concrete: a) direct tension test of bone-shaped specimen
(Moradian & Shekarchi 2016), b) the split cylinder test (Garg et al. 2014), c¢) the bending
test and d) the double punch test (Kim & Lee 2015)

1.1.2. Reinforcement Materials

Various materials in different forms are used as reinforcement for concrete struc-
tures. Steel bars with ribs, also known as deformed bars, are the common type of
reinforcement for structural concrete. Depending on the desired characteristics,
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fibre reinforced polymer (FRP) bars, discrete fibres, welded wire mesh, sheets and
plates made of different materials might also be used as a reinforcement.

1.1.2.1. Steel Bars

The steel bars may have plain (round) or deformed surface. Deformed steel bars
are the most common type of reinforcement, while plain bars are usually used for
non-structural elements, due to its poor mechanical anchorage to the concrete. The
deformed shape of the bar enables a mechanical interaction between the ribs of
the bar and the surrounding concrete (Hassoun 1985).

The bond strength of reinforcement depends on chemical adhesion, friction
resistance and the bearing of the ribs against the surrounding concrete. Mechanical
interlock due to bearing action between bar ribs and concrete is the most
contributing component to the bond (Chan 2012). Due to variety of the rib shapes
and patterns, unified bond modelling becomes hardly possible. In order to solve
this problem, European standard EN 10080 (2005) defines technical requirements
for the reinforcement bars. Two types of steel based on chemical composition are
used for reinforcement bar production: hot-rolled, low-carbon steel and cold-
worked, high-carbon steel. The modulus of elasticity and tensile strength are the
most important physical parameters of the reinforcement, while a stress-strain
diagram (e.g., Fig. 1.3a) describes the overall mechanical response of the rein-
forcement. Usually this diagram is obtained from direct tension test (Fig. 1.3b).
The stress-strain diagram of a hot-rolled, low-carbon steel bar in tension is pre-
sented in Fig. 1.3a. The diagram shows several stages of deformation response:
linear elastic (segment Oa), pseudo-elastic (segment ab), yielding (segment bc),
strain-hardening (segment cd) and strain-softening (segment de). Unlike a hot-
rolled and low-carbon steel, cold-worked and high-carbon steels exhibit a smooth
transition from the initial elastic phase to the strain-hardening branch, without a
distinct yield plateau. Cold-worked steel is distinguished by its hardness and high
strength.

The present study is focused on the application of reinforcement bars made
of a hot-rolled steel. For such reinforcement, the modulus of elasticity, Es, is
roughly equal to 205 GPa, while yield strength varies from 400 MPa to 600 MPa.

1.1.2.2. Fibre Reinforced Polymer (FRP) Bars

FRP bars are used as an alternative to steel in an aggressive corrosion or electro-
magnetic environment (Rimkus et al. 2014). FRP is composed of a polymer ma-
trix reinforced with fibres. The fibres are usually glass, carbon, aramid, or basalt,
while the polymer is usually an epoxy, vinylester or polyester thermosetting plas-
tic. The purpose of the matrix in composites is to provide a sufficient bond quality
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with concrete as well as the lateral support and protection to the fibres. In order to
enhance the bond characteristics of FRP bars in structural concrete, different tech-
niques are used to produce bars in ribbed, wrapped, sand coated, or wrapped and
sand coated surfaces (Fig. 1.4). Plain FRP bars are also available.

FRP bars are characterized by a perfectly elastic behaviour up to failure and
can develop higher tensile strength than conventional steel in the direction of the
fibres. Unlike steel, FRP is nonmagnetic, lightweight (about 25% the weight of
steel), and resistant to impact and cyclic loadings (Mufti 2001). However, a brittle
failure, low modulus of elasticity, low resistance to high temperatures, and sensi-
tivity to ultraviolet radiation can be identified as the main causes, which limit the
application of FRP in civil engineering. Due to the anisotropic structure of the
polymer bars, shear resistance of FRP bars is marginal. Due to low buckling re-
sistance, FRP reinforcement is essentially used in tension.

) ) )
Fig. 1.3. Tension test of reinforcement steel: a) common shape of the surface,
b) experimental characterization, c) a typical stress-strain relationship of the steel
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Fig. 1.4. Surface treatment of fiber reinforced polymer bars: a) plain, b) ribbed,
c) wrapped, d) sand coated, and e) wrapped and sand coated bars (Quayyum 2010)
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Fig. 1.5. Tensile test fittings for fiber reinforced polymer bars (Castro & Carino 1998)
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The principal mechanical properties of FRP bars that need to be specified
include tensile strength and modulus of elasticity. These parameters cannot be
experimentally determined using the same techniques that are used for the steel
bars, since application of the traditional wedge-shaped friction grips (Fig. 1.3b)
causes stress concentration following the premature failure of FRP test specimens.
To solve this problem, specific bar grip systems should be employed (Fig. 1.5).
These anchorage systems involve embedding the bar into tubes filled with a ma-
trix and allow avoiding the compressive clamping.

The mechanical properties of FRP bars differ significantly from steel. Failure
brittleness (either tensile reinforcement or compressive concrete zone in flexural
elements), high deformability, and low fire resistance are the main aspects, which
must be accounted for (Pilakoutas et al. 2011).

1.1.2.3. Other Types of Reinforcement

Application of bar reinforcement (steel or FRP) is the most common way to rein-
force load bearing concrete structures. However, structures designed for resisting
specific loading conditions or installation methods require non-conventional
alternatives for reinforcement. Different types of external reinforcement (e.qg.,
sheets, laminates, and profiles), near-surface mounted strips as well as application
of steel, synthetic, or natural fibres might help solve various structural problems.
In most cases, such reinforcement schemes are combined with internal steel or
FRP bars providing additional structural features (Lofgren 2005). At appropriate
dosages, the addition of fibres may provide increased resistance to plastic and
drying shrinkage cracking, reduced crack widths, and enhanced energy absorption
and impact resistance. The major benefit derived from the use of fibre reinforce-
ment is improved concrete durability (Nmai et al. 2006, Mesbah & Buyle-Bodin
1999, Larsen & Krenchel 1990, Gribniak et al. 2017a). The present study is fo-
cused, however, on the application of deformed bars made either of steel or FRP.

1.1.3. Interaction of Reinforcement and Concrete

This subsection is focused on bond behaviour of bar reinforcement. Effectiveness
of such reinforcement is related with bond properties of the bars, since they must
ensure uniformity of deformations of the reinforcement and concrete.

The bar diameter as well as the shape and geometry of bar ribs have an influ-
ence on the bond strength. The diameter of the deformed bars varies from 6 mm
to 50 mm. The rib size varies with the bar diameter, thus the bond properties vary
as well. Hamad (1995a, 1995b), Darvin & Graham (1993) and Cairns & Abdullah
(1996) concluded that bond behaviour of deformed bars is improved by increasing
the rib height and decreasing the rib spacing (Fig. 1.6a). The bond stress depends
on the cover thickness and deformation range of the reinforcement, the transverse
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reinforcement confining effect, concrete strength and type of aggregate used
(Williams 2003). Another less obvious but also important parameter is the Poisson
ratio, which plays a relevant role for FRP reinforcement (fib 2000). Although the
individual contributions of these factors are difficult to separate and quantify, in-
terlocking action between ribs and concrete, and the quality of the concrete are
considered as major factors, which characterize the bond quality (Williams 2003).

In a plain bar, the bond mechanism is controlled by adhesion, micro-mechan-
ical locking, and friction, while in a deformed bar it is produced by the wedging
effect of the bar ribs in the concrete (Tepfers 1979), as shown in Fig. 1.6a. As the
concrete tends to slip over the bar, the bearing pressure between the concrete and
the ribs increases. The pressure increase causes radial cracking around the ribs,
which tends to split the concrete segment. Longitudinal cracks will occur perpen-
dicular to the radial tensile stresses (Fig. 1.6b). Goto (1971) has experimentally
demonstrated the bond action between concrete and deformed steel bars. Cracks
in the concrete were penetrated by ink and became visible afterwards the tested
prisms were axially cut (Fig. 1.7a). The slopes of the internal cracks indicate the
trajectories along which the compressive forces leave the ribs of the deformed bar.

The radial bond cracks produced by the ribs bearing on the surrounding con-
crete tend to propagate to the concrete surface. Brooms (1965), Husain & Fergu-
son (1968), and Tammo & Thelandersson (2006) demonstrated that widths of the
cracks on the surface of RC member might be two to ten times the crack close to
the reinforcement bar. Beeby (1978) showed considerable difference between the
surface and internal crack width at the very vicinity of the reinforcement
(Fig. 1.7b). Husain & Ferguson (1968) concluded that the crack width at the level
of the reinforcement is independent from the thickness of the concrete cover, but
width of the surface cracks is proportional to the thickness of the concrete cover.
Brooms (1965) showed that crack width in the surface is almost linearly propor-
tional to the tensile strain of the reinforcement.

The bond behaviour is often described by the bond stress-slip relationship.
The available standards recommend two experimental set-ups to determine the
bond strength between reinforcement and concrete. One of them is based on
pulling out of a bar reinforcement from the concrete block (Fig. 1.8a). A four point
bending test of a concrete beam with a central hinge represents the alternative test
setup (RILEM-RC5 1982). Both methods produce quite different results, which
complicates assessment of the bond behaviour (Pokorny et al. 2015). In the case
of the pull-out test, different stress states are characteristic for the concrete and
steel: the bar experiences tension, while the concrete is in compression (Ashtiani
et al. 2013). The results of pull-out test are, therefore, strongly dependent on the
strength of the concrete. In case of the beam test, the bond performance is affected
by a confining action of the shear reinforcement. Therefore, the results of either
tests are not so straightforward and require some arbitrarily interpretations for
making a general statement about the bond-strength.
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Fig. 1.6. Bond of concrete and reinforcement: a) deformed bar in the concrete (Williams
2003), b) longitudinal and transverse crack development due to the bond (Tepfers 1973)
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Fig. 1.7. Internal cracking: a) cracks around 32 mm bars with 5.5 mm rib spacing (top) and
7 mm (bottom) (Goto 1971), b) crack width variation within 38 mm cover (Beeby 1978)
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Fig. 1.8. Experimental determination of bond strength: a) pull-out test (Erdem et al.
2015), b) four point bending test of RC beam according RILEM RC-6 (1978)

In case of closely spaced reinforcement bars, the bond strength might be
affected by the confining effect due to expansion of concrete caused by the radial
bond-stress component. Such confinement leads to an increased bond capacity.
This is supported by test data reported by Broms and Lutz (1965), who have
shown that the number of internal cracks between the closely distributed bars
might significantly exceed the number of cracks in other areas of RC ties as show
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in Fig. 1.9a. It can be seen that a large number of internal cracks developed close
to the reinforcement and that the spacing of these cracks was approximately
constant. Smaller crack distances near reinforcement indicate increased bond ca-
pacity. Otsuka and Ozaka (1992) have also illustrated that the confining effect is
related to the distance between the reinforcement bars (Figs. 1.9b-1.9d). In case
of reduced spacing between the bars (Fig. 1.9c), the tips of radial bond cracks of
adjacent bars join together affecting the bond performance of the overall rein-
forcement (bar group). Gribniak et al. (2015) revealed that the elements with a
large number of closely distributed reinforcement bars reported by Rostasy et al.
(1976), Williams (1986), and Purainer (2005) have shown a significantly stiffer
behaviour than elements with the same reinforcement area distributed in one bar
(or several bars spaced at relatively big distances). This phenomenon might be
due to the confining effect of the intact concrete between the closely distributed
bars, hampering the expansion of concrete due to secondary cracking (Figs. 1.7a,
1.9). Further studies, therefore, are necessary to investigate the deformational and
cracking behaviour of elements with closely distributed reinforcement bars.

a) b) c) d)

Fig. 1.9. Internal cracking of reinforced concrete elements: a) internal cracking observed
by Broms & Lutz (1965), results of elements with b) single @22 mm steel bar, c) two
@22 mm steel bars with 33 mm clear spacing, and d) two @22 mm steel bars with

89 mm clear spacing obtained by Otsuka and Ozaka (1992)

1.2. Analysing Cracking and Deformation Behaviour

1.2.1. Cracking and Deformation Stages

As noted in Subsection 1.1.1, cracks are intrinsic to concrete structures. This sec-
tion, however, is focused on development of macro-cracks in concrete elements
with bar reinforcement. Cracking and deformation behaviour are explained con-
sidering a tensile concrete element reinforced with single steel bar. As can be ob-
served in Fig. 1.10a, the deformation behaviour of a RC tie consists of three



16 1. CRACKING AND DEFORMATIONS OF REINFORCED CONCRETE ELEMENTS

stages. The first stage represents the elastic deformations up to the start of
cracking (point A'in Fig. 1.10a). The second stage refers to the region between the
first (point A) and the final cracks (point B). In the third stage, the deformation
behaviour of the member with fully developed cracks is characterized by a gradual
degradation of the bond strength. Goto (1971) related this process to the formation
of secondary cracks (also known as radial bond cracks) along the deformed bar
caused by the transfer of bond stress to the surrounding concrete.

In the cracked state, a stiffness contribution is formed due to the uncracked
concrete between the transverse cracks. The total stiffness is found to be higher
than the pure stiffness of a reinforcement bar in a cracked section. The stiffhess
contribution after cracking, referred to as the tension-stiffening effect (Fig. 1.10a),
depends on the stresses between the reinforcement bar and the surrounding con-
crete. Tensile stresses can either be a result of external load acting on the concrete
structure or due to restrained deformations. Such deformation could result from
thermal strain or drying shrinkage strain, as described in Subsection 1.1.1.

According to CEB-FIP Model Code 90 (CEB 1991), the first crack occurs
when the load has reached the theoretical cracking load, N, see Fig. 1.10a, and
new cracks will appear under small load increase until the element is fully cracked
or when the restraint forces decreases below the concrete tensile capacity. When
a reinforced concrete member is loaded in tension in the force-controlling manner,
the deformation will increase instantaneously for each crack that appears, without
increased load. As shown in Fig. 1.10b, the deformation increases rapidly with the
cracks. When RC tie is loaded in a deformation-controlled manner, the response
is rather different as shown in Fig. 1.10c. With the cracks, the reaction is reduced
because of reduced overall stiffness. In any case, the crack appearance reduces the
overall stiffness of the element (Figs. 1.10b and 1.10c). The inclination of the
dashed line indicates of the stiffness decreases. It is commonly assumed that no
new cracks appear in stabilised cracking stage (stage BC in Fig. 1.10a). The width
of the already existing cracks increases with load until the reinforcement yields.

N, . Fa F4
wd . AC
uncractaet " # cracked |stabilised cracking
—S85B AA—state
crack formation
Nort  Agr s
i.tension ced st
stiffening effect uncracked stage

&

a)
Fig. 1.10. Deformation response of reinforced concrete tensile element: a) cracking
stages, b) the force-controlling response, and c) the deformation-controlled loading
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1.2.2. Deformations and Cracking: Testing Methods and
Layouts

There are two main ways to assess cracking and deformation behaviour of rein-
forced concrete (Fig. 1.11): 1) flexural tests of RC beams; and 2) direct tension
tests of RC ties. The most common way is the beam flexure tests when the beam
is subjected to bending by applying either three-point or four-point (Fig. 1.11a)
loading scheme. However, interpretation of outcomes of the different tests might
lead to different conclusions (Bencardino 2013).

The shear effect can be identified as the major difference between the afore-
mentioned flexural tests. In the three-point bending, the zone of the maximum
flexural effect is located under the central bearing, while the four-point bending
method brings a much larger portion of the beam (i.e. part between two loading
points) subjected to pure flexure action. The latter scheme allows avoiding a prem-
ature failure of the beam due to stress concentration under the loading point. This
difference is of prime importance when investigating brittle materials, such as re-
inforced concrete, where the number and severity of defects exposed to the max-
imum stress is directly related to the flexural strength and crack initiation. There-
fore, the three-point bending test is more suitable layout for characterization of
the material, while the four-point bending test is often used for assessment of
structural parameters of RC elements. The deflection measurement in three-point
bending tests is commonly performed using the testing machine’s crosshead po-
sition sensor, whereas in the four-point bending test it is executed using deflec-
tometers. Due to different distribution of loaded points, the peak load values for
four-point bending tests are lower than three-point bending tests of about 12%,
while the peak stress values are lower of about 25% (Bencardino 2013).
Configuration of test setup is not the only source of scattering results. Due to the
shear effect, the response of the beam is highly dependent on the beam geometry,
particularly on the length to depth ratio I/h.

Fig. 1.11. Testing layouts: a) flexural four-point bending test (Gribniak et al. 2012),
b) direct tensile test of reinforced concrete tie (Deluce 2011)
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Alternatively, deformation and cracking behaviour of RC elements can be
determined using the direct tension tests (Fig. 1.11b). A concrete prism reinforced
with a single bar in the centre is the most common test specimen for the uniaxial
tensile test. As shown in Fig. 1.11, these specimens are commonly instrumented
with LVDT (linear variable displacement transducer) sensors on concrete surface
(Deluce 2011). Such equipment enables monitoring the average strain of concrete
surface. Furthermore, LVDT sensors might also be installed on the reinforcement
for monitoring the average deformations of the bar.

In addition to this, the tensile specimen can be equipped with modern moni-
toring systems such as internal gauging system (Scott & Beeby 2005, Vilanova
et al. 2014) or optical sensors (Khadour et al. 2013, Pinet et al. 2007), which are
suitable for precise assessment of the bar strains. The digital image correlation
(DIC) technique is becoming an increasingly useful tool for tracking deformations
at the concrete surface (Michou et al. 2015). The modern image back-scattering
techniques (X-ray (Landis & Bolander 2009), acoustic emission tomography
(Cheng etal. 2015), or magnetic resonance imaging (Marfisi et al. 2005)),
however, are limited to simple specimen geometry and loading cases. Thus, the
internal deformations of the concrete can be assessed only in an averaged manner.

1.2.3. Investigating Deformation Behaviour of the Reinforced
Concrete

Despite the apparent simplicity of the tensile test setup, interpretation of the test
results might be inadequate: the experimental evidence often disagrees with the
general assumption of similarity between average strains of the reinforcement and
concrete. This discrepancy can be attributed to two well-known, but often
neglected issues, namely, the effective area of concrete in tension and the end
effect. The bond mechanism and the concrete cover control both these effects,
which can be modelled by means of the discrete cracking approach, but cannot be
represented within the framework of the smeared (average) cracking models.
Accounting for the average deformations of the cracked concrete, the smeared
models do not consider development of a particular crack.

Following the load-sharing concept, external load P induces two internal
forces associated with the reinforcement Ns and the concrete N (Fig. 1.13a):

P=N,+N,. (1.1)

Considering the Navier-Bernoulli hypothesis (the strain profile within a
cross-section is represented as a plane), the internal forces in Equation (1.1) are
simply related to the average strain of the member, ¢n, assumed the same for both
the reinforcement and the concrete (Bischoff 2001):
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P=AE, + A Ele, =(AEs + AE. ) en. (1.2)

Here As and ¢, and Ac and & are the area and the strain of the reinforcement and
concrete, respectively; Es is the modulus of elasticity of the reinforcement; E; is
the secant deformation modulus of the concrete.

Application of the secant modulus allows accounting for reduction of the
stiffness of the cracked concrete. However, the exact distribution of the defor-
mations within the concrete as well as the “effective” area in tension (that is
characterized by the secant modulus E ) is unknown. In general, the total area of
the concrete is assumed identically effective in tension though this assumption is
adequate only for limited concrete cover ranges. Figure 1.12a illustrates a possible
inconsistency of the average deformation model: the average strains of concrete
ec,mand reinforcement &s, are not equal in a general case.

Figure 1.12b shows an idealized (average) load-strain diagram of a RC tie.
Since the average cracking models are valid up to the start of yielding of the rein-
forcement that is restricted to a single section, the current study considers only the
first three loading stages limited by the yielding of reinforcement (point C). The
first stage (part OA) covers the elastic deformations up to the start of the cracking
that occurs (point A) at the weakest section when the stress in the concrete reaches
the local tensile strength. The analysis related to the average tensile strength
(a macroscopic material parameter) produces a regular crack pattern. Introducing
variation in the strength is only relevant when capturing the best possible experi-
mental crack pattern (Dominguez etal. 2005) or the exact crack location
(Elfgren & Noghabai 2002).

Under the assumption that all tension at the cracked section is carried by the
reinforcement, i.e. neglecting the softening behaviour of the concrete after crack-
ing and considering the idealized crack pattern (regularly distributed fully formed
transverse cracks), the predicted crack width would be constant throughout the
section depth. Contradicting the experimental evidence (Figs. 1.13a, 1.13b), such
an over-simplified assumption does not allow for a difference between the internal
and external uncracked blocks (Fig. 1.12a) and, consequently, assessment of the
end effect that contributes to an inadequate interpretation of the test results
(Husain & Ferguson 1968, Carino & Clifton 1995, Borosnyoi & Snobli 2010). At
a certain distance from the transverse crack, the concrete continues carrying ten-
sile stresses because of the bond mechanism (Fig. 1.13c). This phenomenon, com-
monly known as tension-stiffening, is shown by the grey-filled area in Fig. 1.12b.

Deformation behaviour of the tie with fully developed transverse cracks
(stage BC) is characterized by the gradual degradation of the bond strength. Goto
(1971) related this process with the formation of secondary cracks caused by the
transfer of bond stresses to the surrounding concrete between the transverse pri-
mary cracks (Fig. 1.13b). Broms (1965) characterized two types of cracks with
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different geometry. One type is the primary visible crack attaining the concrete
surface, while the secondary cracks do not progress up to the concrete surface. In
case of a large cover, a larger number of the cracks will remain as internal cracks
at a given level of tensile force. Despite the high amount of experimental and
theoretical investigations carried out during the last century, a direct relationship
between crack width at the surface and inside the concrete (close to the bar) has
not been discovered (Beeby 1983). Moreover, there is no general agreement on
the area of the concrete effective in tension (Figs. 1.13c and 1.13d).
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Fig. 1.12. Reinforced concrete tie: a) load-sharing concept, b) average deformation behaviour
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Several methods have been proposed to determine effective concrete in ten-
sion (Fig. 1.14), however the adequacy of those methods are highly questionable.
Consequently, specimens with different dimensions are used for representing the
behaviour of structural elements, which naturally increases the scatter of the test
results (Gribniak et al. 2015, Lee & Kim 2009).

The serviceability analyses described by the Code methods are intended for
the stabilized cracking stage (Balazs et al. 2013). Unbalanced geometry and ma-
terial properties, however, might destabilize the cracking process (Debernardi &
Taliano 2016). Marginal differences between the cracking and yielding loads
(Fig. 1.12b), insufficient number of fully developed primary cracks in relatively
short specimens as well as significant tension-softening and crack interlock effects
(characteristic for a thick cover) could be associated with the unstable cracking
(Base & Murray 1982, Tam & Scanlon 1986, Gilbert 1992, Caldentey et al. 2013).

The development of longitudinal cracks can also be identified as a cause of
the unstable cracking that is associated with the inability of the cover to resist the
splitting stresses (Tepfers 1979, Holschemacher et al. 2005). Initiation of longitu-
dinal cracks at extremities of the experimental ties (Tepfers 1979, Jiang et al.
1984), significantly contributes to the end effect (Zheng et al. 2001, Tammo &
Thelandersson 2009). Schematically, the cracking process is shown in Fig. 1.13d.
The bond stresses are transferred to the surrounding concrete (particularly, the
radial stress component) due to the mechanical interlock of the ribs. The cover
controls the longitudinal cracking. Improper arrangement of reinforcement in a
cross-section might result in sudden splitting the cover. It is characteristic to large
diameter bars (Gambarova & Rosati 1996) and might be associated with the height
of the ribs and the stiffness of such reinforcement. Morita & Kaku (1979) con-
cluded that doubling the height of concrete cover (from 3.5 cm to 7 cm) provides
a threefold greater bond strength for a tensile element reinforced with a large
(51 mm) diameter bar. In structural elements designed in accordance with the
minimum cover requirement, the concrete might not be able to resist the forces
causing longitudinal cracking (Darwin et al. 1992). The resultant stiffness (related
to the bond behaviour) might be well below the value predicted by the models
derived using test results of samples with relatively large cover (Gribniak et al.
2016a, Caldentey et al. 2017).

Besides, reduction of the cover in the samples (often related to increase of
the reinforcement percentage in the ties reinforced with a centre bar) might result
in a sudden opening of the longitudinal cracks and the following loss of stiffness.
Strain peaks in the boundary zones (Fig. 1.15a) are characteristic to the defor-
mations monitored along the reinforcing bar (Michou et al. 2015). These peaks
mostly affect average strain measurements within a relatively small deformation
range. After the primary cracks open (Fig. 1.13b), the end effect becomes less
evident (Fig. 1.14Db). It also relies on the geometry (length) of the tie. Considering
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the cracking behaviour, experimental results (Brooms & Lutz 1965, Base et al.
1966, Rostasy et al. 1976, Carino et al. 1995, Borosny6i & Snobli 2010, Calde-
ron & Fernandez 2010, Caldentey etal. 2013, Gudonis etal. 2014a, Rim-
kus & Viléniskyte 2015, Gribniak et al. 2016a) indicated that the crack pattern is
dependent on geometry of the specimen and arrangement of the reinforcement.

Reinforced concrete tie tests (Fig. 1.16a) performed by Gudonis etal.
(2014a) showed, that average deformations of steel reinforcement and concrete
surfaces differs significantly (Fig. 1.16). These results disagree with the general
assumption of similarity between average strains of the reinforcement and con-
crete. Therefore, in order to assess structural behaviour of reinforced concrete,
deformation monitoring of concrete surface and reinforcement bar of RC mem-
bers is essential.
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Fig. 1.15. Strain in reinforcement a) before and b) after cracking (Michou et al. 2015)
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1.3. Numerical Modelling

Structural response of RC elements is an intricate process involving a wide range
of effects, such as internal cracking, different strength, deformation and bond
characteristics, and time dependent effects. These effects result in a nonlinear be-
haviour of RC elements. In order to evaluate these effects, one of the most
straightforward approach is numerical modelling. The use of finite element (FE)
analysis has increased due to progressing knowledge and capabilities of computer
software and hardware. Commercial FE packages (ABAQUS, ATENA, DIANA, etc.)
now offer a very powerful and general analytical tool for analysis of RC structures
(Gribniak et al. 2007). In some cases, a numerical approach provides the ability
to assess effects, which are even too complicated to be evaluated experimentally.

Common numerical approaches tend to represent reinforced concrete as a
continuum media. Cracking of the concrete, however, is a distinctly discontinuous
phenomenon. In order to simulate the cracking process, the cracked concrete is
modelled as a homogeneous material with degraded mechanical properties.
Miglietta et al. (2016) introduced a new numerical tool that is capable of
predicting the transition between continuum and discontinuum approaches. This
tool is based on the assumption that longitudinal cracks propagate around the bar
generating a zone where the bond between the reinforcement and the concrete is
damaged. In combination with the damage-length model by Maekawa et al.
(2003), such a modelling approach enables representing the development of the
cracks as shown in Fig. 1.17.

Dominguez et al. (2005) proposed a numerical model suitable for prediction
of the crack patterns. The damage model of the concrete combines two types of
the energy dissipation mechanisms: diffused volume dissipation and localized sur-
face dissipation. This approach involves the concrete heterogeneity into the nu-
merical model. The configuration of the crack pattern was changed accordingly.
It allows predicting not only mean, but also and maximal crack spacing, even if
the exact location of cracks remains unknown. Dominguez et al. (2005) also
analysed adequacy of bond models by the simulation of concrete tie. The tie was
discretized with quadrilateral elements in an axisymmetric formulation: one
without interface elements, and the other with non-zero interface elements
(Fig. 1.18). For a same imposed displacement, a discretization without joint
elements was unable reproducing a realistic crack distribution, while the model
with interface elements was found adequate.

Ogura et al. (2008) studied the influence of lateral reinforcement, concrete
strength and arrangement of the longitudinal bars on the bond splitting failure in
RC beams. This study was performed by considering 2D FE model shown in
Fig. 1.19a. FE software ATENA was used for this purpose. The tension-softening
effect was modelled in the terms of a stress versus crack opening displacement
relation. The crack band model (Bazant & Oh 1983) was applied for regularization
of the simulated fracture of the concrete. The simulated propagation of the cracks
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with load (due to radial stress around the longitudinal reinforcement bars) is
shown in Fig. 1.19b. The adequacy of the numerical simulation was proven by
using the pull-out tests results.

A remarkable accuracy is characteristic of a meso-scale bond model
developed by Michou et al. (2015). Unlike other similar approaches, this simpli-
fied approach enables modelling different bond stiffnesses due to the rib effect:
the reinforcement-concrete interface is modelled as a sequence of constant
diameter cylinders with periodic field of regular bond parameters. Bond parame-
ters of a 10 mm deformed steel bar were calibrated by using the pull-out test re-
sults. This approach secures the numerical robustness and the convergence of the
calculations. It also describes progressive loss of bond stiffness until the maxi-
mum bond stress is reached. This allows to obtain inclined cracks at the reinforce-
ment bar ribs and slip between the two materials. Michou et al. (2015) success-
fully validated this model by using experimental results of pull-out tests
(Figs. 1.20a and 1.20c). For simplification purposes, the radial stress component
(Fig. 1.13d) is neglected in this model. Consequently, it is valid for representing
bond behaviour of reinforcement bars, whose diameter is relatively small.
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Fig. 1.17. Crack patterns (Miglietta et al. 2016): a) numerical simulation,
b) experimental view
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Fig. 1.20. 3D modelling: damage field of a) the “ribbed” interface, b) classical 3D
approach, and c) numerical bond behavior compared to experimental results
(Michou et al. 2015)

The aforementioned examples demonstrate the potential ability of numerical
procedures of performing deformation and cracking analysis of the RC members
with intricate internal strain distribution in the concrete. However, numerical ap-
proach to the investigation of arrangement effect of bar reinforcement on defor-
mations and cracking of concrete elements requires high performance computing
that exceeds the capabilities of the current computer hardware. Therefore, further
investigation is necessary to simplify the numerical models (i.e. reduce the calcu-
lation demands) and identify the predominant characteristics of the deformation
and cracking performance of reinforced concrete members.

Non-linear structural analysis FE software ATENA could be noted as a
powerful tool for solution of the deformation and cracking problems. The material
model of the cracked concrete, employing the fracture mechanics approach for
softening behaviour, is based on the crack band model (BaZant & Oh 1983). The
discrete cracks and compression failure zones representing discontinuities are
modelled by means of strain localization within bands in FE displacement fields.
This model is based on the assumption of equal energy dissipation. A unified ap-
proach may be used for tensile and compressive softening (Gribniak et al. 2013a).
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As an alternative to FE analysis, one of the most straightforward way to in-
vestigate deformation behaviour of reinforced concrete member with intricate ar-
rangement of reinforcement bars is the application of layered section model. The
modelling aims at predicting the deformation (or average cracking) response for
given material laws and sectional characteristics. The deformation (curvature)
analysis might be performed based on the model described by Grib-
niak et al. (2017b). The calculations are based on the smeared crack approach.
The layered section model assumes a linear strain distribution is assumed over the
depth of the section.

In order to illustrate the application of the layered section model, a doubly
reinforced concrete member subjected to an external bending moment Mey is con-
sidered. The cross-section of such a member is presented in Fig. 1.21a. As shown
in Fig. 1.21b, the cross-section is divided into n longitudinal layers, corresponding
to either concrete or reinforcement. The reinforcement layer thickness ts (ts2) is
taken from the condition of the equivalent area, i.e. relating it to the ratio of re-
spective area Asi (As2) and the width of the cross-section bs; (bs) (Fig. 1.21b). The
stress-strain state (Figs. 1.21c-1.21e) is approximated using the material models
of reinforcement and concrete shown in Figs. 1.21f-1.21h.

Curvature x and strain ¢; at any layer i (see Fig. 1.21d) are calculated by fol-
lowing formulas:
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Here AE, SE and IE are the area, the first and the second moments of inertia of the
section multiplied by the secant modulus E'i. For the given strain ¢ and the con-
stitutive law (Figs. 1.21f-1.21h), the stress o is obtained. The analysis is per-
formed iteratively until equilibrum between the external and internal (calculated)
moments is satisfied. The presented numerical approach can be applied for the
deformation analysis of plain or fibre reinforced concrete with steel or fibre-rein-
forced polymer bars. The versatility of this technique is a major advantage with
respect to the commonly accepted methods deduced for a separate analysis of each
type of the structural reinforcement (Barros & Fortes 2005, Barros et al. 2012,
2015, Gribniak et al. 2017b).

1.4. Design for Serviceability

1.4.1. Deformation Approaches

In the design practice, the deformations of RC members can be predicted by the
Eurocode 2 (CEN 2004) and fib Model Code 2010 (fib 2013) by the equation
based on an interpolation between the deformations of uncracked (I state) and
cracked (Il state) conditions. In state I, both the concrete and reinforcement be-
have elastically, while in state Il the reinforcement carries all the tensile force on
the member after cracking. Deformation is expressed as:

a=01-0)-a, +-q,. (1.4)

Here a is the deformation parameter considered which may be a strain, a curva-
ture, or a rotation (as a simplification, a may also be taken as deflection); a, and
ay are the values calculated for the uncracked and fully cracked conditions, re-
spectively; { is an interpolation coefficient (allowing for the effect of tension
stiffening at a section). This coefficient indicates how close the stress-strain state
is to the condition causing cracking. It takes a value of zero at the cracking mo-
ment and approaches unity with increase of load:

C:]-_:B'(O-sr /05)2' (15)

Here £ is a coefficient to account for the influence of the duration of loading or
repeated loading on the average strain (= 1.0 for a single or short-term loading and



28 1. CRACKING AND DEFORMATIONS OF REINFORCED CONCRETE ELEMENTS

= 0.5 for sustained loading or multiple cycles of repeated loading); os is the stress
in the tension reinforcement calculated on the basis of a cracked elastic section
under the load considered; o is the stress in the tension reinforcement calculated
on the basis of a cracked elastic section under the loading conditions that cause
first cracking. The ratio os/os in Eq. 1.5 may be replaced by M/M for flexure and
Ne/N for pure tension, where M is the cracking moment and N is the cracking
force. M and N represent the maximum moment and normal force in the load com-
bination considered.

Regarding deformation predictions, Model Code 2010 and Eurocode 2 pro-
vide simplified procedures to account for long-term effects due to creep and
shrinkage (Balazs et al. 2013, Rimkus & Gribniak 2016). In addition to this, sim-
plified method for fully or partially prestressed concrete structures are also pro-
vided in RC design provisions.

Gribniak et al. (2013a) revealed that the accuracy of the Code predictions
varied significantly with load intensity and amount of reinforcement. In general,
the accuracy improved with increase of load. For the beams with moderate rein-
forcement ratio (> 0.8%) under service load, the Codes have demonstrated
reasonable accuracy acceptable for design purposes. Accuracy significantly de-
creased for the beams with small reinforcement ratio. A higher prediction variation
was observed at early cracking stages, which can be attributed to the random varia-
tion of tension strength of concrete. Consequently, there should be a larger safety
margin (for the same probability) at low load levels and small reinforcement ratios.

1.4.2. Cracking Approaches

The crack width might be predicted according various international design provi-
sions based on different analytical models. For practical use and design purposes,
design codes, such as Model Code 2010 (fib 2013) and Eurocode 2 (CEN 2004),
provide an explicit formulation of crack spacing and average strain in the steel
reinforcement and concrete. For the maximum crack width predictions, the afore-
mentioned provisions account for the average strains of the reinforcement bars
and the concrete in tension, modular ratio of reinforcement and concrete, effective
area of the concrete in tension, concrete cover, reinforcement bar diameter, bond
properties of reinforcement bar, strain distribution along the cross section of the
element and loading conditions. Influence of these parameters on the predictions
of cracking characteristics according to different design provisions is significantly
different; therefore, Model Code 2010 and Eurocode 2 provide contrasting results.

According to Eurocode 2, the maximum crack width can be calculated as
following:

Wiax = Sr,max '(gsm _gcm)- (1-6)
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Here srmax is the maximum crack spacing, and &m and &n are the average strains
of the reinforcement bars and the concrete in tension, respectively, over the length
Srmax- The maximum value of crack width is related to the average value (wn) by
the expression:

Winax = Wi - .7

Here S is a statistical coefficient equal to 1.7 (Borosnyoi & Balazs 2005, ENV
1991). The difference between the reinforcement and concrete strains (Eg. 1.6)
might be calculated by:

Esm —€m = Oy /Es _ktfctm /(Esps,eﬁ )(1+ps,eff ae)' (1'8)

Here e is the ratio between Esand E., ps.f is the ratio between A, that is the whole
area of the longitudinal reinforcement, and Ac, that is the effective area of the
concrete in tension. The value of Ac is obtained multiplying the width of the sec-
tion for hcer, equal to the minimum value between 2.5(h - d), (h - x)/3 and h/2
(Fig. 1.14). The coefficient k; is set equal to 0.6 for short-term loading condition
and 0.4 for long term or cyclic loading; o is the stress in the tensile reinforcement
calculated in a cracked section under the applied external load.
The crack spacing (Srmax) Can be obtained employing following semi-
empirical formulation:
@,
Srmax =Ka - C+ky Ky Ky - : (1.9
Ps eff

Here c is the cover depth (mm) and & is the bar diameter (mm). The Eurocode 2
suggests to set ks equal to 3.4 and ks to 0.425; k; is a coefficient which accounts
for the bond properties of steel bars (= 0.8 for corrugated bars and = 1.6 for smooth
bars); k is a coefficient which takes account of the form of strain distribution
along the cross section (= 0.5 for bending and = 1 for pure tension).

Model Code 2010 suggests alternative way to obtain maximum crack width:

W =2- Is,max “(Esm — €em — &cs)- (1.10)

Here Ismax IS the length (mm) over which slip between concrete and steel occurs.
&m and &m are the average strains of steel bars and concrete, respectively, over the
length Ismax. &s is the strain of the concrete due to free shrinkage. lsmax can be
calculated as:

smax =K C+— = ——. (1.12)
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Here k is the empirical parameter to take the influence of the concrete cover into
consideration. Balazs et al. (2013) referred k-c to the load transfer of bond forces
from the rebar surface to the concrete surface. The relative mean strain in Eq. 1.10
can be calculated as:

Esm — €cm —cs = (05 — P04 ) Eq +1, - &4 (1.12)

Here o is the stress in the reinforcement bar at a cracked section, in which the
effect of fibres needs to be taken into account; oy is the maximum steel stress in
a cracked section at the crack formation stage, which can be calculated according
following expression:

Ogr = fctm @+ Ps et 'ae) / Ps et - (1'13)

The stress zom is equal to 1.8 fum for stabilized cracking in both short and long term
loading. g is equal to 0.6 and 0.4, for short and long term loading, respectively. 7:
is equal to 0 or 1, for short and long term loading, respectively.

However, the adequacy of Model Code 2010 and Eurocode 2 provisions for
the calculation of crack width and crack spacing are questionable in terms of the
effects related with the effective area of the concrete in tension, reinforcement bar
diameter, and cover depth (Windisch 2016). Regarding the length s max Over which
slip between concrete and steel occurs (Eq. 1.11) or crack spacing Srmax (EQ. 1.9)
some researches doubted that @s/pserr parameter is suitable for these expressions
and has sufficient influence (Windisch 2016, 2017, Kaklauskas 2017). Borges
(1965) concluded that a very weak correlation between crack spacing and Js/As es
parameter is obtained in case concrete cover is disregarded. Moreover,
Beeby (2004) complied with this statement, that crack spacing is independent of
parameter Jy/ps e, and showed that crack spacing depends only on the distance of
the crack from the nearest reinforcing bar. These uncertainties encouraged to in-
vestigate the influence of cross-section parameters and mechanical properties of
RC members (including effects of bar reinforcement arrangement) to cracking and
deformation behaviour of reinforced concrete. Therefore, the adequacy of the
Codes issue is identified as important for analysis in the present thesis.

1.5. Conclusions of Chapter 1 and Formulation of the
Objectives of the Thesis

Based on the literature review, the following conclusions can be drawn:
1. The deformation and cracking response of RC members is governed by
the tensile properties of concrete, the elastic properties of reinforcement,
the bond characteristics between concrete and reinforcement and the
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cross-sectional parameters of RC members. Heterogenity of concrete,
external and internal cracks, bond behaviour are responsible for the scat-
ter of test results of reinforced concrete members. However, demand to
predict the serviceability properties requires simple and straightforward
approach for cracking response. In order to determine part of the concrete
surrounding the reinforcement that is considerably influenced by the
force transfer, concrete effective in tension is applied.

2. Proper selection of testing layout of RC members might significantly in-
crease the adequacy of interpretation of the structural response. Follow-
ing the concept commonly accepted in design codes, the area of concrete
effective in tension is considered to reperesent an equivalent element
with unified material and deformation characteristics contributing in the
same average manner.

3. Bond behaviour is an important factor of “effectiveness” of the concrete;
however, appearance of multiple bar reinforcement (in the tension zone)
complicates the behaviour of the concrete. Therefore, the effect of the
arrangement of the bars on the overall stiffness and the cracking
behaviour of the tensile zone must be investigated.

4. In order to assess the effect of arrangement of bar reinforcement on the
area of concrete effective in tension, deformation monitoring of concrete
surface and reinforcement bar of RC members is essential.

5. The numerical modelling might be an appropriate way to perform defor-
mations and cracking analysis of the RC members with elaborate internal
strain distribution in the concrete. The numerical approach provides the
ability to evaluate intricate load transfer and internal cracking phenomena
and assess effects, which are too complex as to be evaluated experimentally.

The object of research is concrete elements with bar reinforcement subjected

to short-term loading. The study is dedicated for investigation of effect of arrange-
ment of bar reinforcement on deformations and cracking of concrete elements. In
order to achieve the objective, the following tasks are formulated:

1. To identify the governing characteristics of the deformation and cracking
performance of reinforced concrete members.

2. To perform experimental and numerical analysis of arrangement effect of
bar reinforcement on deformations and cracking behaviour of concrete
elements subjected to short-term loading.

3. Toverify adequacy of the current design code predictions of deformations
and cracking behaviour of reinforced concrete members.

4. To propose several alternative layouts of reinforcement bar ensuring the
control of the stiffness and cracking behaviour of concrete elements un-
der serviceability conditions.






Experimental Investigation on
Deformation and Cracking of
Reinforced Concrete Elements

This chapter experimentally investigates effects of the arrangement of bar rein-
forcement on deformations and cracking behaviour of concrete elements. It pre-
sents test results of beams and ties with various cross-section parameters and load-
ing layouts. Representativness condition of test specimen has been proposed. An
iterative procedure of reduction of the concrete surface deformation gauge length
has been proposed for localizing the end effect in the ties. Chapter 2 also verifies
the adequacy of cracking predictions by design codes. This chapter includes the
material presented in journal publications Gribniak et al. (2016b, 2017c), Rimkus &
Gribniak (2017a, 2017b), Meskénas et al. (2017), and conference proceedings Rim-
kus et al. (2015, 2017a), Rimkus & Viléniskyte (2015) and Gudonis et al. (2014a).

2.1. Reinforcement Materials

Due to relatively high strength and good ductility, steel is the most widely used
reinforcing material for concrete structures. As a corrosion-resistant alternative to

33
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steel reinforcement, fibre reinforced polymer (FRP) composites have been used
in concrete structures quite frequently in recent years. Considering the most com-
mon materials of reinforcement, steel and glass fibre reinforced polymer (GFRP)
bars were used in this investigation.
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Fig. 2.1. Surface characterlstlcs of the reinforcement bars

Table 2.1. Mechanical properties of the reinforcement bars

Material Used for @, mm Er, GPa fy, MPa fu, MPa
6 223.5 585.4 642.5

8 209.8 589.0 625.1

Beams 10 209.9 578.1 658.5

14 210.5 632.3 695.1

22 199.3 551.1 553.0

Steel 5 200.7 503.9 600.1

6 203.6 504.7 606.3

Ties 8 197.1 473.9 621.2

10 199.5 510.1 650.3

12 202.8 543.7 639.3

14 205.3 558.7 625.7

8 65.1 - 1491

GFRP .

(schick Compagy | Boams/Ties [ 12 [ eer |- i

GFRP Ties 6 46.0 - 896

(Aslan 100) 13 46.0 — 758
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All concrete specimens, considered in this investigation, were reinforced
using different combinations of deformed 5, 6, 8, 10, 12, 14, 22 mm diameter steel
(Fig. 2.1a) and 6, 8, 12, 16 mm diameter GFRP (Fig. 2.1b) bars. To determine the
mechanical properties of the steel, three samples of each bar diameter were tested.
The GFRP bars were not tested assuming the mechanical properties specified by
the producers (Weber 2006, Hughes Brothers 2011). The mechanical properties
of the reinforcement are presented in Table 2.1. Schéck ComBAR reinforcement
are the most commercially used GFRP bars due to the ribbed surface which cor-
responds to the adhesive properties of ribbed steel bars (Fig. 2.1c). On the con-
trary, the adhesion between Aslan 100 bar and concrete is ensured by the sand
coated surface (Fig. 2.1c).

2.2. Flexural Elements

This section investigates the effects of the arrangement of tensile reinforcement
on the flexural stiffness and cracking of concrete beams. For quantification pur-
pose, bending tests of nine specific beams with different arrangements of rein-
forcement in the tension zone are considered. Test specimens were selected from
a large experimental program performed by Gribniak et al. (2011). This experi-
mental campaign involved more than 80 RC beams with various cross-section pa-
rameters, arrangement and material of the reinforcement bars. The previous study
has indicated almost identical deformation behaviour of the twin-specimens.
Therefore, the present study involves only one sample of each type of the beams.
Selected beams were reinforced with steel or GFRP (produced by Schdck) bars
using two principal layouts. The first group of specimens had a conventional re-
inforcement layout — the bars were distributed in a single layer with 20 mm cover.
The second group contains specimens with the same reinforcement ratio (as in the
conventional beams), but with non-conventional distribution of the tensile rein-
forcement arranged in three layers. Gribniak et al. (2013b) and Meskeénas et al.
(2017) investigated the effect of fibre reinforcement to the serviceability proper-
ties of RC beams. The previous studies compared serviceability of the beams in-
cluded in the first group of the present study with the counterparts (with identical
arrangement of the bars) made of fibre reinforced concrete. The fibre effect to
increase the cracking resistance was found to be very similar to that observed in
this study in the beams of the second group (with reinforcement distributed in
several layers). This observation suspects to a similarity between the efficiency of
increasing number of the bars and the dispersive fibre reinforcement.

The previous study (Gudonis et al. 2014b) revealed no slip of GFRP bars at
the deformation levels characteristic of the service conditions of RC elements.
This observation justifies the comparative analysis of serviceability (cracking and
deformation) properties of the beams reinforced with steel and GFRP bars. For
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the purpose of comparative analysis, all test specimens had identical concrete
cross-sections with a similar concrete strength fcm and two different reinforcement
ratios p (0.6% and 1.0%). To evaluate differences in the deformation and cracking
behaviour of the selected beams, the predictions by Model Code 2010 (fib 2013)
were set as the reference assuming that a prediction is safe if the code overesti-
mates the experimental value.

2.2.1. Description of Beam Specimens

The main parameters of the beams are listed in Table 2.2 with sectional notations
evident from Figure 2.2. Other parameters presented in the table are the average
compressive strength of the concrete @150x300 mm cylinder at 28 days (fcm,2s)
and at age (t) of testing (fcm).

The presented data is part of large experimental investigation (Gribniak et al.
2011) of concrete shrinkage effect on cracking resistance and deformations of
concrete structures. Nine beams with different arrangements of reinforcement
were selected from the experimental database of the aforementioned investigation.
The selected specimens were produced using the same concrete grade (C 37) ex-
pressed in two concrete mixes given in Table 2.3 and denoted as Mix A and Mix
B. Nomenclature of the specimens characterizes the type of the element and com-
position of the reinforcement, including the reinforcement ratio and material. The
letter “S” defines “Beam”; the first number corresponds to the reinforcement ratio
p (“2” refersto p~0.6% and “1” to p = 1.0%); “nm” refers to non-metallic (GFRP)
reinforcement. The experimental beams were cast using steel formworks. The
beams were unmolded in 2—3 days after casting. The specimens were cured at an
average relative humidity (RH) of 73% and a temperature of 20 °C.

Beam S1-1 Beam S1-6 Beam S2-1 Beam S2-5nm
A; ¢ p=1.0%, pe=3.3%_D6 p=1.0%, p=2.8% @6 p=0.6%, p,~=1.9% @6 p=0.6%, p,~18% 6

a

A=218x10% 7| g
d o\ o o 7] 2.2
b A=2.15x10°m*| 310 A=2.24x10%°m?| @6 | Ae=2.46x10°m* @8
A r . . [ AN .
W lemees | 1 o W W
- b . f €=20 mm f €=20 mm f ¢=20 mm f €=20 mm
Beam S1-2 Beam S1-4 Beam S2-3 Beam S1-5-2nm Beam S2-4-2nm

p=1.0%, p.=4.0% @36 p=L1.0%, p.=3.6% 36 p=0.6%, p.=2.4% @6 P=1.0%, p.~3.8% @6 p=0.6%, p.=2.1% @16
N N 4 N 7 o N 4

A=1.93x10?m} A=2.10x10°m] A=1.95x102m7 A=2.09x102m7 A=2.17x10%m]
Wovoad e el Wala il Wbd i ere o4
ﬁ ¢=20 mm ﬁ ¢=20 mm ﬁ ¢=20 mm ﬁ ¢=20 mm f ¢=20 mm

Fig. 2.2. Cross-sections of the beams with different arrangement of reinforcement bars



2. EXPERIMENTAL INVESTIGATION ON DEFORMATION AND CRACKING OF... 37

Table 2.2. Main characteristics of the test specimens

. h [d*® [a] b A | A np_| femzs | fem t -
Specimen mm mm? % MPa days Mix
S1-1 299 | 248 | 25 | 282 | 695.9 | 56.6 | 5.70 | 4552 | 49.7 75 B
S1-6 303 | 217 | 37 | 271 | 603.2 | 56.6 | 5.76 | 39.55 | 43.0 | 256 A
S2-1 301 | 254 | 30 | 279 | 429.9 | 56.6 | 3.60 | 45.52 | 49.4 73 B
S2-5nm 302 | 246 | 26 | 276 | 4524 | 56.6 | 1.12 | 41.29 | 56.0 | 167 A
S1-2 300 | 273 | 29 | 284 | 776.8 | 56.6 | 5.62 | 4552 | 49.4 | 67 B
S1-4 300 | 267 | 24 | 280 | 760.0 | 56.6 | 5.47 | 4552 | 49.4 68 B
S1-5-2nm | 305 | 275 | 33 | 277 | 804.2 | 56.6 | 1.89 | 38.37 | 44.6 | 236 A
S2-3 300 | 272 | 29 | 282 | 466.1 | 56.6 | 3.44 | 4251 | 48.1 | 66 B
S2-4-2nm | 303 | 272 | 27 | 276 | 4524 | 56.6 | 1.06 | 47.21 | 494 | 37 A
(*) The effective depth is given with respect to the centroid of tensile reinforcement.
Table 2.3. Mix proportions, kg/m?
Material Mix A Mix B
Sand 0/4 mm 910 + 2% 905 + 2%
Crushed aggregate 5/8 mm 470 £ 2% 388 + 1%
Crushed aggregate 11/16 mm 470 + 2% 548 + 1%
Cement CEM | 425N 415+ 1% 400 + 0.5%
Water 174 £ 5% 124 + 5%
Concrete plasticizer Stachement 2067 3.32+2% -
Concrete plasticizer Muraplast FK 63.30 — 2+£2%

The beams with a nominal length of 3280 mm were tested under a four-point
bending scheme with 1000 mm shear spans as shown in Figure 2.3 that also gives
the strain gauge position. The specimens were loaded with a 1000 kN hydraulic
jack in a stiff testing frame. The test was performed with small increments (2 kN)
and paused for short periods (about 2 minutes) to take readings of the gauges and
to measure crack development. On average, it took 50-80 load increments with a
total test duration of 3 hours. The testing equipment acting on the beam weighed
2.3 kN and summed up with the beam’s own weight induced a 3.5 kNm bending
moment at the mid-span.

Moment-curvature diagrams were obtained in two ways: from deflections
and from concrete surface strains, both recorded in the pure bending zone. Con-
crete surface strains were measured throughout the length of the pure bending
zone, using mechanical 200 mm gauges. As shown in Figure 2.3 (view “A”), four
continuous gauge lines (with five gauges in each line) were located at different
heights. The two extreme gauge lines were placed along the top and the bottom
reinforcement whereas two other lines were located 60 mm off these lines. To
measure deflections, linear variable differential transducers (L1-L8, see
Figure 2.3) were placed beneath the soffit of each of the beams. Previous studies
(Gribniak et al. 2009, 2013b, Stramandinoli & Rovere 2008, Caldentey & Peiretti
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1999) revealed good agreement between the moment-curvature diagrams obtained
from the deflection of the pure bending zone and strain measurements. In the pre-
sent study, the moment-curvature response of the beams was assessed using the
surface strains averaged along each of the gauge lines shown in Figure 2.3.
Following the methodology detailed in the references (Gribniak et al. 2009,
2013b), the curvature averaged through the pure bending zone is calculated as:

411 _
KZEZZM (2.1)

1=2 k=1

Here Dy and D, are the averaged strains along k and | gauge lines (1st...4th lines,
Figure 2.3), respectively; hq is the distance between the lines (k, | = 1...4, k #1).
Figure 2.4 shows the obtained moment-curvature diagrams.

The crack pattern was marked during the tests at the side of the beams, op-
posite to that where surface deformation measurements were taken (Figure 2.4).
At the chosen loading levels, the crack width was measured at the gravity centre
of the tensile reinforcement using a 50 magnification (50%) optical microscope.
Additionally, development of the visible cracks was located specifying the crack
shape under the particular loading level. Figure 2.5 represents the final crack
pattern of the beams, indicating the load levels for which the cracks reach a given
web depth, thereby obtaining a representation of the crack development with load.
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Fig. 2.3. Loading system and arrangement of test devices
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Fig. 2.4. Moment-curvature response of the beams
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Three layers of reinforcem

ent

Fig. 2.5. Final crack pattern

To investigate the effects of bar reinforcement on deformation and cracking
behaviour of beams made of SFRC, several beams with the same section
parameters as shown in Fig. 2.2 were made using steel fibres as additive for the
concrete. Meskenenas et al. (2017) and Gribniak et al. (2013b) reported results of
the structural tests. The brief discussion of the relevant results in the context of
the present research is given in Section 3.1.

2.2.2. Deformation Analysis

In Figure 2.6, Model Code 2010 (fib 2013) predictions are compared with the ex-
perimental moment-curvature diagrams. Two types of behaviour can be observed
comparing the experimental and predicted diagrams: with increasing load, beams
with one layer of reinforcement exhibit a progressive degradation of the stiffness,
with respect to values predicted by MC 2010, whereas the actual stiffness of the
beams with multiple layers of the bars does not exhibit such a degradation until
failure. The differences in the deformation behaviour of the beams can be ex-
plained by the decisive difference in the bond characteristics, which are related
with an increase of the bonded area and different deformations of the bars distrib-
uted in several layers. This aspect might be very important at the crack formation
stage, where beams with the alternative reinforcement layouts are capable of re-
sisting development of the cracks. As can be observed in Figure 2.2, all beams
had a constant nominal cover (¢ = 20 mm), which did not secure sufficient con-
finement causing initiation of splitting cracks and, consequently, degradation of
overall stiffness. On the contrary, a large number of bars closely distributed in the
tensile zone safeguarded high relative stiffness of the cracked specimen through-
out all loading stages. Similar results were obtained in the tests of tensile members
(Rostasy et al. 1976, Purainer 2005, Rizkalla & Hwang 1984, Williams 1986) and
beams (Jakubovskis et al. 2014, Gribniak et al. 2013b, Calderon & Fernandez
2010, Gribniak et al. 2015) reinforced with a large number of closely spaced bars.
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Such members have demonstrated significant increase of stiffness of the cracked
section (with respect to the specimens with conventional arrangement of the ten-
sile reinforcement).

To assess differences in the stiffness, the curvature predictions by the MC
2010 were used as reference. The curvature results in different specimens were
compared using the relative term:

Axc = Kobs ~Fme (2.2)
Kobs

Here xops and xwvc are the observed and calculated (reference) curvatures, respec-
tively.

The deformation behaviour of the test specimens was investigated at four ref-
erence levels of loading intensity related to the reference ultimate bending moment
M. This value was calculated assuming the strength limit of 500 MPa for the bar
reinforcement. Table 2.4 shows the characteristic load levels and the corresponding
values of the relative curvature, 4x, from Equation (2.2). Additionally to the refer-
ence load levels, the predictions at the service load, Msr, were analysed. This load-
ing level is of vital importance in the design for serviceability (Jakubovskis et al.
2014, Debernardi et al. 2011). As can be observed from Table 2.4 and Figure 2.6,
the service load is within the bounds described by reference points “3” and “4”.

In Table 2.4, the beams are presented in two groups — the first four specimens
with three layers of the tensile bars are included in Group I. Whereas, Group Il
represents the beams with the reinforcement distributed in one layer (Figure 2.6).
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It is evident that the deformation behaviour of the beams from these two groups
are different. The author’s viewpoint is that a prediction is safe, if Ak <0, since the
physical nature of the ratio 4x means that the code overestimates the deflection in
such cases. MC 2010 overestimated deformations (curvatures) of the elements from
the first group at all considered loading levels: at the service load, the overestima-
tion of the predictions (the prediction safety) varies from 14% to 32%. On the
contrary, deformations of the beams with conventional distribution of the rein-
forcement (in one layer with minimal cover) were underestimated almost at all
loading stages: at the service loading, deficiency of the predictions was found
equal to 7-15%. The obvious differences of the predictions between the groups
inspire a modification of the deflection prediction for the specimens with three
layers of the reinforcement. A proposal for such a modification is provided in
Subsection 3.1.

Table 2.4. Relative curvature prediction percentage, 4« (loading levels shown in Figure 2.6)

Loading level
Group | Beam |My, kNm 1 2 3 4 Mser
0.32-0.33-My|0.36—0.39-Mu|0.48-0.54-My|0.58-0.63-Mu| 0.55-Mu

S1-1 92.24 -36.3 -23.7 -14.2 -13.0 -13.6
| S1-6 59.95 -92.9 -71.9 -34.6 -30.2 -32.2
§2-1 60.56 —-62.3 -84.6 -35.3 —-25.8 —29.7
S2-5nm 52.74 -15.2 —85.9 —49.2 —4.7 -20.7

S1-2 122.89 3.0 8.6 104 111 10.8

S1-4 103.52 3.7 4.6 6.4 6.9 6.7

I S1-5-2nm| 101.48 18.6 16.7 12.3 12.2 12.2
S2-3 75.71 2.1 14 7.6 7.9 7.8
S2-4-2nm| 58.77 57.1 41.5 18.3 11.9 14.9

2.2.3. Cracking Analysis

2.2.3.1. Crack Distances

The distance between cracks is the governing parameter for the crack width pre-
diction. However, assessment of crack distances in some cases is not so straight-
forward. At different loading stages, cracks appear with different spacing, length,
and width. The crack opening varies not only between the cracks, but it also might
vary from zero to Wmax (maximum width) in the same crack. Furthermore, a com-
plex topology of the crack surface often does not allow identifying a unique value
of the crack width (i.e. a small change of the monitoring position might lead to
noticeable change of the identified opening).

It should be kept in mind that the general idea of the Codes (MC 2010 and
EC2) is to formulate a mathematical model (consistent with experimental evi-
dence) that provides a reasonable reliability of the predictions of the maximum
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crack spacing that can potentially occur. For both standards, the maximum crack
spacing is related with the transmission length. Since this parameter was not de-
termined experimentally, the observed results might be considered as a rough ap-
proximation to the cracking problem. Moreover, experimental estimation of the
cracking parameters might be subjective. To avoid subjectivity of the judgement,
a numerical procedure for determination of the distances between cracks has been
developed. The location of a crack is defined as the centroid of the projection of
the crack points on the longitudinal axis of the specimen. The current analysis
considers the cracking behaviour in the pure bending zone. Figure 2.7 sketches
the procedure for obtaining the crack distances that consists of following steps:
1. Ata given loading level, the crack distribution scheme is made using the
crack patterns (Figure 2.5).
2. Using horizontal lines spaced at a constant distance (in the considered
situation, it was equal to 5 mm), the schematic cracks are “trimmed”
generating an array of the cracking points.
3. The origin of the longitudinal axis x is associated with the boundary of the
pure bending zone. The collection of the projections of the generated array
of the cracking projections produces the dataset for further clustering.
The agglomerative hierarchical clustering technique was chosen for
identifying the cracking points (projections) that closely resemble one another.
The clusters, related with location of the discrete cracks, were formed using the
linkage function described as a shortest Euclidean distance between the elements.
The 20 mm distance was chosen as a threshold for “cutting” the data into clusters.
Application of the clustering technique to the datasets generated at the different
loading levels results in the diagram that represents evolution of the crack distance
with increasing load. The evolution diagrams of maximum crack distance are
shown in Figure 2.8 for all beams. Similar graphs for the average crack distance
are presented in Figure 2.9. The delayed crack formation can be observed from
both figures. This effect is more evident for the beams with relatively low amount
of the reinforcement (p = 0.6%). The delayed cracking is closely related to the
increment in stiffness, evidenced in Subsection 2.2.2.

For the assessment of differences in the crack distances in the beams with
one and three layers of reinforcement, the predictions by MC 2010 were used as
a reference. The distance between the cracks can be obtained as following:

S -9. k-c+L Ds ) (2.3)
4
“Toms * Ps,ef

r,max

Here k is an empirical parameter to take the influence of the concrete cover into
consideration; as a simplification, k=1.0 can be assumed; c is the concrete cover;
fam IS the mean axial tensile stress of concrete; toms IS the mean bond strength
between steel and concrete, Toms=1.8-fcim for the stabilized cracking stage for short
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term, instantaneous loading; @s is the nominal diameter of steel bar; pser is the
effective reinforcement ratio.

The clustered and the calculated (from Equation 2.3) maximum crack dis-
tances at the service load are compared in Table 2.5. The service load is assumed
as 55% of the theoretical ultimate bending moment of the beam.

As can be observed in Figures 2.6, 2.8 and 2.9 for all beams, the stabilized
cracking stage was achieved before the service load (the crack stabilization is rep-
resented by vertical lines in Figs. 2.8 and 2.9). In Table 2.5, the relative predic-
tions 4s were calculated by Equation (2.2), where, instead of the curvatures, the
corresponding values of the maximum crack distances, i.e. experimental (S obs)
and calculated (srmc) are considered. Similarly to the curvature analysis, Table 2.5
reveals differences in the relative predictions 4s. From this table, three important
observations can be made:

Pure bending zon
|
|
i

Loading level n _y_’ Loading level n+1 Final loading level Detailed procedure ,
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Fig. 2.7. Extraction of the data-points for the crack projections clustering procedure
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Fig. 2.9. Variation of mean crack distance with load for the beams with one and three

layers of reinforcement

1. There is a general tendency that the predicted maximum crack distances are

smaller in the beams of the first group having noticeably smaller diameters
of the bars compared to the reference beams of the second group. Despite of
different area of location of the tensile bars (Figure 2.2), the differences be-
tween the effective heights, he, are not that significant as they were estab-
lished from two alternative governing conditions given in Table 2.5. In
other words, the introduction of multiple layers of reinforcement does not
significantly affect the effective reinforcement ratio. Thus, the predic-
tions by the MC 2010 are mainly controlled by the diameter of the bars.
Differences in the experimentally observed maximum crack distances be-
tween the beams of the two groups are less significant. In contrast to the
predictions, the conventionally reinforced beams displayed smaller crack
distances than the ones in the equivalent specimens with three layers of
the reinforcement. Providing the total area of the tensile reinforcement is
constant, distribution of bars in multiple layers resulted in a delayed sta-
bilized cracking stage. Consequently, the MC 2010 prediction adequacy
seems to be dependent on the layout of the tensile reinforcement.

The predictions for the conventionally reinforced elements noticeably
overestimate the experimental values. The number of the tested speci-
mens, however, is not sufficient to reach a reliable conclusion about the
adequacy of the predictions. Further research is needed to investigate the
suitability of the equations proposed by the MC 2010.

A relation between the maximum and average crack distances (Figures 2.8
and 2.9) is another important parameter that needs a clarification. The respective
values of the crack distances determined using the proposed clustering procedure
at loading levels “3” and “4” (Figure 2.6) are given in Table 2.6. In Table 2.6, the
experimental data are ranged in accordance with the ratio presented in the last
column. In the considered cases, this ratio varies from 1.3 to 2.0 and is equal to
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1.5 in average. This result is in agreement with the findings of other studies sug-
gesting the ratio of maximum and mean crack spacing to be between 1.3 and 1.7
(Balazs et al. 2013). This ratio differed for the members with different reinforce-
ment ratio, on average being 1.7 and 1.4, respectively for the cases of p = 0.6%
and 1.0%. However, due to a limited number of test specimens and interval of the
reinforcement ratio, these observations should be understood more as insights for
further research than as general evidence.

It should be also kept in mind that the above results were obtained based on the
crack distances that were established using the clustering technique. For sake of illus-
tration, a simple approach was presented in the study that was not taking into account
the height of the cracks. Thus, the secondary cracks were not excluded, possibly giving
reduced values of crack distances. Future research should include filtering technologies
that will be able to suppress minor inputs of the clustered data. In practical terms, it
would include accounting for the height of the cracks as well as possibly their width.

Table 2.5. Experimental and calculated maximum distances between cracks, determined
at the service load

0, Pef, her*, mm Sr.max, MM As,
Group Beam mm % [2.5(h-d)| (h-x)/3 | Experimental |Calculated| %
S1-1 9x@10 | 3.3 — 76.3 137.5 124.6 9.4
| S1-6 12x@8 | 2.8 - 80.4 194.1 120.3 38.0
S2-1 1596 | 1.9 - 80.5 168.3 128.2 23.9
S2-5nm 9x@8 | 1.8 - 89.4 1514 161.0 -6.3
S1-2 5x@14 | 4.0 68.0 — 141.7 137.7 2.8
S1-4 2x@22 | 3.6 — 75.2 125.1 209.0 -67.1
I S1-5-2nm 4x016 | 3.8 75.6 — 105.7 155.7 -47.3
S2-3 3IxP14 | 2.4 69.0 — 134.1 203.9 -52.0
S2-4-2nm 4x@12 | 2.1 78.5 — 122.3 199.8 -63.4

*The effective height is associated with the corresponding governing criteria.

Table 2.6. The cracking results (distances) corresponding to the “3” and “4” loading
steps highlighted in Figure 2.6

0 Pef, Sr,max, MM Sr,m, MM Sr,max/Sr,m
Group| Beam | p,% | ‘" |O/per Step3 | Step4 |Step3 | Step4 | Step 3 [Step 4

[ S1-1 1.01 | 3.28 | 3.05 | 1375 | 1375 | 108.7 | 108.7 | 1.26 1.26
Il S1-4 1.02 | 361 | 6.09 | 125.1 | 125.1 | 93.9 93.9 1.33 1.33
[ S1-6 1.03 | 2.77 | 2.89 | 192.8 | 120.3 | 985 89.6 1.96 1.34
Il | S1-5-2nm | 1.06 | 3.84 | 417 | 105.7 | 105.7 | 69.4 72.6 1.52 1.46
Il S2-3 0.60 | 237 | 590 | 1341 | 1341 | 85.0 87.0 1.58 1.54
Il |S2-4-2nm | 0.60 | 2.09 | 575 | 122.3 | 119.1 | 818 75.0 1.50 1.59
Il S1-2 099 | 3.98 | 352 | 1417 | 1423 | 95.0 86.4 1.49 1.65
[ S2-1 0.60 | 1.89 | 3.17 | 1683 | 130.8 | 1204 | 74.1 1.40 1.77
[ S2-5nm | 0.67 | 1.84 | 435 | 1514 | 142.0 | 81.6 69.4 1.86 2.04
Note: size of the grey bars in the cells correspond to relative values given in each column
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2.2.3.2. Crack Width

Stochastic nature and complex topology of cracks, mentioned in the beggining of
this subsection, complicate crack width analysis. Furthermore, flexural cracking
is dependent on the level of the measurements (within the height of the section)
(Borosny6i & Snobli 2010). In this context, reliability of crack width measure-
ments is rather low in comparison to the experimental data considered in the pre-
vious subsections. Therefore, this subsection presents more a qualitative than a
guantitative assessment of the results.

The analysis of the location of the maximum crack openings and the correspond-
ing distances between the cracks is the topic of the following investigation. This anal-
ysis is performed under the same characteristic loading levels as for the deformation
analysis. Due to their time-consuming character, crack measurements were performed
for a limited number of loading stages. Thus, the nearest crack width measurement
was attributed to the characteristic stage under consideration. This analysis deals with
measurements of the cracks located in the pure bending zone. At each loading stage,
the five cracks with the maximum crack openings are considered. This experimental
data is presented in Table 2.7; the respective crack patterns are shown in Fig-
ure 2.10. Characteristics presented in Table 2.7 are following: wy sy — crack
width of five maximum cracks, crack with the largest opening is referred to as
W(1); Wm(cracks) — average crack width and the number of considered cracks (pro-
vided in the brackets); wmc — maximum crack predictions by the Model Code.

It is important to note that Tables 2.5 and 2.7 indicate contrasting results:
although the observed crack distances for the stabilized cracking stage (0.5—
0.6-M,) of the unconventionally reinforced beams are larger, their maximum
crack openings are smaller than in the corresponding specimens with one layer of
bars. The maximum crack widths of the paired beams S1-6 and S1-4 differ more
than twofold at all considered loading stages.

Due to the decreased deformation modulus of GFRP reinforcement (Ta-
ble 2.1), the paired elements S2-5nm and S2-4-2nm represent more extreme differ-
ences. Such result is a consequence of differences in the levels of crack monitoring
—the measurements were associated with the gravity centres of the tensile reinforce-
ment. However, it can be also linked with the fact that a bar controls cracking in its
vicinity only with internal cracks closing as distance from the bar increases and de-
formation concentrating in a decreasing number of wider cracks (Jakubov-
skis et al. 2014, Borosnydi & Snobli 2010, Debernardi et al. 2013, Debernardi &
Taliano 2016).

Along with the experimental data, Table 2.7 presents crack width predictions
obtained by the MC 2010 for the stabilized cracking stage. Although the reported
crack width measurements could be analysed only qualitatively, overestimation of the
predictions is quite evident. The relative predictions calculated by Equation (2.2) vary
between 20% and 120% with exception of the beams S1-5-2nm and S2-4-2nm. The
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specimens, reinforced with GFRP bars distributed in one layer (Figure 2.2), demon-
strate that crack width was overestimated by two to four times. These results can be
related to a limited predictive capability of the MC 2010 regarding unconventional
reinforcement types, though previous research (Gudonis et al. 2014b) has shown
that within the loading stage characteristic to the serviceability analysis bond char-
acteristics of the GFRP bars are comparable to ribbed steel reinforcement. Further-
more, the general idea of the MC 2010 is to formulate a mathematical model (con-
sistent with experimental evidence) that provides a reasonable reliability of the
predictions of the maximum crack spacing and the maximum crack width that can
potentially occur.

Table 2.7. Width (um) of five maximum, W(1)_), and average, W, cracks measured at
the load stages shown in Figure 2.6 (notation of the cracks corresponds to Figure 2.10)

Loading Opening Three layers of reinforcement One layer of reinforcement
level rank S1-1 S1-6 | S2-1 [S2-5nm | S1-2 | S1-4 | S1-5-2nm | S2-3 |S2-4-2nm
W 50 30 24 - 50 60 110 40 180
W) 40 20 14 - 40 60 100 40 140
1(032- W) 40 - 14 - 30 38 100 30 140
033-M ) Wiy 40 - 14 - 24 34 90 30 100
’ 4 W) 40 - - - 20 24 70 30 100
wr(cracks) | 37(7) | 25(2) | 17(4) — |31(10)| 33(11) | 65(10) | 24(9) | 132(5)
Wy / Wy 1.35 1.20 1.41 - 1.61 | 1.82 1.69 1.67 1.36
W 80 30 30 - 62 80 120 60 320
W) 70 30 30 - 50 60 110 60 300
2(036 Wig) 70 30 24 - 50 54 110 50 26
0 39.-M7) W 60 20 14 - 40 50 90 40 240
’ 4 W) 60 20 - - 40 34 70 40 220
wr(cracks) | 59(7) | 26(5) | 25(4) - |39(11) | 42(11) | 68(12) |29(11) | 210(8)
Wy / Wy 1.36 1.15 1.20 - 159 | 191 1.77 2.07 1.52
W 100 60 82 200 | 102 | 120 130 100 440
W) 94 60 80 200 80 90 120 80 440
W) 80 40 80 190 70 70 110 60 440
3(0.48- W) 70 40 80 150 62 70 110 60 420
0.54-M,) Wis) 70 40 60 100 54 44 110 60 420
Wic 121 101 101 298 179 208 444 191 973

Wo(cracks) | 71(9) | 39(11) | 59(8) | 136(8) |59(11) | 61(11) | 77(14) | 42(12)| 350(10)
Wo/Wn | 141 | 154 | 139 | 147 | 173 | 196 | 169 | 241 | 1.26

W) 124 60 102 240 142 140 140 120 480
W) 120 60 100 230 100 100 120 80 480
W) 120 60 100 200 100 100 120 80 460
4 (0.58- W 120 50 80 160 100 70 120 80 460
0.63-My) W(s) 100 50 80 140 90 60 110 80 460
Wiic™ 154 131 144 419 223 | 264 558 248 1233

wi(cracks) [93(10) | 43(12) | 74(9) [142(14)|88(11)[71(12) | 81(15) |52(13) [376(11)
W1y / W 1.33 1.40 138 | 1.69 | 161 | 197 1.73 2.31 1.28
*Maximum crack predictions by the Model Code
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Fig. 2.10. Crack pattern under the reference loading levels indicated in Figure 2.6 — the
maximum cracks w(—ws) are designated as (1)—(5)

The obtained crack patterns shown in Figure 2.10 illustrate the approximate
nature of the assumption of direct relation between the maximum crack width and
the maximum crack distance, fundamental for most of the cracking prediction mod-
els. The maximum crack opening is not necessarily located near the maximum
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uncracked blocks noted as “max” (this is true for 11 of 18 cracked schemes associ-
ated with the loading ranges “3” and “4”’). However, in the remaining seven cases,
one of the five considered maximum cracks is adjacent to the maximum length
block. In this regard, it is important to note that in most cases of the latter specimens
the differences between the widths of the maximum cracks (Table 2.7) was small.

From the theoretical point of view, in the stabilized cracking stage, the max-
imum crack should appear between two uncracked blocks of maximum total
length (highlighted in Figure 2.10). However, in the considered crack patterns,
only 11 cases represent such an “ideal” crack distribution. In reality, the location
of the maximum crack is related to the defects in concrete structure and/or local
damages of the bond with reinforcement. The latter is important for concrete ele-
ments reinforced with a relatively small number of bars. The increase of the num-
ber of bars smears out the cracking behaviour. An elaborate discussion of this
issue can be found in reference (Jakubovskis et al. 2014). Comparison of the re-
sults of paired-beams (Figure 2.10) reveals the fact that the number of visible
cracks in the specimens with a conventional distribution of the bars is always
greater than that observed in the elements with three layers of reinforcement. This
observation seems to be in a conflict with the generally accepted concept relating
crack widths to the cracking distances. Although the maximum crack distances
observed at the stabilized cracking stage (0.6 - My) were larger in the beams with
the reinforcement distributed in several layers, their maximum crack openings
were smaller than in the corresponding conventionally reinforced specimens.
Probably, this effect might be related to the development of internal cracks around
the multiple layers of the bars that are not visible on the surface.

In the analogy to the crack distances discussed in the first part of this subsec-
tion, the ratio between the maximum and average crack widths is of high im-
portance. Thus, Table 2.8 includes this ratio as well as the average crack width.
(The table also includes the respective number of cracks, which were averaged
for. The loading stages “3” and “4” (Figure 2.6) are characteristic for the cracking
analysis related with the stabilized cracking stage. In detail, this loading range is
analysed in Table 2.8, where the experimental data are ordered in accordance to
the ratio presented in the last column. From the results shown in Tables 2.7 and
2.8, the following observations can be made:

1. The ratio between the maximum and mean crack widths, varies between
1.3 and 2.4, is equal to 1.7 in average. This ratio is about 20% larger
compared to the one defined for the crack distances in Subsection 2.2.3.

2. Unlike the crack distances (see Subsection 2.2.3), the ratio wuy/wm is de-
pendent on the variation in the total perimeter P of the reinforcement bars
and the parameter O/per. An exception serves beam S2-4-2nm that was re-
inforced with a single layer GFRP bars (Figure 2.2). The observed discrep-
ancy could be due to the uncertainties related to the serviceability charac-
teristics of members with low reinforcement ratio and high deformability
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of the bars. This issue is discussed in more detail in reference (Jakubov-
skis et al. 2014). If this point is discarded, it is observed that wy/wm in-
creases with decreasing bar perimeter and with increasing @/pes ratio.
Unusual layout of the reinforcement bars in the beam S1-6 (Figure 2.2) raises
the issue of adequacy of the effective reinforcement ratio. In accordance with de-
sign regulations (Balazs et al. 2013), only the tensile bars being inside the effec-
tive area of the concrete are accounted for. Following this rule, only the bottom
layer (4 x @8 mm bars) of the reinforcement could be taken into account resulting
in the height of effective area, hes = 58.6 mm (compare to 80.4 mm, Table 2.5).
Then results of the parametric analysis presented in Tables 2.6 and 2.8 assuming
the reduced effective reinforcement ratio, p'er = 1.26%, become less consistent as
compared to the data of other specimens. The same applies to the prediction re-
sults of crack distance (Table 2.5) and crack width (Table 2.7).

Table 2.8. Parametric analysis of the crack width results

9, P, p, Pef, . W(1)/Wm
Group| Beam mm mm % % Olpet | DIp'es Step 3 | Step 4
Il [S2-4-2nm 12 150.8 0.60 2.09 5.75 5.75 1.26 1.28
[ S1-1 10 282.7 1.01 3.28 3.05 3.05 1.41 1.33
[ S2-1 6 282.7 0.60 1.89 3.17 3.17 1.39 1.38
I S1-6 8 301.6 1.03 2.77 2.89 6.33 1.54 1.40
Il S1-2 14 219.9 0.99 3.98 3.52 3.52 1.73 1.61

[ $2-5nm 8 226.2 0.67 1.84 4.35 4.35 1.47 1.69
Il |S1-5-2nm 16 201.1 1.06 3.84 4.17 4.17 1.69 1.73
1 S1-4 22 138.2 1.02 3.61 6.09 6.09 1.96 1.97
Il S2-3 14 132.0 0.60 2.37 5.90 5.90 241 2.31
Note: size of the grey bars in the cells correspond to relative values given in each column

2.2.4. Concluding Remarks

This section investigates the effect of the arrangement of tensile reinforcement on
the flexural stiffness and cracking of concrete beams. Two groups of the beams
were considered. The first, reference group of specimens had a conventional rein-
forcement layout — the bars were distributed in a single layer with minimum cover.
The second group contains specimens with the same reinforcement ratio (as in the
conventional beams), but with tensile reinforcement arranged in three layers. The
study reveals that the number of the reinforcement layers correlates with the flex-
ural stiffness. At the service load (55% of the theoretical ultimate bending mo-
ment), the deflection (curvature) predictions by the Model Code were on the safe
side for the beams with three reinforcement layers (the prediction safety varied
from 14% to 32%), whereas the predictions for the conventionally reinforced
members were deficient by 7-15%. Although the crack spacing predictions by the
Model Code for the beams with high concentration of the bars were quite accurate,
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the results for the conventionally reinforced elements differed significantly with
the experimental values being about 50% larger than the calculated ones.

The present experimental results on cracking do not reveal a clear correlation
between crack widths and the crack spacing when the reinforcement layout changes.
Although the observed crack distances for the stabilized cracking stage of the beams
with three layers of bars were larger, their maximum crack openings were smaller
than in the conventionally reinforced specimens with the same reinforcement ratio.
Furthermore, the maximum crack opening is not necessarily adjacent to the maxi-
mum distance between cracks or located between two consecutive uncracked blocks
of maximum total length. In this study, 11 of the considered 18 cracked schemes
characteristic for the stabilized cracking stage (i.e. 61% of the cases) are in accord-
ance with the conventional assumption of direct relation between the maximum
crack width and maximum crack distance. In general, related to the defects in con-
crete structure and/or local damages of the bond with reinforcement, the maximum
crack localization problem requires elaborate stochastic modelling algorithms.

Experimental results presented in this section cover a wide range of phenom-
ena, caused by interaction between concrete and structural reinforcement and lay-
out of cross-section of the element. One of predominant effects, which is charac-
teristic for flexural elements and governs deformation behaviour, is related to the
equivalent area of concrete effective in tension. The effective tension area of con-
crete has been developed as a computational tool in order to demonstrate the part
of the concrete surrounding the reinforcement that is considerably influenced by
the force transfer. The definition of the effective depth of the beam is a great issue
due to the complexity of the internal stress distribution prior to and after cracking.
The intricate nature of flexural elements limits the ability to assess the effect of
the arrangement of tensile reinforcement on the serviceability of concrete struc-
tures. Analysis of a simplified structure with possibly the most straightforward
deformation behaviour is indispensable in the evaluation process of damaging ef-
fects in structural concrete. The most direct way to isolate the uncertainty in the
area of the concrete effective in tension is to investigate the aforementioned ef-
fects on RC members subjected to pure tension: RC tie is considered as equivalent
of the efective zone. These tests are discussed in following sections.

2.3. Typical Tensile Tests

Although a standard test setup for tension concrete does not exist, the direct tensile
test is the most widely used experimental layout. A concrete prism reinforced with
a bar in the centre (Fig. 2.11a) is the common test specimen for the analysis.
During the test, the reinforcing bar is fixed by the grips of the testing machine and
the test is performed under displacement or force control (Ingraffea et al. 1984).
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This typical test provides measurements of deformations of the reinforcing bar as
well as on the surface of concrete. In order to represent the deformation behaviour
of a real structural member (when deformations of the internal reinforcement could
not possible to monitor), an alternative tensile test might be performed using a
bone-shaped specimen (Fig. 2.11b). This specimen has a shoulder at each end and
a gauge section in between. The shoulders are wider than the gauge section that
causes a stress concentration to occur in the internal part of the sample. This load-
ing layout allows testing specimens reinforced with multiple bars. Unlike the
typical tensile test, this alternative method provides measurements of defor-
mations only on the surface of concrete.

Despite the apparent simplicity of the tensile test layouts, a variety of
cracking sources are responsible for the noticeable scatter of the test results. The
experimental evidence of RC ties often contradicts the general assumption of
similarity of average strains of the reinforcement and of the concrete. This dis-
crepancy can be mainly associated with the well known, but often neglected issue,
namely the end effect. Cover effect is another important issue.

In this study, a representativeness condition is introduced for analysing the
aforementioned effects. The representativeness is considered as a property of the
test specimen to isolate the investigated parameter (e.g., average deformations)
from uncontrolled effects. Following the terminology suggested by Pereira et al.
(2011) and Larusson et al. (2012), the representative tie would allow obtaining an
equivalent deformation of the concrete surface and the bar reinforcement. There-
fore, the main idea of this section is to attain the shape of the tie that allows re-
ducing/minimising the end effect.

Displacement gauge on reinforcement bar
/ Displacement gauge on concrete surface

| (|
ﬂ = ERERRERRRRERRRRRR] = —E
Wedge-shaped clamp [ ] Wedge-shaped clamp
' Strain distribution measurement area
a)

Displacement gauge on the hinges
Displacement gauge on concrete surface

<P_=ﬂ! ‘ l—e
L A ] ]
Spherical hinge Spherical hinge

Strain distribution measurement area
b)
Fig. 2.11. Tensile tests and possible arrangement of the monitoring equipment: a) typical
and b) alternative layouts
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Reduction of the gauge length, a well-known procedure applied in a number of
test programs (Michou et al. 2015, Elfgren & Noghabai 2002, Tammo & Theland-
erssonm 2009, Ganesan et al. 2013), is chosen for implementing the general idea of
the research. Average strain of the reinforcement was chosen as the reference for
assessing representativeness of the geometry. In contrast with the common practice
when the monitoring base is determined in some instance arbitrarily, this study de-
termines the proper monitoring length experimentally. In order to assess the cover
effect in specimens with various cross-section parameters, cumulative deformation
criteria is introduced. The relation between the number of cracks and deformation
behaviour (tension-stiffening effect) is also investigated.

2.3.1. Description of experimental ties

A campaign on the representativeness of RC ties with various cross-section parame-
ters was carried out (Rimkus et al. 2017a, Gribniak et al. 2017c). The main aim of
this investigation is to obtain a representative geometry of the tie that allows to ac-
count for the uncontrolled effects. The most widely used direct tensile tests (Fig 2.11)
were considered for this research. In order to investigate the representative geometry
of the ties, a number of cross-section compositions, varying the concrete area and
reinforcement bar diameter, were designed. The design of specimens is supported by
the results reported by Gribniak et al. (2016b). The geometry and section parameters
of the ties are presented in Fig. 2.12. The ties were tested under two different loading
layouts (Fig. 2.13). The first (reference) type, Specimen A (Fig. 2.12a), represents a
specimen conventionally used for the experimental analysis (Fig. 2.11a). It was tested
by applying the load directly to reinforcement (Fig. 2.13a). The rest (specific) types,
Specimen B and C (Fig. 2.12b and c), are designed to represent the deformation be-
haviour of a real structural member, i.e. the case when the load is applied to the rein-
forcement indirectly through the surrounding concrete (Fig. 2.13b). In total, 55 RC
ties (23 samples of Specimen A, 19 — Specimen B, and 13 — Specimen C) were tested.

Specimens B and C had the same reinforcement ratio (p=2.2%). The surface ge-
ometry of steel bar reinforcement is presented in Fig. 2.1a. The bars were embedded
into Specimen A and B with nominal cover of 25 mm (34 mm and 44 mm for
80x80 mm and 100x100 mm specimens, respectively), into Specimen C — 15 mm.
Originally, the layout of a bone-shaped specimen was designed by Rimantas Kupli-
auskas only with a single internal reinforcement bar. In the experimental campaign,
the considered bone-shaped specimen was modified by introducing additional con-
finement frames in the outer regions of the specimens. This modification was made
in order to secure the tensile load transfer through the boundary concrete parts (indi-
rectly from testing machine to the main reinforcement). Such a modification was ap-
plied for Specimens B and C. Furthermore, to localize cracking within the inner re-
gions, Specimens B and C were notched at the boundaries of the supplemental frames.
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All specimens were cast using concrete grade C30/37 with a maximum aggregate size
of 11 mm. To eliminate the shrinkage effect, the elements were stored in water tanks.
Before the tests, each element was removed from the water and dried under laboratory
conditions at least two hours. The compressive strength of the concrete was deter-
mined on the testing day using ¥¥150x300 mm cylinders resulting in an average value
of 39.5 MPa. The main characteristics of the specimens are shown in Table 2.9.
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Fig. 2.12. Ties with load transferred to: a) reinforcement bar (Specimen A),
b) and c) concrete (Specimens B and C)
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Fig. 2.13. Test setup of the ties: a) Specimen A, b) Specimens B and C

Table 2.9. Main characteristics of the test specimens

T . Cross-section, | Reinforcement, c, P, Number

est specimens 0 .

mm mm mm % of specimens
60x60 1x@10 25 2.2 11
60x60 1x@12 24 3.1 4
Specimen A 80x80 1x@310 35 1.2 2
80x80 1x@12 34 1.8 2
100x100 1x@10 45 0.8 2
100x100 1x@12 44 1.1 2
Specimen B 60x60 1x@10 25 2.2 19
Specimen C 60x60 4x@5 15 2.2 13
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The tests were carried out using an electromechanical machine with capacity
of 100 kN under displacement control at 0.2 mm/min loading rate. Due to the dif-
ferent structure of the ties, two types of monitoring systems were used (Fig. 2.13).
In both test layouts, linear variable displacement transducers (LVDT) were used
to measure the average deformations of the reinforcement and concrete surface.

To avoid possible eccentricity, Specimens B and C were equipped with spher-
ical hinges (Fig. 2.13b). In order to observe the crack propagation and strain dis-
tribution, the front surface of the ties was exposed to a digital image correlation
(DIC) system (Fig. 2.14). Images were captured by two digital cameras (Imager
E-lite 5M) placed on a tripod at 2.5 m distance from the test specimens. The cam-
eras, incorporating a charge-coupled device (CCD) detector, have a resolution of
2456%2085 pixel at 12.2 fps frame rate. This system allows obtaining strain dis-
tribution maps from the digital images of concrete surface using DaVis 8.1.6 soft-
ware by LaVision — the position of each point of the surface is identified by ap-
plying a particular correlation algorithm to the same points from reference image.
The precise position of every surface point at every loading step allows tracking
the movement of the points to obtain a distribution map of the surface strains.
Moreover, the DIC method allows obtaining a relative displacement distribution
profile for a linear cut of the surface. These profiles can be collected from the
points of the surface cut at every 0.3 mm. For validation of the DIC results, bound-
ary zones of a few samples (Specimens A, B and C) were additionally equipped
with a 20 mm strain gauges (Fig. 2.13).

DIC resuls Crack pattern  Digitally recognized
2 J surface strains (DIC results)

Surface displacement

distribution
, [_Relative displacement, % [T
. choan AL
Testing machine 0 KN 15 kN 21 kN 25 kN 46 KN 46 kN [_Specimen length, mm |
a) b) c)

Fig. 2.14. Digital image correlation system: a) test setup, b) obtained crack patterns, and
c) digitally recognized displacement distribution of the reinforced concrete tie surface

2.3.2. Eliminating the End Effect

Application of the iterative procedure of the gauge length reduction, is illustrated
using the average strain diagrams shown in Fig. 2.15. These diagrams were ob-
tained using measurements of the reinforcement and concrete surface defor-
mations of Specimens A with 60x60 mm, 80x80 mm and 100x100 mm cross-Sec-
tions reinforced with a single steel bar.
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To localize the end effect, the relative displacements of the concrete surface
in the boundary zones were monitored using a digital image correlation (DIC)
system at several bases (Fig. 2.16a). The DIC results were verified using 20 mm
strain gauges fixed to the concrete in two rows in an overlapping manner
(Fig. 2.16b). This allows determining the displacement increments at every
10 mm. The surface strains, determined at the different bases, were compared to
each other iteratively identifying the minimum distance (from the edge of the
specimen) at which the strain difference of the neighbouring bases is insignificant.

The results of the stepwise implementation of the monitoring base reduction pro-
cedure are shown in Figs. 2.15b—d along with the original experimental diagrams.
Discrepancies between the original average strains of the concrete surface (“Base 17,
Fig. 2.15a) and reinforcement (“Base 2”) are characteristic of all considered speci-
mens. As shown in Fig. 2.15b, the strain compatibility condition (implementing the
gauge length reduction procedure) was satisfied only for the 60x60x640 mm prism:
the averaged concrete strains “Base 3” matched the reference diagram (“Base 1”). The
differences (Figs. 2.15¢ and 2.15d) can be related to limited validity of the Navier-
Bernoulli hypothesis. The increased cover most probably delays formation of the
transverse crack and makes the crack topology more complicated limiting the ade-
quacy of the plane section assumption. A relatively small length of the ties could also
contribute to the observed discrepancies limiting the number of the cracks, thus in-
creasing the impact of formation of each additional crack on the overall response.

© ) ]

= LVDT on 50,

= —
i [ [ concrete surface 018

LVDT on
reinforcement

___Base 1=640 mm (on concrete surf.)

=t Concrete surf. (base 1)

‘Reduced base 3 (on concrete surf.) A e e EEEE Reinforcement ggase 2)

Concrete surf. (base 3)

P P ———-Bare bar
- ‘]“ ------- = Jf S
Base 2=640 mm (on reinforcemen 0 T T T '
ase 22640 (on reinforcement) 0 0.001 0.002 0.003 0.004
a) b)

80 100,

* 1 [Tzt “ 1 [T

Concrete surf. (base 1) 30 Concrete surf. (base 1)

0 e T Reinforcement (base 2) P RO i Reinforcement (base 2)
Concrete surf. (base 3) Kk L Concrete surf. (base 3)
----- Bare har K L7 ----- Barebar
0 0
0 0.001 0.002 0.003 0.004 0 0.001 0.002 0.003 0.004
c) d)

Fig. 2.15. Validation of the representative tie concept: a) arrangement of the LVDT,
assessment of the average strains in the ties with b) 60x60 mm, ¢) 80x80 mm, and
d) 100x100 mm cross-section
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Fig. 2.17. Load-average strain diagrams of twin-ties (Gribniak et al. 2016b) with
a) 60x60 mm and b) 100x100 mm cross-sections, and c) the absolute differences of the
strains of reinforcement |4¢s| determined for the identical Specimens A

Test results (Baena et al. 2011, Jakubovskis et al. 2014, Gudonis et al. 2014a,
Rimkus & Viléniskyté 2015, Gribniak et al. 2016b) indicated that the cover cor-
relates with the scatter of average deformations of the ties. An example of such
effect is presented in Fig. 2.17 that shows the tensile load-average strain diagrams
of twin Specimens A with 60x60 mm and 100100 mm cross-sections. The abso-
lute differences |4es| of the respective strains are shown in Fig. 2.17c.

The differences |4e| in Fig. 2.17c¢ are related to the strain level in the rein-
forcement, therefore results obtained for different bars (i.e. @10 and @12 mm) can
be compared. Most likely, the increased scatter could be related with the inability
of some internal cracks to reach the concrete surface in the specimens with en-
larged cover and with a complex topology of the crack pattern (in this case,
100%100 mm section). The respective crack patterns are presented in Fig. 2.18.

The aforementioned effects are illustrated by means of the finite element (FE)
software ATENA (Cervenka 2002). The external 280 mm parts of RC ties (with
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crack patterns shown in Fig. 2.18) are modelled with an exception that both nu-
merical models are reinforced with 10 mm bar. The deformation problem is solved
within the 3D formulation. Owning the symmetry conditions, quarter-segments
are considered. Due to the limited computation capacity, two different meshes are
generated: ties with 60 x 60 mm (Fig. 2.19a) and 100 x 100 mm (Fig. 2.19b) sec-
tions are modelled using 3 mm and 5 mm FE size. The triple refinement is used
to represent the reinforcement and concrete contact zone. The respective models
contain 107,795 and 60,574 FE in total. Isoparametric tetrahedral FE with 12 de-
grees of freedom are used. It is worth to mention that the fine discretization is used
for analysis of strain distribution in the concrete. In general, such discretization is
impractical and might be inadequate to represent the meso-structural behaviour of
the concrete with relatively large aggregates.

The softening law proposed by Hordijk (1991) is assumed to describe the
cracking process. The slip contact between the reinforcement and concrete is
modelled using the segmental bond model proposed by Michou et al. (2015), that is
represented by a sequence of cylindrical segments (of same diameters) with differ-
ent cohesion/strength parameters. The outputs of the simulation are shown in
Fig. 2.19 indicating an evident increase of the strain gradient in the concrete with
increase of the cover. Concrete strains below the theoretical cracking limit are
shown in grey. However, this does not mean that uncracked concrete is not contrib-
uting to the force transfer and influence on tension-stiffening of the tie. Since a more
uniform strain distribution was obtained for the tie with 60 x 60 mm section, it was
chosen for further experimental analysis with the main target of attaining the repre-
sentative length of the tie eliminating the end effect. Further numerical simulations
employing a segmental bond model are discussed in detail in Subsection 3.2.3.
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Fig. 2.18. Final crack pattern of RC ties: twin-specimens with 60x60 mm and
100x100 mm cross-sections (Note: the specimens are the same as shown in Fig. 2.15)
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Fig. 2.19. Modelling results (strain distribution) by FE software ATENA of 280 mm external
segments of RC ties shown in Fig. 2.12a: a) 60x60 mm and b) 100x100 mm cross-sections.
(Note: the strain distribution corresponds to the average strain of the reinforcement equal to 0.77%e,
results are shown only for the concrete, strains below the theoretical cracking limit are shown in grey)

Two types of ties with the representative size of the section (i.e. 60 x 60 mm)
are considered. The process for assessing the end effect was carried out for both
specimen types separately. First, the reference 60x60x640 mm prisms
(Fig. 2.12a) were tested. Deformations of the reinforcing bar (gauge length L%
and concrete surface (gauge length Lc*) were monitored as shown in Fig. 2.13a.
The specific ties (Specimen B, Fig. 2.12b) were tested at the second step. These
tests provide the concrete surface deformation monitoring results (gauge length
Lc®) only. The assessed average strains of the selected Specimens A and B are
presented in Fig. 2.20. In this figure, the reinforcement strain (determined for
Specimen A) was set as the reference for comparison with the concrete surface
strains determined for both specimens. For both specimens, the average strains of
the concrete are significantly smaller than the reference one.

The end effect localization procedure consists of five steps outlined in
Fig. 2.21. At Step 1, the ties are prepared for testing; the measurement equipment
(LVDT) is attached to the concrete surface. The reference Specimen A is addition-
ally equipped with LVDT fixed on the reinforcement bar. The load-displacement
relationships are determined at Step 2. In Step 3 the average strains determined for
the reference tie using the recordings of an LVDT fixed on the concrete surface
and on the reinforcement are compared. At this stage, two alternative outputs are
possible: 1) the difference between the average strains of the reinforcement and
concrete surface is greater than the assumed tolerance; and 2) the obtained differ-
ence is within the tolerance limits. The first case means that the concrete defor-
mation gauge length (Lc*, Fig. 2.20a) must be reduced (Step 4a, Fig. 2.21). The
alternative output indicates that the gauge length is approaching the target gauge
length, i.e. localization of the end effect (Step 4b); the current reduction in the gauge
length AL is fixed and the new specimens (with the same material properties and
geometry) are tested with the reduced base L2 (Fig. 2.20b). The respectively re-
duced monitoring bases L*; s and L% es enable the identification of the cracking
parameters and further comparative analysis. As previously shown (Fig. 2.16), the
end effect was localized within the 40 mm boundary zone.
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Fig. 2.20. Load-average strain diagrams of a) embedded reinforcement bar
(Specimen A) and b) concrete surface (Specimen B)
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Fig. 2.21. The proposed experimental procedure

Results of the control tests with LVDT located at the initial and the reduced
bases (Step 1, Fig. 2.21) are presented in Fig. 2.20 along with the original
diagrams. The average concrete strains determined using the reduced monitoring
bases L*: res and LB req (Step 3, Fig. 2.21) practically coincide with the reinforce-
ment strain (of the reference Specimen A). An important aspect is that the pro-
posed procedure (Fig. 2.21) is valid only for the cracked ties. Before cracking, the
stiffness of the Specimens A and B is incomparable due to the effect of the
uncracked concrete in the pre-notched sections leading to the additional stiffness
of Specimen B (Fig. 2.20b).
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2.3.3. Representative Cracking Parameters

Assessment of the end effect for the bone-shaped specimens represents a real
structural analysis when the direct strain measurement of the reinforcement is im-
possible. Experimental results obtained by the author (Gudonis et al. 2014a, Rim-
kus & Viléniskyte 2015) and other researchers (Broms & Lutz 1965, Bo-
rosnyoi & Snobli 2010, Caldentey et al. 2013, Jakubovskis et al. 2014) indicated
that the crack pattern is dependent on geometry of the specimen and arrangement
of the reinforcement. Thus, cracking parameters of the specific ties with different
arrangement of reinforcement, Specimen B (Fig. 2.12b) and Specimen C
(Fig. 2.12c), are compared. For illustrative purposes, the reference tie, Specimen A
(Fig. 2.12a), is also included in comparison.

Different crack patterns were observed for the specific ties reinforced with
one 10 mm or four 5 mm bars (Fig. 2.12): the cracking schemes of the selected
ties are presented in Fig. 2.22. Therefore, a relation between the number of cracks
and the deformation behaviour was another object of this research.

Figure 2.23 presents distribution of the surface strain, determined at the ser-
vice load (determined as 60% of the ultimate load bearing capacity) for the Spec-
imens A, B and C using the DIC system. Digitally recognised surface strain maps
represent position of the cracks and can be related to their widths. Figure 2.24
shows that cracks are formed not equally through the section, i.e. crack width
varys significantly in single section. This illustrates complexity of the crack to-
pology that complicates crack width identification.
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Fig. 2.22. Crack patterns of the selected ties reinforced with a) one and b) four bars
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Fig. 2.23. Crack pattern, concrete surface strain distribution and relative
displacement determined at the service load (60% of the ultimate theoretical load)
for the Specimens a) A, b) B, and ¢) C
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Fig. 2.24. Crack width determination by using: a) and b) strain distribution map
of digitally recognised concrete surface, and c) an optical microscope

Figure 2.23 also provides the relative displacement profiles, where the linear
surface cuts are associated with the position of the reinforcement bars (Fig. 2.12).
It can be observed that the peak displacements correspond to the locations of the
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actual cracks. The shaded area under these diagrams is representing the cumula-
tive deformation of the concrete surface. Furthermore, this area can be considered
as an equivalent of the total crack opening. The relationship between the cumula-
tive deformations and tension-stiffening is presented in Subsection 3.3.4.

2.3.4. Concluding Remarks

A concrete prism reinforced with a single bar in the centre is the common test spec-
imen for the analysis of the cracking phenomenon. Despite the seeming simplicity
of the test layout, a variety of cracking sources (e.g., cover width, height of the ribs)
are responsible for the discrepancy of cracking responses of theoretically identical
specimens. To solve this problem, a representativeness condition has been intro-
duced. The representativeness is considered as a property of the test specimen to
isolate the investigated parameter from uncontrolled effects. The main idea was to
obtain the shape of the tie that allows to minimise the end effect which is related
with local differences between deformations of internal reinforcement and concrete
surface at the extremities of ties. An experimental procedure has been developed to
achieve this objective. The consistency of the excessively simplified average defor-
mation concept was experimentally revealed with the help of the test results of more
than 50 ties with different geometries and loading setup. The study reveals that:

— The iterative procedure developed for the reduction of the gauge length
allows to localize the end effect and, hence, to validate the representa-
tiveness of the tie elements.

— The validity of the Navier-Bernoulli hypothesis in combination with the
average deformation approach is limited to the stabilized cracking stage
when the crack width is relatively large, i.e. the tension softening stresses
(in the primary cracks) are practically released. At the pre-cracking stage,
the average deformations of the reinforcement and concrete differ due to
the end effect: the boundary concrete involved through the bond stress
transfer undergoes relatively smaller deformations than the internal part
of the tie. This effect increases with cover. Therefore, experimental be-
haviour corresponding to the relatively small deformations region must
be analysed with a particular care.

— The strain gradient in the concrete varies not only along the bar, but also
within the cover. An increase in the width of the cover increases scatter
of the experimental results related to the stochastic nature of cracking of
the “ineffective” concrete. Cases when parameters of the structural re-
sponse cannot be measured directly (e.g., deformations of the reinforce-
ment) and must be assessed indirectly (e.g., using the surface defor-
mations of the concrete) should be treated with particular care.
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— The difference in the observed crack pattern (crack spacing) can be at-
tributed to the differences in the concrete cover and variation of bonded
surface of the bars with different diameters. Further research is essential
to analyse the cracking behaviour of ties with different arrangement of
the reinforcement but the similar cover.

The representativeness principle could be extended to various structural
problems including verification of the experimental setup. Application of the dis-
cussed test layouts, however, does not allow assessing the particular effect of char-
acteristic parameters (i.e. concrete cover, reinforcement ratio, diameter of rein-
forcement bars) on deformation and cracking behaviour of RC. The observed
limitations characteristic of traditional test setups have motivated development of
specific equipment that makes possible production of the test specimens ensuring
independent variation of each of the key parameters, i.e. concrete cover, reinforce-
ment ratio and diameter of the reinforcement bars.

2.4. Ties with Multiple Bar Reinforcement

In accordance with the aforementioned criteria of the independent variation of
cross-section parameters (i.e. concrete cover, reinforcement ratio, diameter of re-
inforcement bars), Gribniak & Rimkus (2016) developed specific equipment (an-
chorage blocks) for testing ties reinforced with multiple bars. The general idea of
the setup was to secure a uniform distribution of the applied tension in the multiple
bars. The capability to monitor the deformation for each of the bars was another
goal of the design. The test equipment is shown in Fig. 2.25. As can be observed,
the anchorage joints embrace two plates connected by a central bar that is con-
nected to a tension device using a spherical hinge. It allows reducing possible
imperfection (related to a heterogeneity of the concrete structure and non-uniform
development of the cracks) in applying the tensile load. The plates are perforated
to fix and distribute the reinforcement bars within the concrete prism. Steel clamps
are used to ensure additional confinement of the anchorage joints. The most im-
portant benefit of the developed equipment is that it allows testing concrete prisms
reinforced with bars made of any materials (e.g., steel, FRP). This equipment was
registred in the State Patent Bureau of the Republic of Lithuania (Pa-
tent No. LT 6275 B). However, differences in mechanical and bond properties of
reinforcement made of different materials may also affect the deformation and
cracking behaviour of RC members (Baena et al. 2013). Therefore, this study in-
cludes tests of ties with different types of the bar reinforcement.

Fibre reinforced polymers (FRP) are considered to be an alternative to steel
reinforcement in concrete structures subjected to aggressive environment or to the
effects of electromagnetic fields (Torres et al. 2012). With high durability, FRP
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bars have a tensile strength up to 5-6 times higher than structural steel. However,
the low elastic modulus of polymer bars (in respect to the steel) generally leads to
increased deformations of FRP reinforced concrete elements. This is characteristic
of glass fibre reinforced polymer (GFRP) bars as one of the most frequently used
types of structural reinforcement (Mias et al. 2013, Mahmoud & EIl-Salakawy
2013). In order to compensate for the decrease of sectional stiffness of FRP rein-
forced concrete elements, additionally, steel bar reinforcement may be introduced.
This combination, so called hybrid reinforcement, allows taking an advantage of
the better durability performance. This combination, so called hybrid reinforce-
ment, allows taking advantage of the immunity FRP bars to corrosion in combi-
nation with the required ductility and load capacity ensured with the steel rein-
forcement in case of a fire. Moreover, high deformation resistance of FRP bars
would allow the use of the structures in the deformation regions exceeding the
yielding of the steel bars.

i /g

Fig. 2.25. Developed equipment for testing ties reinforced with multiple bars: a) test
specimen, b) and c) detailed composition of anchorage joint, and d) anchorage joint with
supplemental equipment for shear restrain, where 1 — reinforced concrete element,

2 — reinforcement bars, 3 — anchorage joint, 4 — standard joint of tension device,

5 — spherical hinge, 6 — steel plates of anchorage joint, 7 — central bar of anchorage joint,
8 — supplemental bars of anchorage joint, 9 — concrete, 10 — supplemental equipment for
shear restrain of anchorage joint

2.4.1. Experimental Programme

Concrete prisms with 100x100 mm and 150%150 mm cross-section and 25—
30 mm cover are considered (Rimkus & Gribniak 2017a, 2017b). Steel, GFRP,
and hybrid combination of steel and GFRP bars were used as reinforcement. In
total, 64 ties (43 with steel, 13 with GFRP and 8 with hybrid reinforcement) with
24 different reinforcement layouts are considered. The sections are shown in
Fig. 2.26. As can be observed, some of the ties with steel reinforcement are
grouped according to the reinforcement ratio (Fig. 2.30a), consisting different re-
inforcement schemes.

The previous tests (Gribniak et al. 2016b, Gribniak & Rimkus 2016, Rim-
kus & Viléniskyté 2015) revealed that the effect of the different distribution of the
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bars is evident in ties with a relatively low reinforcement ratio (p~1.5%). There-
fore, two different covers (i.e. 30 mm and 50 mm) are considered in the reference
ties with the lowest amount of reinforcement (Fig. 2.26a). Characterisctics of the
reinforcement have been described in Section 2.1. The length of the test speci-
mens is limited by the capacity of tensile machine (380-500 mm). Thus, the
length-to-width ratio of the ties is quite low. However, previous experience (Grib-
niak et al. 2016b) indicates that the section area should be related to the number
of reinforcement bars. To assess the adequacy of the cracking results of relatively
short specimens, two 1230 mm ties (reinforced with steel and GFRP bars) are also
considered.

All specimens were produced using the similar concrete mixture with a target
compressive strength class of C30/37. A site-mix concrete with 8 mm maximum
aggregate size was employed. Compressive strength of the concrete was deter-
mined using @150 x 300 mm cylinders. The cylinders were stored under the same
conditions and tested on the same day as the tensile elements. During the curing
process, all elements were stored in water to reduce shrinkage effects. Some of
the specimens are shown in Fig. 2.27.
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Fig. 2.26. Section parameters of the ties with multiple a) and b) steel, c) glass fibre
reinforced polymer, and d) steel + glass fibre reinforced polymer bars (all dimensions in mm)
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Fig. 2.27. Production and treatment of the test specimens

Mechanical properties and surface characteristics of the reinforcement bars
are presented in Table 2.1 and Figure 2.1, and the main characteristics of the ties —
in Table 2.10. The first two columns of Table 2.10 refer to the name of the tie and
the material of the reinforcement. Other parameters presented in the table are the
cover (c), the reinforcement ratio (p), the average compressive strength of the con-
crete at 28 days (fem). The last two columns give the nominal length of the concrete
prisms and the amount of the specimens. Nomenclature of the ties characterizes
composition of the reinforcement, including the number, material (the letter “G”
defines GFRP, while “S” represents steel) and diameter of the bars. Prisms
referred as to “17, “2”, etc. represent each reinforcement layout, e.g., the prism
referred to as 4510-1 represents the first specimen of the section type reinforced
with 4 steel 10 mm bars. The notation “A” in the tie name defines 100x100 mm
section specimens, “L” — 1230 mm length ties and “C” — elements with 50 mm
concrete cover. The campaign also includes some prisms reinforced with the same
amount, but different arrangement of the bars: with a cross (noted as “X”) and a
rectangular (noted as “R”) shape distribution of the bars (e.g. 8S10X and 8S10R,
respectively). Nomenclature of the prisms reinforced with combination of differ-
ent bars consists of two components separated by the slash symbol (“/).

Initially, the tests were carried out using an electromechanical testing ma-
chine of 100 kN capacity (Rimkus & Viléniskyté 2015). However, due to the
limitation of the maximum load and, most importantly, the length of the concrete
prism (=380 mm), the major part of the tests was performed using a servohydrau-
lic machine of 600 kN capacity under displacement control with 0.2 mm/min
loading. The reaction was measured with the electronic load cells of the testing
machines. The axial deformations were monitored using linear variable displace-
ment transducers (LVDT), which were attached to the reinforcement bars and to
the concrete surface as shown in Fig. 2.28.

In order to observe the development of the cracks, the front surface of the ties
was exposed to a DIC system (Fig. 2.29). Detailed description of this system is
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provided in Subsection 2.3.1. The cracking schemes were identified using a pro-
cedure developed by Rimkus et al. (2015). At characteristic loading levels, the
crack widths of selected ties were measured using digital microscope CK102 (with
40x magnification and 0—-8 mm measuring range) as shown in Fig. 2.30.

Most design codes are referring to applications involving steel bars. In order
to verify the adequacy of the predictions by design codes (Model Code 2010 and
Eurocode 2), the test results presented in this section are limited to the ties with
steel reinforcement. Deformation and cracking results of such elements are pre-
sented in Subsection 2.4.2, while the results of the ties reinforced with GFRP bars
and hybrid combination of GFRP and steel bars reinforcement are analysed in
Subsections 3.4.5 and 3.4.6, respectively.

Table 2.10. Main characteristics of the ties

Tie Reinforcement c, p, a/p, fem, Nominal Number of

material mm % mm MPa | length, mm specimens
4S10A 25 3.1 | 323 38.0 500 2
4510 30 14 | 714 | 39.1 380 2
4510 30 14 | 714 | 471 500 6
4S10L 30 14 | 714 | 409 1230 1
4510C 50 14 | 714 | 453 500 2
4512 30 2.0 | 600 54.0 500 2
4514 30 2.7 | 519 | 435 500 3
8S10R 30 2.8 | 357 | 434 500 2
8S10X Steel 30 2.8 | 357 39.8 500 3
1255 30 1.0 | 500 | 437 500 2
12S8R 30 27 | 296 | 437 500 2
1258X 30 27 | 296 | 433 500 3
12510 30 | 42 | 238 | 451 500 5
8S5/4S12 30 2.7 - 43.7 500 2
16S5 30 14 | 357 39.1 380 2
16S5 30 14 | 357 | 46.7 500 2
16S6 30 2.0 | 300 54.0 500 2
4G12 30 2.0 | 600 54.0 500 2
4G12L 30 2.0 | 600 | 40.9 1230 1
4G13 25 24 | 542 | 476 500 2
4G16 GFRP 25 3.6 | 444 | 38.0 500 2
12G12 30 6.0 | 200 54.0 500 2
16G6 25 20 | 300 | 476 500 2
16G8 25 3.6 | 222 38.0 500 2
4G12/4S10 30 | 2.1* - 49.3 500 2
4G12/4S6 Hybrid 30 | 1.1* - 49.3 500 2
4G8/4S8 (steel+GFRP) 30 | 1.2% - 49.3 500 2
4G8/4S6 30 | 0.8* — 49.3 500 2

*The equivalent reinforcement ratio pseq=[As+As(Ei/Es)]/A
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Fig. 2.28. Test of concrete prism with multiple bars: a) composition of the specimen,
b) spherical hinge and anchorage joint components, and c) and d) test instrumentation

Fig. 2.29. Surface strain monitoring using digital image correlation (DIC) system: a) test

setup, b) scientific grade cameras, c) actual crack pattern of reinforced concrete tie, and
d) surface strain map obtained using digital image correlation system

Fig. 2.30. Crack width measurement using an optical microscope
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2.4.2. Discussion of the Test Results

In addition to the serviceability analysis, adequacy verification of the cracking
predictions by design codes (Model Code 2010 and Eurocode 2) has also been
addressed within this section. The test results of 27 selected ties reinforced with
steel bars are presented. All considered ties are grouped with respect to the rein-
forcement ratio (1.4%, 2.0%, and 2.7%), consisting of different reinforcement
layouts: 4-bars reference and 16-bars (or 12-bars) alternative (Fig. 2.26a).

2.4.2.1. Deformation Behaviour

The average strain diagrams of the reinforcement bars and concrete surface of
selected ties are shown in Figs. 2.31 and 2.32, respectively. The differences be-
tween the diagrams are evident taking the bare bar response as the reference. The
sources of this dissonance are briefly described in the Subsection 2.3.2.

The deformation results are analysed regarding two different though interre-
lated aspects: variation of the number of the bars and difference between the
strains of reinforcement and concrete surface. The respective results are presented
in Figs. 2.33 and 2.34 assuming the average strain of reinforcement as the reference.

An important observation from Fig. 2.33 is that the alternative reinforcement dis-
tribution schemes (with 12/16 reinforcement bars) are capable at securing practically
indistinguishable deformation behaviour of the identical ties, while a significant scat-
ter is characteristic of the reference ties reinforced with four bars (Fig. 2.30). Scatter
of the results, evident at the early cracking stage in the ties with relatively low rein-
forcement ratios (p = 1.4% and 2.0%), could be attributed to formation of an increased
number of internal cracks due to increased bonding area and number of ribs that
makes for a more uniform deformation behaviour of the ties reinforced with 16 bars.

250 [ Load, kN] 250 3{Coad, kN] 250 3{Coad, kN] =
<
200 200 200 e
L1 27
150 1= 150 = 150 L
g z
100 P oy e 4510-1 100 FRETL gy 1685-1 100 7
P i ol B B 45102 PR B P 1685-2 / .
50 1.4 ~ 45103 50 17 - 16353 50 z
s — [ 4510-4 F - —|----- 1655-4 -
el Strain | | —— —- Bare bar -7 Strain || — — —- Bare bar e
0 7 7 T 0 : : ; 0 - T
0 00005 0001 00015 0002 00025 0003 O 00005 0001 0.0015 0.002 00025 0003 0 00005 0001 0.0015 0.002 00025 0003
250 [ Load, k] AT 250 7 Load, kN] 250 1T oad, kN]
“
200 or? 200 200 -
’ ]
150 = 150 150 ,{7
- g //M{ 7
- T . - 4s141 s 1258-1
100 ~ 1636-1 1
A0 7 16562 100 4 L 4514-2 100 T, 1258-2
pd /2N 20 R B 48143 [ 14 L |t 1258-3
50 ———-Baebarll 50 37— ———Baebal 50}/ ——— Bare bar
.
. / \ s \
0 0 T T 0 T T
0 00005 0001 00015 0002 00025 0003 O 00005 0001 00015 0002 00025 0.003 0 00005 0001 00015 0.002 00025 0.003

Fig. 2.31. Load-average strain diagrams of reinforcement of the ties with different
reinforcement ratio p: a) and b) 1.4%, c) and d) 2.0%, and e) and f) 2.7%
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Fig. 2.32. Load-average strain diagrams of concrete surface of the ties with different

reinforcement ratio p: a) and b) 1.4%, c) and d) 2.0%, and €) and f) 2.7%
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Fig. 2.33. Average strains of reinforcement in the ties with ratio p: a) 1.4%, b) 2.0%, c) 2.7%
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Fig. 2.34. Deformation differences in ties with ratio p: a) and b) 1.4%, c) and d) 2.0%,

and e) and f) 2.7%
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Another inference is related to the strain difference of the reinforcement and
concrete surface of RC ties. The differences between the diagrams shown in
Figs. 2.33 and 2.34 can be related to the strain gradient in the concrete by the
means of finite element simulation presented in Subsection 2.3.2. The strain dif-
ference is proportional to the distance between the bars and concrete cover. The
mitigation of such differences may reduce the scatter of the deformation re-
sponses. This statement is supported by the results presented in Figs. 2.33a and
2.33b that indicate a more uniform distribution of the deformations within the
concrete of the ties reinforced with 16 bars than that of the counterpart reference.
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Fig. 2.35. Crack development identified by the digital image correlation system
(“n/a” = not applicable)

2.4.2.2. Cracking Behaviour

The cracking schemes obtained by using the relative deformation maps of the sur-
face recognised by the DIC are presented in Fig. 2.35. These schemes are related
to the reference average deformations of the reinforcement measured during the
experiments. The final crack patterns of the ties are shown in Fig. 2.36. Consider-
ing 500 mm long specimens, the different number of cracks is characteristic of the
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final patterns of the ties reinforced with 4 and 12/16 bars (Fig. 2.36). However, as
shown in Fig. 2.35, these differences become less significant by comparing the
cracking schemes related to the reference deformations of the reinforcement. As
it was indicated in Subsection 2.3.3, the scatter of individual crack monitoring
results obtained using an optical microscope reduces the reliability of the analysis.
Hence, the cumulative surface displacements identified by the DIC system are
used for comparative analysis of the cracking behaviour of RC ties.

Figure 2.33 indicates that the scatter of the average strains of reinforcement,
evident in the ties with relative low reinforcement ratio (p = 1.4% and 2.0%),
decreases with increase of the reinforcement area. This may be related to the in-
crease of the reinforcement stiffness making the cracking process less steep. In
order to investigate influence of the bar arrangement on the aforementioned effect,
concrete ties with relative reinforcement ratio (p = 1.4% and 2.0%) and different
bar arrangement are considered for further analysis of the cracking behaviour of
RC ties. The displacement profiles of selected ties are shown in Fig. 2.37, where
the surface cuts are associated with the position of the reinforcement bars. The
cumulative deformations are related with the area determined by the relative elon-
gation curve (Fig. 2.37). This area is calculated at each loading stage by numerical
integration of the respective elongation profile.

Hence, the cumulative deformation is considered as an equivalent of the
crack opening. The corresponding results of the selected ties are presented in Ta-
ble 2.11. It can be observed that the cumulative deformation correlates with the
number of the bars. The cracking analysis, however, must be related with the de-
formation behaviour of the ties evaluated in the previous part (“Deformation Be-
haviour”) of this section.

The serviceability analysis described by the Code methods is intended for the
stabilized cracking stage (Balazs et al. 2013). Figure 2.38 illustrates this issue by
relating the cracking schemes (identified by the DIC) to the diagrams of the average
bar strains. The strain diagrams also include the stabilized cracking strain limits as-
sessed by the MC 2010. An important observation is that the cracking of the shortest
(380 mm) prisms is not stabilized — new cracks were identified by the DIC —though
the load-strain diagrams reveal no changes of the stiffness. Alternatively, the crack-
ing of the 500 mm prisms has evidently been stabilized: both the cracking schemes
and the average strain diagrams do not demonstrate any changes.

Table 2.11. Cumulative surface deformations of the selected ties, mm

Tie 0. % Reference strain of the reinforcement &s, %o
' 0.5 1.0 15 2.0
4S10-3 14 0.07 0.08 0.35 0.77
16S5-4 ' 0.22 0.30 0.61 0.86
45812-2 20 0.25 0.26 0.46 0.68
16S6-1 ' 0.40 0.67 0.86 1.17
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Fig. 2.36. Final crack pattern of the ties

To assess adequacy of the cracking results of the relatively short specimens
(380-500 mm), the long 1230 mm tie 4S10L (Table 2.10) was additionally tested
using a lever-arm system developed for a sustained loading (Gudonis et al. 2015).
Due to limited capability of the DIC system, cracking of the long tie was observed
and fixed using an optical microscope. In Fig. 2.39, the final crack pattern of the
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tie 4S10L is compared with the cracking maps of the equivalent short ties deter-
mined by the DIC system at the same deformation level of the reinforcement as
the final crack pattern of the long tie: the comparison is related to the measured
average strain e = 1.4%o. The resultant averaged crack distances in the short and
long ties are equal to 100.0 mm and 102.5 mm, respectively.
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Successful results of the aforementioned comparison enable the 500 mm ties
to be used for adequacy verification of approaches adopted in design codes. The
theoretical strain limit associated with beginning of the stabilized cracking stage
was assessed by following the MC 2010 approach:

esmzasrﬁ+ecm; asrzfcﬂ(l+ae-p), Eom = 20 (2.4)
ES EC

where esm and ecm are the average strain of reinforcement and concrete, oy is the
maximum stress in the reinforcement in a crack, # (=0.6) is the coefficient that
accounts for type of the loading, fcm is the tensile strength of the concrete (calcu-
lated by MC 2010), a. (= ES/E¢) is the modular ratio. Figure 2.38 clearly shows
that the strain & is too radical to identify the stabilized cracking stage if the aver-
age deformation of the reinforcement is used as the reference. The opposite re-
sults, however, could be obtained in the analysis based on the average deformation
of the concrete surface (Fig. 2.32). In fact, none of the experimentally observed
deformations represents the average deformation behaviour of the tie. It can be
only approximately assessed with the help of these monitoring results.

By accounting for the aforementioned inferences, verification of design code
predictions is based on the test results of 500 mm ties. Due to a limited number of
the measured crack widths, the verification is limited to the crack spacing. The sta-
bilized cracking stage is associated with the average strain of the reinforcement ¢ ~
1.5%o and 1.0%o for the ties with p <2.0% and p = 2.7%, respectively. These values
are more than three times the cracking limit assessed by Eqn. (2.4). The respective
parameters of 15 representative ties (see Fig. 2.35 for the reference) are given in
Table 2.12. The cracking results (the maximum and average crack distances) of the
ties are also presented in Table 3. The maximum spacing was assessed by MC 2010
and EC 2. Two main observations can be made from these results:

1. While design codes predict that maximum crack spacing is dependent on
the @/p ratio, the test results are practically independent on the reinforce-
ment characteristics. As can be observed in Table 2.12, an increase in
@/p from 300 to 714 causes the corresponding changes of Srmax predicted
by the MC 2010 and EC 2 from about 140 mm to 260 mm and from
200 mm to 350 mm, respectively. The test results, however, show the
average increase of the maximum distance from 100 mm up to 120 mm
and the average spacing from almost 90 mm to 100 mm only.

2. The ratio of the experimental maximum-to-average crack spacing
(smax / Sm) is practically constant and on average equal to 1.27. Only one
tie demonstrates this ratio greater than 1.70 (grey filled cell in Ta-
ble 2.12). Such results agree well with the relation identified by Beeby
& Forth (2014). Fantilli and Chiaia (2012) suggested a similar value as a
basic parameter for scaling crack patterns.
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Fig. 2.38. The location of the stabilized cracking stage
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By investigating structure of the cracking data in Fig. 2.35 and Table 2.12,
the following aspects are identified. The cracking process of the tie 4510-6 has
not evidently been stabilized. A chaotic cracking pattern is characteristic of the tie
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4S12-1 that has demonstrated an exceptionally high smax / Sm ratio. Consequently,
both aforementioned ties were omitted when analysing the cracking tendencies.
Figure 2.40 relates the maximum distances with the @/p ratio. The trend line de-
fined using the test data implicitly indicates a tendency different from the Code
approaches. Evident overestimation of the crack distances by both Codes are as-
sociated to the ties reinforced with four bars: the EC 2 predictions provide more
than twofold overestimation, while the MC 2010 demonstrates results that are
more accurate. The adequacy of the predictions improves with the decrease of
@/p: the precise predictions by MC 2010 are characteristic of the ties with the
minimum @/p ratio. On the one hand, the observed inaccuracy might be related to
the relatively thin (30 mm) cover uncommon to laboratory ties (a prism reinforced
with a centre bar). On the other hand, an important limitation can be related to the
application of common laboratory specimens (relatively short concrete prisms re-
inforced with a centre bar) in the constitutive analysis: refer to Subsection 3.3.2.
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Fig. 2.40. The location of the stabilized cracking stage

Table 2.12. Crack distances sorted by the ratio @/p

Tie p, a/p, £sm, Predicted Sr,max, mm Test results SmandSim
% mm %o MC 2010 EC2 Smax, MM Sm, MM
12S8-1 2.7 296 0.283 143 203 170 100 1.70
12S8-3 2.7 296 0.287 143 203 122 100 1.22
16S6-1 | 2.0 300 0.446 143 203 135 83 1.62
16S6-2 | 2.0 300 0.446 143 203 130 100 1.30
16S5-3 1.4 357 0.497 159 224 115 83 1.38
16S5-4 1.4 357 0.497 159 224 90 63 1.44
4S514-1 2.7 519 0.275 202 276 127 100 1.27
4S514-2 2.7 519 0.271 202 276 129 100 1.29
4S14-3 2.7 519 0.272 202 276 125 100 1.25
4S12-1 2.0 600 0.447 226 305 130 71 1.82
4S512-2 2.0 600 0.447 226 305 165 100 1.65
4S510-3 1.4 714 0.500 259 346 117 83 1.40
4S510-4 1.4 714 0.500 259 346 125 100 1.25
4S10-5 1.4 714 0.478 259 346 134 100 1.34
4S510-6 1.4 714 0.478 259 346 196 167 1.18
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2.4.3. Concluding Remarks

An investigation of cracking and deformation behaviour of concrete ties with mul-
tiple bar reinforcement has been carried out. Although the performed investigation
was covered a broad test program that includes ties with steel, GFRP and hybrid
combination of GFRP and steel bar reinforcement, this section focuses on the test
results of 27 concrete prisms reinforced with different number and diameter of
steel bars. Three section types (with reinforcement ratio equal to 1.4%, 2.0% and
2.7%) are considered. Each of them consists of different reinforcement schemes:
4-bars reference and 16-bars (or 12-bars) alternative. Most of the ties were made
with 30 mm cover. Special equipment has been developed for the tests. Average
strains of the reinforcement and concrete surface were used for the deformation
analysis. In order to assess the adequacy of the current design codes (Model Code
2010 and Eurocode 2), the predicted crack distances were compared to the
experimental results. The investigation reveals that:

— While the design dodes predict that maximum crack spacing is dependent
on the @/p ratio, the test results (both maximum and average crack
spacings) are practically independent of the reinforcement characteris-
tics. For the limited number of the tested ties, the ratio of the maximum-
to-average crack spacing varied between 1.2 and 1.8, on average being
1.27. Only one tie demonstrates a ratio greater than 1.70 that is well
agreed with the crack assessment criterion suggested in the literature.

— At the stabilized cracking stage, predictions of the maximum crack dis-
tance were on the safe side. For the reference ties, the Eurocode 2 pre-
dictions were overestimated by 120% on average; the Model Code 2010
demonstrated results that are more precise (with 70% safety on average).
The adequacy of the predictions increases with a decrease of the @/p ra-
tio. For the alternative reinforcement schemes, the respective predictions
demonstrated a more rational safety margin, i.e. 80% and 20%. On the
one hand, the observed inaccuracy might be related to the relatively thin
(30 mm) cover uncommon for laboratory ties (a square prism reinforced
with a single bar). On the other hand, an important limitation can be re-
lated to application of a laboratory tie in the constitutive analysis: the
common tests do not allow separating effects related with the correlated
variables, i.e. bar diameter, cover, and reinforcement ratio.

— The alternative reinforcement schemes are capable at securing practically
indistinguishable deformation behaviour of the identical ties, while a sig-
nificant scatter is characteristic of the reference ties reinforced with four
bars. The scatter is particularly evident at the early cracking stage in the
ties with relatively low reinforcement ratios (1.4% and 2.0%). It could



80 2. EXPERIMENTAL INVESTIGATION ON DEFORMATION AND CRACKING OF...

be attributed to the release of fracture energy (during the crack for-
mation) that is evidently more uniform in the ties reinforced with 16 bars
than in the reference counterparts reinforced with 4 bars.

— Significant differences between the average strains of concrete surface
and reinforcement reveal the unreliable character of the deformation as-
sessments based on the surface monitoring results. The similar results
were also obtained in the previous test program (Subsection 2.3.4). In the
present case (tension load applied directly to the bar reinforcement), the
strain gradient is proportional to the distance between the bars and con-
crete cover. A reduction of the strain gradient reduces the overall scatter
of the deformation response. In the current study, a reduction of the strain
gradient was achieved in the ties reinforced with 16 bars. These results
indicate the importance of the correct evaluation of the strain gradient
(that might be significant in relatively short ties having a thick cover) for
adequate assessment of the structural behaviour.

2.5. Conclusions of Chapter 2

1. The flexural elements were reinforced using steel and GFRP bars with two prin-
cipal configurations: conventional layout — when the bars are distributed in a
single layer and alternative layout —when the bars are distributed in three layers.
Analysis of the flexural test data reveals that:

1.1. The number of the reinforcement layers correlates with the flexural stiffness.

1.2.The cracking results do not reveal a clear correlation between crack
widths and the crack spacing when the reinforcement layout changes.
Furthermore, the maximum crack opening is not necessarily adjacent to
the maximum distance between cracks or located between two consecu-
tive uncracked blocks of maximum total length. In this study, 11 of the
considered 18 cracked schemes characteristic for the stabilized cracking
stage (i.e. 61% of the cases) are in accordance with the conventional as-
sumption of direct relation between the maximum crack width and max-
imum crack distance.

1.3.0ne of predominant effects, governing deformation predictions of
flexural elements, is related to the equivalent area of concrete effective
in tension. The definition of the effective depth of the beam is a key issue
due to the complexity of the internal stress distribution prior to and after
cracking. Therefore, analysis of a simplified structure (reinforced con-
crete prism in tension) with possibly the most straightforward defor-
mation behaviour should be considered.
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2. Despite the seeming simplicity of the tensile test layout, a variety of cracking
sources are responsible for the noticeable scatter of the test results. To solve
this problem, a representativeness condition has been introduced. In the con-
text of the present study, the representativeness is considered as a property of
the test specimen isolating uncontrolled effects from the average deformation
results. Analysis of the test results of more than 50 representative ties with
different geometry and loading setup the study reveals that:

2.1. The strain gradient in the concrete varies not only along the bar, but also
within the cover.

2.2. The proposed experimental procedure enables the localization of the end
effect by iterative reduction of the gauge length.

2.3. A new testing layout is necessary for separating from one another of the
effects related with key-parameters of the section (i.e. concrete cover,
reinforcement ratio, and diameter/number of the reinforcement bars).

3. The specific equipment for tensile tests of concrete prisms with multiple bar
reinforcement has been developed. It was applied for the testing of 27 prisms
reinforced with different number and diameter of steel bars. Three reinforce-
ment ratios (1.4%, 2.0%, and 2.7%) were considered. Each of them corre-
sponds of two reinforcement layouts: 4-bars reference and 16-bars (or 12-
bars) alternative. The investigation revealed that:

3.1. Maximum and average crack spacing is practically independent of the re-
inforcement characteristics, while design codes predicts that maximum
crack spacing is dependent on the @/p ratio.

3.2. At the stabilized cracking stage, predictions of the maximum crack dis-
tance were on the safe side. For the reference ties, the Eurocode 2 pre-
dictions were overestimated by 120% on average; the Model Code 2010
demonstrated results that are more precise (with 70% safety on average).
For the alternative reinforcement schemes, the respective predictions
demonstrated a more rational safety margin, i.e. 80% and 20%. The
adequacy of the predictions increases with a decrease of the @/p ratio.

3.3. The alternative reinforcement schemes are capable at securing practically
indistinguishable deformation behaviour of the identical ties, while a sig-
nificant scatter is characteristic of the reference ties reinforced with four
bars. The scatter is particularly evident at the early cracking stage in the
ties with relatively low reinforcement ratios (1.4% and 2.0%).






Serviceability Performance:
Predominant Characteristics of
Reinforced Concrete Elements

Experimental results presented in previous chapters cover a wide range of phe-
nomena related with serviceability behaviour of reinforced concrete members. It
was determined, that the concrete cover, reinforcement ratio and diameter of the
reinforcement bars are the key parameters for adequate prediction of the defor-
mations and cracking behaviour. The results of the beam-tests presented in Sec-
tion 2.2 do not reveal a clear correlation between reinforcement layout and crack
width, though the flexural stiffness is closely related with number of the reinforce-
ment layers. Meanwhile Section 2.4 indicated that arrangement of the reinforce-
ment has much more significant influence on the cracking behaviour of tensile
elements. Clear understanding of contribution of the predominant characteristics
to the serviceability performance, might help formulate principles of the behav-
iour-oriented design. There are several ways to ensure this aim. A certain concrete
cover, suitable reinforcement bar diameter, proper reinforcement ratio, well-bal-
anced stiffness and appropriate surface characteristics of the reinforcement bars,
rational combinations of reinforcement materials can solve the serviceability
problems. It is important to note, however, that there are existing numerous alter-
native solutions. This section presents several examples, which might be consid-
ered as modal layouts for further analysis. The particular attention is dedicated to
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the effect of arrangement of reinforcement bars in tension concrete. Results of the
numerical modelling and verification procedures with the help of experimental
results are presented. On a basis of experimental results of flexural and tensile
elements presented in previous sections, this chapter provides some examples of
effective reinforcement for concrete elements. Particular effects of individual
characteristics as well are illustrated by using four practical examples. This chap-
ter includes the material presented in journal publications Meskénas et al. (2017)
and Rimkus & Gribniak (2017b), and conference proceedings Rimkus et al. (2017a,
2017b), Kaklauskas et al. (2013) and Gribniak et al. (2017d).

3.1. Effect of Bar Arrangement

The governed characteristics of the deformation and cracking performance of RC
members have been identified in the previous sections. Experimental evidence pre-
sented in Section 2.3 have indicated that the cover, reinforcement ratio, and diame-
ter of the reinforcement bar are the principal parameters of serviceability behaviour
of RC ties. Findings of Section 2.2 show that the bar arrangement in the tensile zone
directly interacts with flexural stiffness of RC beams, but it does not possess a clear
correlation with the cracking performance. Conversely, results provided in Sec-
tion 2.4 indicate that reinforcement layout has a considerable effect on the cracking
behaviour, but marginal influence on the axial stiffness of the tensile elements.
Kaklauskas etal. (2013), Gribniak etal. (2013b) and Meskénas etal. (2017)
carried on tests of deformation and cracking behaviour of steel fibre reinforced con-
crete elements with bar reinforcement. It was indicated that the change in the
volume of fibres from 0.3% to 0.6% (from 23.5 kg/m® to 47.1 kg/m?) has no influ-
ence on the flexural stiffness as well as the crack behaviour of the beams reinforced
with steel bars. In the contrast to the beams with steel reinforcement, the minimum
amount of fibres (i.e. 23.5kg/m®) was effective increasing the serviceability
properties of the beams with GFRP bar reinforcement (Gribniak et al. 2013b). In fact,
this effect is a consequence of two interrelated mechanisms associated with high de-
formability of such elements. On the one hand, the relatively high deformability of
GFRP bars causes wider opening of the cracks, consequently increases the crack
bridging effect of the fibres. On the other hand, the fibres ensure uniformity on the
compressive zone by preventing cruching failure of the compressive concrete. How-
ever, the fibre effect on the serviceability properties of elements made using rela-
tively low content of steel fibres (less than 50 kg/mq) reinforced with steel bars can
be neglected. The increase of the fibre content up to 1% by volume (78.5 kg/m?)
increases flexural stiffness of the beams (Gribniak et al. 2013b). This increase is
very similar to the effect of the bar arrangement in three layers (see Section 2.2). The
multiple reinforcement distributed in the tensile zone (Fig. 2.2) evidently ensures
uniform distribution of the tensile stresses in the concrete preventing localization of
extremal cracks in similar manner as the moderate content (78.5 kg/m?®) of fibres.
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Two important inferences were made in Section 2.4. The alternative reinforce-
ment schemes (with 16 bars) are capable at securing practically indistinguishable
deformation behaviour of the identical ties, while a significant scatter is character-
istic of the reference ties reinforced with four bars. The scatter is particularly evident
at the early cracking stage in the ties with relatively low (1.4% and 2.0%) reinforce-
ment ratios. Another inference is related to the strain difference of the reinforcement
and concrete surface of RC ties. The strain difference might be proportional to the
distance between the bars and concrete cover. The mitigation of such differences
may reduce the scatter of the deformation responses.

Test results of the beams reinforced with bars distributed in three layers in
the tensile zone (Subsections 2.2.3 and 3.1.2) demonstrated that the adequacy of
the “concrete area effective in tension” concept has serious doubts. In order to
investigate these aspects, a simplified structure with a more straightforward de-
formation behaviour should be analysed. The observed differences in the defor-
mation behaviour of RC beams and ties could be related to the load application
manner. In case of the conventional tension tests, the load applied to the reinforce-
ment is transferred to the surrounding concrete through the bond, while the oppo-
site effect is characteristic of most of structural cases (including traditional beam
tests) — the deformed concrete acts to the reinforcement. Thus, the cracking be-
haviour of the concrete is also diverse. For this purpose, following section is com-
posed regarding both aforementioned element types separately.

3.1.1. Flexural Elements

Experimental study of deformation response of RC ties presented in Section 2.4
demonstrated, that elements with high concentration of the bars (four bars in the
section) possess significantly higher scatter of the test outcomes than that is char-
acteristic of the counterparts with higher number of the reinforcement bar. One of
the most straightforward way to illustrate importance of this inference for the
flexural behaviour is the numerical modelling with the help of the layered section
model (Section 1.3). This model enables predicting the deformation response of
flexural members with particular material laws and sectional characteristics.

In order to illustrate different scatter of deformation response of reference
and alternative flexural elements (reinforced with 4 and 16 bars, respectively) nu-
merical simulation of I-shape beams was performed. Two types of doubly rein-
forced beams with identical geometry and different bar distribution subjected to
an external bending moment were considered (Fig. 3.1). The geometry of the
beams was selected ensuring that the area of concrete effective in tension corre-
spond to the area of the ties with multiple bar reinforcement (Fig. 2.26). The sim-
ulations are based on the stress-strain diagrams obtained by using the experimental
diagrams of the ties show in Fig. 2.31. In this way six beams reinforced with four
10 mm bars (correspondent to the ties 4S10-1, 4S10-2, 4S10-3, 4510-4, 4S10-5,
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4510-6) and four beams reinforced with sixteen 5 mm bars (correspondent to the
ties 16S5-1, 16S5-2, 16S5-3, 16S5-4) were simulated. Compressive strength of the
concrete and modulus of elasticity of steel reinforcement were assumed the same
as was determined for the correspondent ties (Table 2.10).

The calculated moment-curvature diagrams of the theoretical beams are
shown in Fig. 3.1c. The scatter of the predicted deformation response is particu-
larly evident at the early cracking stage. Coefficient of variation of the defor-
mation response at the service load (defined as 55% of the ultimate bending mo-
ment) of the beams with four bars is equal to 67%, while beams with 16 bars
showed only 7.7% variance.

Results presented in the Subsection 2.2.2 have shown that the tension-stiff-
ening effect might increase in the beams with several layers of closely spaced
reinforcement bars in the tension zone. The increase in flexural stiffness might be
taken into account by modifying the effective depth d (Barris et al. 2013).
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For the illustration purpose, the effective depth was fitted to achieve best agree-
ment between the theoretical and the experimental moment-curvature relationships
(Fig. 2.6). Beams described in Section 2.2 with reinforcement bars distributed in
three layers in the tension zone were used for this purpose. All beams had identical
concrete cross-sections with a similar concrete strength and two different reinforce-
ment ratios p (0.6 and 1.0%). The modified depth can be obtained as following:

d,,, =d (1.13—0.078ﬁ} (3.1)
n

Here d is the effective depth; pe is the effective reinforcement ratio described by
the Model Code 2010 (fib 2013); n is the modular ratio EJ/E..

Figure 3.2 compares the theoretical predictions (by MC 2010) with test re-
sults of the beams with reinforcement bars distributed in several layers. The cur-
vature predictions were made using the actual and modified d values. The modi-
fied relative predictions Ax [from Equation (2.2)] are presented in Table 3.1. As
can be observed by comparing results of Tables 2.4 and 3.1, this modification im-
proves predictions securing a rational safety margins for the service load interval:
the average prediction error decreases from —24% to —7% with the ultimate error
reduction from —32% to —22%.

To analyse variation of the prediction errors with load, Figure 3.3 scatters the
relative predictions Ax along the normalized loading level M' determined as

_ M _Mcr
I\/Iu_Mcr

!

(3.2)

Here M, is the theoretical ultimate bending moment (assuming the strength limit
of the reinforcement equal to 500 MPa); M is the theoretical cracking moment.
According to Equation (3.2), M' = 0 and M' = 1 correspond to the cracking and
ultimate moment, respectively.

Along the predictions Ax, Figure 3.3 shows the corresponding trends deter-
mined by the means of moving average (with period of 10 points). It can be ob-
served that accurate prediction results were obtained at the advanced loading
stages with M' ranging from 0.5 to 1.0. However, at the earlier cracking stages
(0.1 < M' <0.5), the predicted curvatures remained significantly overestimated. In
other words, the considered beams with several layers of bar reinforcement re-
sisted early development of the cracks. The same tendencies can be observed an-
alysing the cracking schemes shown in Figure 2.10. However, it should be re-
called that the present analysis is limited to the test results (202 curvature points)
of only four beams with different layouts of the tensile reinforcement; therefore,
a more elaborate experimental study is needed to further quantify the empirical
relationship (3.1).
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Table 3.1. Modified curvature prediction percentage, Ax (the loads shown in Figure 2.6)

Beam Loading level
1(0.32-0.33 My) | 2 (0.36-0.39 Mu) | 3 (0.48-0.54 My)| 4 (0.58-0.63 My)|Mser (0.55 My)
S1-1 -13,9 -3.3 4.6 5.6 5.1
S1-6 1.9 4.1 -24.1 -19.4 -21.5
S2-1 -111.9 -119.4 -12.0 6.4 -1.2
S2-5nm -15.0 —75.1 -36.3 4.4 -10.3
120
‘/'///’
~
100 /»//
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Fig. 3.2. The improved moment-curvature prediction results
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Fig. 3.3. Relative curvature predictions, Ax, of beams with several reinforcement layers

3.1.2. Tensile Elements

The results presented in Subsection 2.4.2 demonstrate differences of deformation
behaviour of the concrete in ties related with various number of reinforced bars
(Rimkus & Gribniak 2017b). Figure 3.4 shows deformation results of the selected
ties with the same total reinforcement area but different number of the bars (the
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same ties are considered in Table 2.11.). Although the average strains of the rein-
forcement are independent on the number of bars (Fig. 3.4a), noticeable differences
of the average strains of the reinforcement and concrete surface are evident from
Fig. 3.4b, where the reference deformation levels (s = 0.5%o and 2.0%o) correspond
to the cracking patterns shown in Fig. 2.35. The differences decrease with increase

of the reinforcement

Different surface deformations of the concrete at the same strain of the rein-
forcement might be associated with different cover and bond performance (related
to the diameter of the bars). Section 2.4 revealed no dependence of the experi-
mental cracking distances on the @/p ratio, while design codes are indicating this
ratio as a key factor for assessment of the cracking behaviour. These, in some
sense, contradicting results have motivated further investigation of influence of

ratio p.

bar diameter on the deformations and cracking behaviour of RC ties.
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Fig. 3.4. Load-average strain diagrams of a) the selected specimens with reinforcement
ratio 1.4% and 2.0%, and b) differences of the strains determined at the concrete surface
and reinforcement (the reference strains, s, correspond to the crack patterns in Fig. 2.35)
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Fig. 3.6. Crack patterns of the specimens 12S8R and 8S5/4S12 at the stabilized cracking
stage (average strain of the reinforcement ¢=1.4%o)

Two series of reinforced concrete prisms with 150x150 mm cross-section
and 30 mm cover (Fig. 2.26a and b) are considered. In total, four ties reinforced
with 12 bars of different diameter were tested. The first series designated as 12S8R
is consisted of the ties reinforced with twelve @8 mm bars, while the second series
designated as 855/4S12 represents combination of eight @5 mm and four @12 mm
bars. Both series have provided the same reinforcement ratio p = 2.7%. Defor-
mations and cracking process of the ties were monitored using technique de-
scribed in Subsection 2.4.1. The test results are presented in Figures 3.5 and 3.6.
Crack patterns of the specimens are shown at the stabilized cracking stage (corre-
sponding to the average strain of the reinforcement es = 1.4%o).

From Figure 3.5, it is evident that the average deformations of the bars are
almost identical, since the total area of the reinforcement is the same. However,
cracking behaviour is different: 5 cracks are appeared in the specimens 12S8R,
while 3 cracks are characteristic of the alternative ties 8S5/4S12. This might be a
consequence of intricate cracking process in the inner part of the specimens. Dif-
ferent interfacial area between concrete and reinforcement leads to a different
bond performance: total perimeter of the bars is equal to 301.4 mm and 276.3 mm
of the specimens 12S8R and 855/4S12, respectively.
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Furthermore, different axial stiffness and surface parameters (Fig. 2.1) might
also contribute to different character of the internal cracking. Section 2.3.2 indi-
cates that difference between strains of reinforcement and concrete surface might
be proportional to the cover (Fig. 2.19). To illustrate this effect, two series of con-
crete prisms with the same reinforcement, but different covers are considered
(Fig. 2.26a): the reference ties (4510-1) with 30 mm cover that is typical for most
structural applications (Aslani et al. 2015) and alternative ties (4S10C-1) with
50 mm cover characteristic of laboratory specimens. All ties were reinforced with
four 10 mm bars that corresponds to the reinforcement ratio of 1.4%. Figures 3.7
and 3.8 show deformation and cracking behaviour of the ties.

Figure 3.7b evidences the cover effect on the surface deformation of the con-
crete. The enlarged cover induces a “negative” deformation of the surface under
the load close to the cracking moment. Figure 3.7a does not represent any extraor-
dinary behaviour of the bar reinforcement, while the cracking schemes in Fig-
ure 3.8 shows the opposite result. The final pattern of the alternative specimen
(4S10C-1) clearly demonstrates the diverse behaviour (length) of the external and
internal concrete blocks formed, respectively, between the transverse cracks and
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at extremities of the prisms. Thus, the mean crack distance assessed by averaging
the lengths of all uncracked segments will be inadequate. This problem might be
solved by increasing the length of the prism and by excluding the external blocks
from the consideration. The cracking tendencies of the reference (30 mm cover)
and the alternative (50 mm cover) ties are also different (Fig. 3.9): slow develop-
ment of the surface cracks is characteristic of the ties with the enlarged cover.

In the same manner as Figure 2.19, Figure 3.10 illustrates ability of the finite
element model to predict cracking behaviour of the concrete in ties with different
cover. (The numerical modelling details are described in Section 3.2.) Figure 3.10 as-
sociates the numerically identified strain distributions in the concrete with the crack-
ing schemes of four ties with 30 mm cover and two alternative counterparts (with
50 mm cover) observed experimentally. Sufficient agreement between numerical and
experimental cracking schemes is obtained.

This example demonstrates that well treated numerical model (i.e. calibrated
with carefully collected test data of representative specimens) is capable to predict
cracking behaviour of RC ties. Output of humerical simulation might be useful as-
sessing the bar arrangement effect to the internal cracking. Obtained results indicate
the importance of correct evaluation of the strain gradient in the concrete for ade-
guate assessment of the structural behaviour of tensile members. This effect is
also vital in identifying the area of concrete effective in tension as well as in as-
sessing the tension-stiffening effect.

3.2. Numerical Modelling of Ties with Multiple Bars

Previous section evidenced that the effect of bar arrangement on deformations and
cracking of RC ties might be related with the strain gradient in the concrete. Sec-
tions 2.3.2 and 3.1.2 displayed that the strain gradient increases with the cover. En-
larged cover might isolate development of the internal cracks preventing formation of
the surface cracks. Unfortunately, experimental investigation of the internal cracking
effect is extremely complex problem (Goto et al. 1971). Thus, this section applies a
finite element technique for analysis of the cracking behaviour. This approach enables
to predict strain and cracking behaviour of the concrete ties with various arrangement
of the reinforcement bars. Such examples are presented in Subsections 2.3.2 and 3.1.2
(Figs. 2.19 and 3.10, respectively). In order to attain numerical result adequate to
actual behaviour of the element, a proper calibration of the model is mandatory. This
section proposes a methodology of tailoring the numerical models. For the illus-
tration purpose, the numerical model presented in Subsection 2.4.1 is extended for
the analysis of concrete ties reinforced with multiple bars. In order to predict de-
formation and cracking behaviour of the concrete members reinforced with mul-
tiple bars, numerical model of concrete prism was constructed.
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Fig. 3.10. Numerically predicted strain distribution in concrete (deformation of the
reinforcement &s = 2.0%o0) and experimental crack patterns identified by the digital image
correlation system of the ties with different cover c: a) 4510 and b) 4S10C

As the reference, 500 mm long ties with 150x150 mm cross-section rein-
forced with @10 mm deformed steel bars were chosen. Parameters of the selected
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specimens (4510, 4S10C, 8S10R, 8510X and 12S10X) are presented in Figure 2.41
and Table 2.10. The choice of the modal samples is related with ability of applying
the regular bond model proposed by Michou et al. (2015) for 10 mm deformed
steel bar. This simplification of the bar topology allows to significantly reduce the
calculation demands. The bar is modelled as a cylindrical macroelement; the in-
terface of the concrete and reinforcement is modelled as a sequence of cylinders
(of same diameter) with periodic field of regular bond parameters. Although such
approach does not enable representing the radial bond-stress component, it was
successfully validated by using test results of the concrete prisms reinforced with
a single bar (Subsection 2.4.1). Recent numerical studies by Gribniak et al.
(2016b) indicate that this approach is acceptable for modelling reinforcement bars
of a relatively small diameter (<10 mm), since the neglected radial stress compo-
nent increases significantly with the bar diameter.

The deformation problem is solved numerically within the 3D formulation.
Following the symmetry conditions, the 1/16 part of the specimen was numeri-
cally simulated as shown in Figure 3.11 that also clarifies the boundary condi-
tions. The load was modelled as prescribed displacement attributed to the inner
surface of the reinforcement bar.

To create the numerical model, commercial finite element (FE) software
ATENA was used (Cervenka 2002). Isoparametric tetrahedral finite elements with
10 degrees of freedom (DOF) and four integration points were used. The average
FE size assumed in the analysis was equal to 15 mm with five times refinement at
the reinforcement and concrete interface. For concrete, the model SBETA offered
by ATENA was utilized. Reinforcement was modelled as linear elastic material.
As mentioned previously, the ribbed contact between the reinforcement and con-
crete was modelled using a regular bond model proposed by Michou et al. (2015):
the interface of the concrete and reinforcement is modelled as a sequence of cyl-
inders with periodic bond parameters. The bond strength at the ribs is assumed
Tmax = 175 MPa, whereas between the ribs tmax = 3.0 MPa (see Fig. 3.12). The
best-fit principle was used to calibrate the bond model. The experimental values
of the compressive strength of the concrete and the modulus of elasticity of the
reinforcement (Subsection 2.4.1) were used in the model. The remaining parame-
ters were assumed as default values described by ATENA.

Refined discretization can be used for improving convergence of the numer-
ical analysis. However, too fine discretization is impractical and might be inade-
quate at representing mezo-structural behaviour of the concrete with relatively
large aggregates. Another important aspect is compatibility of meshes at the
boundary of macro elements (Cervenka 2017). In this section, two finite element
models are considered. Model-1 has been developed by taking into account the
mesh compatibility requirements: separate macroelements of the concrete were
generated corresponding the rib location (the width of the macroelements was
2mm and 5 mm, respectively). Model-2 was created securing uniform mesh
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within the concrete macroelement without consideration of the mesh compatibil-
ity criteria. Both models are shown in Fig. 3.13.

As described in Section 2.4, average deformations of the reinforcement and
concrete surface were monitored during the tie tests. In Figure 3.14, the simulated
diagrams of load-average strain of concrete surface and reinforcement are com-
pared with the experimentally obtained results (Subsection 2.4.2). As can be ob-
served in Figure 3.14a, Model-1 adequately predicts both, concrete and reinforce-
ment, deformations, while Model-2 (Fig. 3.14b) is not as accurate. This outcome
may be related with neglecting of the strain compatibility criteria.
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Fig. 3.11. Test specimen and symmetry conditions assumed in the finite element analysis
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Fig. 3.13. Two modelling approaches: a) Model-1 with compatible mesh at the interface,
b) Model-2 with uniform mesh of the concrete macroelement
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Figure 3.15 shows the predicted strain distribution in the concrete. The strain
distribution is related to the same load level (average strain of reinforcement
&s,ag=0.0013). Grey areas indicates strain less than the theoretical cracking limit
(6¢=0.0000825). The sky-blue colour indicates the strains above 0.004 (account-
ing for the assumed FE size, it approximately corresponds to 0.02 mm crack open-
ing in Model-1 and 0.06 mm in Model-2).

Since the same fracture energy was assumed for all finite elements, artificial
mesh of Model-1 “localizes” the cracking within relatively thick layers. Localiza-
tion of these cracks is evident in Figure 3.15a. Although the deformation predic-
tions by Model-1 were accurate (Fig. 3.14a), the strain distribution predicted by
Model-1 seems unrealistic. The opposite results are characteristic of Model-2 that
predicts a more uniform internal strain distribution (Fig. 3.15b). Numerical mod-
elling may be particularly efficient ensuring the “true” distribution of strains in
the concrete. Figure 3.16a gives a typical deformed shape of RC tie, whereas Fig-
ure 3.16b shows the complex internal strain distribution in concrete. Another ben-
eficial aspect of numerical modelling is ability to evaluate complex load transfer
and internal cracking phenomena in RC ties.
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a)

Fig. 3.14. Load-average strain diagrams of the concrete surface and reinforcement of the
specimen 4S10 obtained using a) Model-1, b) Model-2

) b)
Fig. 3.15. Simulated concrete strain & distribution using two models at the same load
level (average strain of reinforcement eayq = 0.0013): a) Model-1, b) Model-2

(Note: grey areas indicates strain less than the theoretical cracking limit ecr = 0.0000825.
The sky-blue color indicates the strains above 0.004)
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b)
Fig. 3.16. Typical behavior of RC tensile elements: a) deformed shape of the tie 4510,
b) strain distribution in concrete of the tie 4510
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Fig. 3.17. Load-average strain diagrams of specimens with differnent cover c: a) the tie
4510 (c = 30 mm), b) the tie 4510C (c = 50 mm)
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Fig. 3.18. Load-average strain diagrams of specimens with different reinforcement lay-
outs: a) the tie 8S10X, b) the tie S810R, and c) the tie 12510

The cracking results identified by the DIC system for the considered ties are
compared with the numerical predictions of the strain gradient in the concrete
obtained by using Model-2, which was previously identified as more suitable for
this purpose (than Model-1). The results are presented in Figure 3.10. A sufficient
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agreement between numerical and experimental cracking result is evident. The
average deformation response of the experimental ties was predicted by using
Model-1. Figure 3.17 shows the load-average strain diagrams of the ties 4510 and
4S10C. It is clear that Model-1 is capable to predict deformation behaviour of the
concrete ties with multiple bars. In order to illustrate the abilities of the numerical
model, specimens 8S10X, 8S10R and 12S10 with more complex bar layout
(Fig. 2.26b) were considered as well. Load and average strain diagrams of these
ties are shown in Fig. 3.18. As can be observed, agreement between numerical
and experimental deformations is quite evident.

The presented numerical results have shown that of the proposed finite
element models are suitable for the analysis of the ties with multiple bars. The
numerical approach provides the ability to assess effects, which are too complex
as to be evaluated experimentally (i.e. end effect, load transfer length, and strain
distribution in the concrete). Such numerical models, however, not only must sat-
isfy the representativeness condition (Section 2.3) but also they must be ade-
quately validated. Hence, the test programs must be designed for assuring an ad-
ditional information useful for the model verification purposes. In the current test
program (Section 2.4) this requirement was satisfied by simultaneous monitoring
of the average deformations of the bar reinforcement and concrete surface.

3.3. Case Studies

This chapter provides examples of effective reinforcement for concrete elements.
Particular effects of individual characteristics are illustrated by using six practical
examples. The first numerical example describes methodology for assessment of
average deformation of the concrete in RC ties. The second example considers
auto-correlation of variables of the traditional tie tests. The third example de-
scribes representative layout for tensile tests. The fourth design example is dedi-
cated to the reducing scatter of deformation responses of RC plates. The last two
examples cover the effect of the bars stiffness in different combinations on defor-
mation and cracking characteristics of RC ties.

3.3.1. Average Concrete Deformations

Section 3.2 has demonstrated that numerical modelling might be helpful for as-
sessing effects, which are too intricate for experimental analysis. Test results pre-
sented in Subsections 2.3.2 and 3.1.2 have indicated that the concept of “concrete
area effective in tension” might be misleading and limited to the concrete cover,
loading conditions, stress-strain state, and configuration of the unreinforced area.
This section presents numerical example of such limitation.
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Following the commonly accepted concept of “concrete area effective in ten-
sion”, the total area in the tie is assumed to be effective in tension. Hence, tensile
specimens containing equal amount of reinforcement and same cross-section area
of the concrete should theoretically generate the same deformation response.

Figures 3.17 and 3.18 demonstrates a good agreement between the numerical
predictions and experimental evidence of deformations of the reinforcement and
concrete surface. Therefore, the finite element simulation can be used as a refer-
ence for validating the “effective area” concept. For this purpose, two RC ties with
identical 150x150 mm cross-section and the same bar reinforcement but different
cover are considered. The ties are reinforced with four 10 mm steel bars with
30 mm (reference) and 50 mm (alternative) concrete cover. Parameters of the con-
sidered specimens (4510 and 4S10C) are presented in Figure 2.41 and Table 2.10.
The numerical simulation procedure is described in Section 3.2. Since the ties
posses almost identical deformations of the reinforcement, the present analysis is
limited to the deformation behaviour of the concrete. The predicted strain distri-
bution in the concrete is shown in Figure 3.10: the difference in the strain gradient
in the concrete is evident. In order to quantify an actual (average) deformation
response of the concrete, the numerically predicted average strain of the concrete
was approximated by using 15 monitoring points shown in Figure 3.19. For both
ties, position of the monitoring points was the same. The average strain of the
concrete was obtained by averaging all monitorpointed results. The obtained load-
average strain diagrams of the concrete surface and the “averaged” results are pre-
sented in Figure 3.20. The presented results reveal two important effects:
1) although the considered ties have theoretically identical characteristics, defor-
mation behaviour of the concrete of the alternatve tie is significantly stiffer than the
reference counterpart; 2) the alternative distribution of the reinforcement increases
difference between the average and surface deformations of the cracked tie.

Although, specimens 4510 and 4S10C contains the same bar reinforcement,
average concrete deformations at the service load (determined as 60% of the ulti-
mate load bearing capacity) are significantly different. Figure 3.10 evidences
complex distribution of concrete deformations and raise doubts for adequate def-
inition of so called “concrete area effective in tension”. Increase of the cover from
30 mm to 50 mm reduces the average deformations of 500 mm ties by 24%.
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Fig. 3.20. Load-average strain diagrams of test specimens with different cover ¢

3.3.2. Auto-Correlation Effect of Variables of Tie Tests

Section 2.3 indicated that concrete cover, reinforcement ratio and diameter of rein-
forcement bars are the governing parameters for the cracking behaviour of RC ties.
Similar characteristics are considered for the predictions of the maximum crack
spacing by design codes (Eurocode 2 and Model Code 2010). However, Subsec-
tion 2.4.2 indicated that experimental results of maximum distances between the
cracks of RC ties contradicts to design code predictions (see Fig. 2.40 and Ta-
ble 2.12). An increase in @/p from 300 to 714 causes the corresponding changes
of srmax predicted by the MC 2010 and EC 2 from about 140 mm to 260 mm and
from 200 mm to 350 mm, respectively. The test results, however, show the
average increase of the maximum distance Smax from 100 mm up to 120 mm only.

The observed inaccuracy might be related to the relatively thin (30 mm) cover
uncommon to laboratory ties (a square prism reinforced with a centre bar). On the
other hand, both codes imply a similar expression for s;max assuming it to be a
linear combination of two components related to the cover ¢ and the ratio of the
bar diameter to the reinforcement ratio @/p:

where ki and k. are coefficients dependent on various factors (concrete strength,
bond quality, loading type, etc.). Considering a simple laboratory tie (square prism
with a centre bar), the parameters ¢, @, and p become correlated:

C:b—QNE_ A 7[-@2/4 ~7r-®2/4

2 20 T A D _n.?fs

where b is side length of the square section. Thus, Egn. (3.3) can be rearranged as

) (3.4)
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with coefficients k' and k', which now include constants 1/2 and 4/x. This simpli-
fication is acceptable if the ratio @/b is small enough. The common tests, dealing
with 100100 mm cross-section of the prism (i.e. b=100 mm), allow to account only
for the effect of the bar diameter. This important limitation should be related to the
use of simple specimens in constitutive modelling. The current design approaches,
however, were empirically deducted by neglecting that limitation. A number of pre-
vious studies, e.g., Elfgren & Noghabai 2002, Beeby 2004, Eckfeldt & Schroder
2008, Balazs et al. 2013, Debernardi & Taliano 2016, recognised this problem.

It is important to note, that the general idea of the Codes is to formulate a
mathematical model (consistent with experimental evidence) that provides a rea-
sonable reliability of the predictions of the maximum crack spacing that can po-
tentially occur. Thus, in order to investigate influence of reinforcement and cross-
section characteristics to cracking behaviour or RC ties, application of proper test
layout is extremely important to the adequacy of the research. As shown in Sec-
tion 2.4, the proposed specific equipment for producing and testing concrete ties
reinforced with multiple bars allows to design RC ties with independently con-
trolled cross-sectional parameters. In other words, the concrete cover, reinforce-
ment ratio, and diameter of reinforcement bars can be varied in the test specimens
independently each other.

3.3.3. Representative Cracking Parameters

Subsection 2.3.3 has indicated the crack monitoring technique as a souce of
inadequate interpretation of the cracking results. As shown in Figure 2.24, a crack
width may vary along its length that causes scatter of the measurement results. As
an alternative of the commonly uesd crack monitoring with an optical microscope,
cumulative surface deformation characterization procedure (Subsection 2.3.3) can
be considered. The cumulative deformations are independent characteristics,
which allow performing adequate estimations for cracking extent and can be re-
lated with deformation behaviour of the ties (Rimkus et al. 2017a).

In order to determine relation between the number of cracks and the defor-
mation behaviour (tension-stiffening effect) of RC ties, nine concrete prisms are
considered. All samples are reffered to the Specimen A, B and C (Fig. 2.12 and
Table 2.9). Crack pattern, concrete surface strain distribution, and relative dis-
placement determined at the service load (60% of the ultimate theoretical load) of
the selected ties are presented in Fig. 2.23. The green area under the relative dis-
placement profiles in the figure represents the cumulative deformations. This pa-
rameter was calculated at each loading stage by integrating the respective relative
displacement profiles (Fig. 2.23), i.e. the curve of relative displacement profile is
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integrated to the abscissa axis. The load-cumulative deformations diagrams of the
ties are presented in Fig. 3.21a. The substantial scatter of the results illustrates the
inappropriate way of the cracking analysis. As shown in Subsection 2.3.2, the ob-
served inconsistency of the cracking results could be related with the end effect.
From the previous analysis (Subsection 2.3.2), the end effect was found localized
within the 40 mm zone near the notches in the Specimen B and from the boundary
of the Specimen A. While, the end effect is found significant within the 30 mm
zone in the Specimen C. (To determine the end effect for the Specimen C, Speci-
men B was considered as the reference.)

To improve representativeness of the ties, the following approach is proposed:
1) the surface exposed for the DIC is reduced as indicated in the adjustment schemes
of the Specimens A, B and C (Fig. 3.21b); 2) the cumulative deformations are nor-
malized relating them to the length of the exposed area (characterized by abscissa
of the diagrams shown in Fig. 2.23). The modified load-cumulative deformation di-
agrams are presented in Fig. 3.21c indicating decrease in the scatter. The modified
diagrams indicate almost the same deformation behaviour of the cracked ties. This
example demonstrates that application of representative layout for tensile tests
enables to determine relation between the cracking parameters (e.g. number of
cracks, cumulative defromation) and the deformation behaviour of RC ties. This
relation is possible to use for identifying the tension-stiffening effect.
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Fig. 3.21. Load-cumulative displacement relations of the selected ties a) before and c)
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3.3.4. Tension Tests of Concrete Prisms with Glass Fibre
Reinforced Polymer and Hybrid Reinforcement Bars

The most important benefit of the developed testing equipment is that it allows testing
concrete prisms reinforced with various combinations of bars made of any materials.
It is imperative for verification of the current models for application of the innovative
structural materials and solutions (Rimkus et al. 2017b, Gribniak et al. 2017d).
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Fig. 3.22. Ties reinforced with steel or glass fibre reinforced polymer bars: a) average
deformations of the reinforcement, b) average deformations of the concrete surface

To assess deformation and cracking behaviour of the ties reinforced with
GFRP and hybrid (steel + GFRP) bars, cross-sections shown in Figures 2.26¢ and
2.26d were considered. For each of the sections, two identical ties were made of
concrete mixture with target compressive strength class of C30/37. The main pa-
rameters of the specimens are presented in Table 2.10. As GFRP reinforcement,
ComBAR by Schock and Aslan 100 by Hughes Brothers bars were used, while
S500 steel grade bars and ComBAR GFRP bars combined in a single section were
used as the hybrid reinforcement (Fig. 2.1). For taking into consideration the ex-
istence of different materials in the hybrid reinforcement configurations, the con-
cept of equivalent steel reinforcement ratio, pseq (=[As+As (E+/Es)J/A, where As, A
and Es, Er are area and modulus of elasticity of steel and GFRP reinforcement,
respectively; A — total area of reinforcement), is used. The calculated ratio pseq iS
given in Table 2.10. The tests were performed in a same manner as described in
Subsection 2.4.1. The determined load-average strain diagrams of the ties with
multiple GFRP bar reinforcement were compared with the steel ties (Fig. 3.22)
with either same distribution of bars or equivalent axial stiffness (see Subsec-
tion 2.4.2). Average deformations of the reinforcement and concrete surface of
the ties with hybrid reinforcement are shown in Fig. 3.23. The nomenclature of
the ties presented in Figs. 3.22 and 3.23 is explained in Subsection 2.4.1.

Differences between the deformations of reinforcement and concrete surface
are significant. A portion of “negative” deformations of the concrete surface is
observed in the ties reinforced with four GFRP bars (Fig. 3.22b). The same results
were observed in the ties reinforced with four 10 mm steel bars and 50 mm cover
(Fig. 3.7b). This effect might be caused by a low deformation modulus of GFRP
bars and thick (50 mm) cover, which induce the strain gradient within the concrete
of the boundary zones under the load applied to the reinforcement.

Figure 3.23 indicates that the hybrid combination of the reinforcement bars
allows efficiently exploiting the steel reinforcement within the post-yielding
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stage. The respective diagrams indicate the hardening behaviour of the specimens
after the yielding of the steel bars. In the presence of an additional FRP reinforce-
ment, yielding of the steel only changes the overall stiffness of the tie. Fig-
ure 3.23a illustrates this inference by adding the theoretical “bare bar” response
(assessed following the material properties presented in Table 2.1).

The final crack patterns of the ties with GFRP bar and hybrid reinforcement
are presented in Figs. 3.24 and 3.25, respectively. To assess adequacy of the
cracking results of the relatively short 500 mm specimens, “long” (1230 mm) tie
with GFRP bar reinforcement was additionally tested using a lever-arm system
developed for a sustained loading (Gudonis et al. 2015). In order to monitor the
development of the cracks, front surface of the short ties was exposed to a DIC
system. This system allows to compare the crack patterns at corresponding defor-
mations of reinforcement bars. Due to limited field of view of DIC system, crack-
ing of the long tie was observed and fixed using an optical microscope. The test
results are presented in Fig. 3.26. As can be observed, the cracking schemes of the
ties with GFRP reinforcement differ significantly. The average crack distances
determined at the same deformation levels are also diverse. Seemingly, the crack-
ing process was not stabilized. The opposite results are characteristic of the ties
reinforced with steel bars (Fig. 2.39).

Due to different ultimate strain of analysed ties, various number of cracks is
characteristic for the final crack patterns. In order to analyse cracking performance
of the ties with steel, GFRP and hybrid reinforcement, ties with similar concrete
cover, axial stiffness and various arrangement of the bars were selected for further
analysis. Cracking schemes of the specimens at corresponding deformation levels
are presented in Fig. 3.27. Ties with different reinforcement material, but same
cover and axial stiffness demonstrates similar cracking results. To relate the crack-
ing parameters (crack spacing) observed for the ties with GFRP reinforcement
with the results shown in Fig. 2.40, the crack patterns were related to the reference
deformations of the reinforcement & = 1.5%o (see Subsection 2.4.2).
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Fig. 3.23. Ties with hybrid reinforcement: a) average deformations of the reinforcement
and b) average deformations of the concrete surface
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Fig. 3.24. Final crack patterns of the ties with glass fibre reinforced polymer bars
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Fig. 3.25. Final crack patterns of the ties with hybrid reinforcement

Due to relatively low modulus of elasticity of GFRP reinforcement, GFRP
reinforced ties attain higher deformation levels and postpone stabilised cracking
stage. Most part of the investigated ties reinforced with GFRP bars did not arrive
at stabilised cracking at the reference deformations of the reinforcement. There-
fore, in the further analysis only the ties, which reach stabilised cracking stage at
reference deformations, are considered.
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Fig. 3 26. The final crack patterns of the Iong (1230 mm) tie and cracking maps of the
short (500 mm) ties that correspond to the same average deformations of glass fibre
reinforced polymer bars
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Fig. 3.27. Cracking schemes obtained by the digital image correlation system at corre-
sponding deformations
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Fig. 3.28. Relationship between the maximum crack spacing and @/p ratio of the ties
with steel and glass fibre reinforced polymer bar reinforcement

This analysis is limited by results of the ties with GFRP reinforcement, since
the hybrid combination of the bars does not enable identification of the @/p ratio.
It is important to note that Fig. 3.28 shows the same results as Fig. 2.40 with in-
clusion of the crack distances of four ties reinforced with GFRP bars. These ties
has the stiffness compatible to the ties with steel reinforcement. Ties with GFRP
bars also demonstrate the stabilized cracking stage. The joint trend-line of maxi-
mum crack spacing and @/p relationship indicates almost constant maximum dis-
tance between the cracks. This result supports (proves) experimental output pre-
sented in Subsection 2.4.2 and enables to formulate a hypothesis that the crack
distances are mainly dependent on the geometry of the concrete prism and, par-
ticularly, concrete cover. The limited number of the specimens (only four ties with
GFRP bars were additionally introduced into the analysis), however, requires ad-
ditional verification of this hypothesis.

3.4. Conclusions of Chapter 3

This chapter presents experimental and numerical results of reinforced concrete
members with particular attention to effects of reinforcement bars arrangement in
tension concrete. The chapter considers flexural and tensile elements with various
cross-section parameters and loading layouts. On a basis of experimental results
of flexural and tensile elements presented in previous sections, this chapter pro-
vides some examples of effective reinforcement for concrete elements. Particular
effects of individual characteristics as well are illustrated by using six practical
examples. This chapter reveals that:

1. The predictions (by MC 2010) of the beams with reinforcement bars dis-
tributed in three layers demonstrates sufficient accuracy at the advanced
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loading stages (0.5 < M' <1.0), while at the earlier cracking stages (0.1 <
M' <0.5) the predicted curvatures remains significantly overestimated.
However, it should be recalled that these results were obtained from only
four beams; therefore, a more elaborate experimental study is needed to
further quantify the empirical relationship.

2. Well treated numerical model (i.e. calibrated with carefully collected ex-
perimental data of representative specimens) using the regular bond in-
terface between concrete and reinforcement is capable to predict defor-
mations and cracking behaviour of RC ties with different cover,
reinforcement ratio and diameter of reinforcement bars. The key param-
eter to the adequate assessment of the structural behaviour of tensile
members is correct evaluation of the strain gradient in the concrete.

3. RC ties with theoretically identical characteristics (i.e. reinforcement ratio
and diameter of reinforcement bar), demonstrates significantly different
deformation behaviour of the concrete — specimens with 50 mm concrete
cover is significantly stiffer than the specimens with 30 mm cover. In-
crease of the concrete cover from 30 mm to 50 mm reduces the average
deformations of 500 mm ties by 24% at the service load (determined as
60% of the ultimate load bearing capacity).

4. The common tie tests, e.g. dealing with 100x100 mm cross-section prism,
allow to account only for the effect of the bar diameter. In order to inves-
tigate influence of reinforcement and cross-section characteristics to
cracking behaviour or RC ties, application of proper test layout is ex-
tremely important to the adequacy of the research. The proposed specific
equipment for producing and testing concrete ties reinforced with multi-
ple bars allows designing RC ties with independently controlled cross-
sectional parameters.

5. The application of representative layout for tensile tests enables to deter-
mine relation between the cracking parameters (e.g. number of cracks,
cumulative defromation) and the deformation behaviour of RC ties.
Moreover, this relation is possible to use for identifying the tension-stiff-
ening effect.

6. The experimental results of concrete ties reinforced with multiple steel
and GFRP bars (with similar axial stiffness) indicate almost identical
maximum distance between the cracks in the stabilized cracking stage.
This result enables stating that the crack distances are predominantly de-
pendent on the geometry of the concrete prism and, particularly, concrete
cover.



General Conclusions

Based on the literature review, the following conclusions can be drawn:

1.1. Heterogenity of concrete, external and internal cracks, bond behaviour are
responsible for the scatter of test results of reinforced concrete (RC)
members. Proper selection of the testing layout might significantly in-
crease the adequacy of interpretation of the structural response.

1.2. A simplified model of the concrete effective in tension (i.e. the concrete
considerably influenced by the bond-stress transfer), is applied for pre-
dicting serviceability properties of tensile and flexural elements.

1.3.Bond behaviour is an important factor of “effectiveness” of the concrete;
however, presence of multiple bar reinforcement (in the tension zone)
complicates behaviour of the concrete. Therefore, the effect of arrange-
ment of the bars on overall stiffness and cracking behaviour of the tensile
zone must be investigated. Deformation monitoring of the concrete sur-
face and bar reinforcement is essential for this purpose.

1.4. A numerical approach provides the ability to evaluate intricate load trans-
fer and internal cracking phenomena and assess effects, which are too
complex as to be evaluated experimentally.

The experimental study of effects of the arrangement of tensile reinforcement

on the flexural stiffness and cracking of concrete beams deals with two groups

of the beams reinforced with steel or GFRP bars. The reference group of the
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specimens had a conventional reinforcement layout — the bars distributed in a

single layer with minimum cover. The alternative group contains specimens

with the same reinforcement ratio (as in the reference beams), but with tensile
reinforcement arranged in three layers. The tests revealed that:

2.1. The number of the reinforcement bar layers correlates with the flexural
stiffness. At the service load (55% of the theoretical ultimate bending
moment), the deflection (curvature) predictions by the Model Code were
on the safe side for the beams with three reinforcement layers (the pre-
diction safety varied from 14% to 32%), whereas the predictions for the
reference beams were deficient by 7-15%.

2.2. Although the crack spacing predictions by the Model Code for the beams
with the bars distributed in several layers were quite accurate, the results
for the conventionally reinforced elements differed significantly with the
experimental values being about 50% larger than the calculated ones.

2.3.The experimental cracking results do not reveal a clear correlation be-
tween crack widths and the crack spacing when the reinforcement layout
changes. Although the observed crack distances for the stabilized crack-
ing stage of the beams with three layers of bars were larger, their maxi-
mum crack openings were smaller than in the reference specimens with
the same reinforcement ratio.

2.4. The maximum crack is not necessarily adjacent to the maximum distance
between cracks or located between two consecutive uncracked blocks of
maximum total length. In this study, 11 of the considered 18 cracked
schemes (i.e. 61% of the cases) are in accordance with the conventional
assumption of direct relation between the maximum crack width and
maximum crack distance.

An intricate nature of flexural elements limits ability of assessing the effects
of reinforcement arrangement to the serviceability properties. The direct way
of isolating such uncertainty is related with the analysis of RC members sub-
jected to tension. A representativeness condition and corresponding experi-
mental procedure has been proposed for isolating the average deformations of
the concrete from uncontrolled effects. The test results of more than 50 typical
ties and bone-shaped specimens with different geometry and loading setup
revealed that:

3.1. The typical tie tests, e.g. dealing with 100x100 mm cross-section prism,
allow to account only for the effect of the bar diameter. In order to in-
vestigate influence of reinforcement and cross-section characteristics to
cracking behaviour or RC ties, application of proper test layout is vital
ensuring adequacy of the result interpretation.

3.2. The difference in the crack pattern (crack spacing) of the nominally iden-
tical ties (i.e. identical reinforcement ratio and size of the concrete cross-
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section) can be attributed to the differences in the concrete cover and
variation of bonded surface of the bars with different diameter.

3.3. The representative layout of tensile tests enables of clarifying the relation
between the average deformations and the cracking parameters
(e.g. number of cracks, crack width).

4. Specific test equipment for independent variation of the section parameters
(concrete cover, reinforcement ratio, and diameter of the reinforcement bars)
has been developed. It was used for the test campaign consisted of 64 concrete
prisms. The obtained results clarify that:

4.1. Maximum and average crack spacing is practically independent of the re-
inforcement characteristics, while design codes predicts that maximum
crack spacing as dependent on the @/p ratio.

4.2. The reinforcement schemes with increased number of reinforcement bars
are capable at securing practically indistinguishable deformation
behaviour of the identical ties, while a significant scatter is characteristic
of the reference ties reinforced with four bars. The scatter is particularly
evident at the early cracking stage in the ties with relatively low rein-
forcement ratios (1.4% and 2.0%).

4.3.RC ties with nominally identical characteristics (i.e. reinforcement ratio
and diameter of reinforcement bar), demonstrates significantly different
deformation behaviour of the concrete. Increase of the concrete cover
from 30 mm to 50 mm reduces the average deformations of 500 mm ties
by 24% at the service load.

5. The thesis includes several examples, which might be considered as modal
layouts for the further analysis. The presented results revealed that:

5.1. A well-treated numerical model (i.e. calibrated with carefully collected
experimental data of representative specimens) based on the fracture me-
chanics principles and the regular bond model of reinforcement reported
in the literature is capable predicting deformation and cracking behav-
iour of RC elements with different cover and reinforcement ratio. Ade-
quacy of the assessment of deformation behaviour of RC ties is closely
related with evaluation of the strain gradient in the concrete.

5.2. The experimental results of concrete ties reinforced with multiple steel
and GFRP bars (with similar axial stiffness) indicate almost identical
maximum distance between the cracks in the stabilized cracking stage.
This result enables stating that the crack distances are predominantly de-
pendent on the geometry of the concrete prism and, particularly, concrete
cover.
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Summary in Lithuanian

Jvadas
Problemos formulavimas

Cementinis betonas apibiidinamas kaip trapi medziaga, atlaikanti gana didelius
gniuzdymo jtempius, taCiau turinti nedidelj tempiamajj stiprj. Todél statybiniy
konstrukcijy elementuose, kuriuose gali atsirasti tempimo jtempiai, naudojami armatiiros
strypai. Dazniausiai naudojami plieniniai strypai, taciau taikomos ir kitos medziagos,
turin¢ios didelj tempiamajj stiprj bei gerai sukimbanc¢ios su cemento akmeniu. Statybiniy
konstrukcijy laikomosios galios nustatymo uZdaviniai paprastai nesukelia didesniy
sunkumy, kadangi juose yra taikomi fundamentiniai deformuojamo kiino mechanikos
principai ir prielaidos. Betono pleiséjimo vertinimas bei $iy rezultaty analizé yra vienas
sudétingiausiy armuoto betono konstrukeijy tyrimy aspekty.

Darbo aktualumas

Pastaraisiais metais pasaulyje sukuriama daug naujy medziagy, skirty betono armavimui,
taciau platesniam jy taikymui biitina iSanalizuoti jy elgsena ir uZztikrinti patikimus jy
mechaniniy savybiy nustatymo biidus. Eksperimentiniy bandymy pagrindu sudaromi
skaitiniai ir analiziniai metodai, kurie taikomi konstrukciniy elementy tinkamumui tirti bei
vertinti. Ypac stipriy medziagy taikymas lemia, kad konstrukcijy tinkamumo (deformacijy
ir pleiS¢jimo ribojimo) reikalavimai tampa pagrindiniu projektavimo kriterijumi. Dél $ios
priezasties itin svarbu parinkti bandymo metodus ir tinkamai interpretuoti gautus
rezultatus.

127



128 SUMMARY IN LITHUANIAN

Siuo darbu siekiama nustatyti esminius armuoty betoniniy elementy skerspjivio
parametrus, lemianéius kompozitinés struktiiros irimo pobudj. Deformacijy pasiskirstymo
betono apsauginiame sluoksnyje tyrimas leisty jvertinti vidinio ir iSorinio pleis¢jimo
procesa, teisingai interpretuoti bandymy rezultatus. Darbe pateikti eksperimentiniai
rezultatai sudarys matematinio modelio, kuris patikimai leisty prognozuoti jvairiy
medziagy strypais armuoty betoniniy konstrukcijy elgseng, kiirimo pagrinda. Siame
kontekste patikimumas siejamas su konstrukciniy elementy bandymy rezultaty sklaida:
patikimumas yra atvirk$ciai proporcingas bandymy rezultaty sklaidai.

Tyrimo objektas

Disertacinio tyrimo objektas — strypais armuoti betoniniai elementai, veikiami
trumpalaike apkrova. Tiriamos sijos bei tempiamieji betoniniai elementai, su skerspjivyje
skirtingai i$déstyta armatiira. Elementy gniuzdomasis betono stipris 38—56 MPa. Atliekant
analizg, keiCiami elementy parametrai: armatiiros skersmuo, mechaninés strypy savybés,
armavimo koeficientas, skerspjiiviy geometrija ir apsauginio betono sluoksnio storis.

Darbo tikslas

Tiriant tempiamyjy ir lenkiamyjy elementy strypinés armatiiros i§déstymo tempiamojoje
zonoje jtaka elementy eksploatacinéms savybéms, nustatyti veiksnius, lemiancius
elementy deformacijas bei plei$éjima, jvertinti iy parametry i$sibarstyma.

Darbo uzdaviniai

Darbo tikslui pasiekti sprendziami $ie uzdaviniai:

1. Nustatyti armuoto betono deformacijas ir plei$éjimg lemiancius parametrus.

2. Atlikti eksperimenting ir skaiting armatiiros strypy iSdéstymo jtakos armuoty
betoniniy elementy deformacijoms ir plei$éjimui analize.

3. Patikrinti projektavimo normose pateikty iSraiSky, nusakanciy armuoty betoniniy
elementy deformacijas ir plei§¢jima, adekvatuma.

4. Pasitlyti alternatyvius armatiiros strypy iSdéstymo biuidus, kurie leisty
kontroliuoti (mazinti eksperimentiniy rezultaty sklaidg) elementy standumg bei
pleiséjima eksploatacinémis saglygomis.

Tyrimy metodika

Tiriamasis darbas pagrjstas ribotos imties kruop$éiai atrinkty eksperimentiniy bandiniy
deformacijy ir pleiséjimo kokybine analize. Remiantis literatiiros apzvalgoje nustatytais
kriterijais, tiriamieji bandiniai (elementy skerspjavio forma, armavimo parametrai,
bandymo budai ir pan.) buvo parenkami priartéjimo bidu atsizvelgiant j jy tinkamuma
nustatyti eksploatacines savybes lemiancius veiksnius. Vadovaujantis eksperimentine
patirtimi ir inZinerine intuicija, atliekama gauty rezultaty (charakteringy juy bruozy)
apraSomoji analizé. Nustatomi, tiriami bei interpretuojami gauty rezultaty sarysiai (pvz.
kintamyjy koreliacija) atsizvelgiant j teoring bei fizine jy kilme. Atliekant pakartotinus
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bandymus buvo uztikrinamas rezultaty patikimumas. Tyrimo metodika leidzia nustatyti
strypinés armatiiros iSdéstymo jtaka betoniniy elementy deformacijoms ir pleiséjimui,
taciau dél riboto Siame darbe nagrinéty bandiniy skaic¢iaus darbo rezultatai negali tiesiogiai
apibudinti armuoto betono konstrukcijy elgsenos pladigja prasme.

Mokslinis naujumas

1.

Priclaida, kad egzistuoja tiesiné priklausomybé tarp maksimalaus plysio plocio
bei maksimalaus atstumo tarp plySiy, nebitinai teisinga. Maksimalaus plocio
plySys susiformuoja ne visada greta maksimalaus ilgio nesuplei$éjusio betono
bloko. Si prielaida paremta eksperimentiniais devyniy armuoto betono sijy
pleiséjimo rezultatais.

Sukurta jranga, leidzianti gaminti ir bandyti tempiamuosius elementus, kuriy
pagrindiniai skerspjuviy parametrai (apsauginio betono sluoksnio storis,
armavimo koeficientas ir armatiiros strypy skersmuo) gali bati vienas nuo kito
nepriklausomai kei¢iami. Tempiamyjy armuoto betono elementy pleiséjimo
rezultatai, gauti naudojant sukurta jrangg, parodé, kad atstumas tarp plySiy
nepriklauso nuo elemento armavimo parametry (armattiros strypy skersmens bei
armavimo koeficiento). Isbandyty 64 tempiamyjy elementy pleiséjimo rezultatai
nepatvirtina armuoty betoniniy konstrukcijy projektavime taikomy prielaidy.
Nustatyta, kad labiausiai plei$éjimg jtakojantis parametras yra apsauginis betono
sluoksnio storis.

Pasiiilyta bandiniy reprezentatyvumo salyga leidzia izoliuoti tiriamajj parametra
nuo nekontroliuojamy efekty didinant bandymo rezultaty interpretavimo
patikimuma (kuris Siame darbe siejamas su duomeny sklaida). Pavyzdziui,
reprezentatyvi tempiamojo elemento forma (t. y. tam tikras armatiros strypy
i8déstymas bei atitinkamas apsauginio betono sluoksnio storis) leidzia sumazinti
,krasto efekta®, kuris yra siejamas su skirtingomis armatiiros strypy ir betono
pavirSiaus deformacijomis.

Remiantis literatiiroje pasitilytu betono ir armatiiros strypy reguliaraus sukibimo
modeliu bei betono irimo mechanikos principais, skaitiSkai sumodeliuoti
tempiamieji betono elementai, armuoti keletu strypy. Toks modeliavimo badas
skai¢iavimo laiko sgnaudy atzvilgiu yra itin efektyvus bei nereikalauja dideliy
kompiuterinés jrangos resursy. Be to, §is biidas uztikrina realy (adekvaty fizikinio
bandymo rezultatams) deformacijy pasiskirstyma ir armatiiroje, ir betone bei
rodo pleisé¢jimo procesg armuoto betono elementuose.

Eksperimentiniai ir skaitinio modeliavimo rezultatai rodo, kad armuoto betono
elementuose tempiamojo betono deformacijos kinta ne tik iSilgine elemento
kryptimi, bet ir paiame betono apsauginiame sluoksnyje. Sie rezultatai
patvirtina, kad projektavimo dokumentuose taikoma efektyviojo tempiamojo
betono koncepcija, néra universali. Sios koncepcijos taikymas priklauso nuo
elementy apkrovimo salygy, jtempiy ir deformacijy bavio bei nearmuoto betono
konfigiiracijos.
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Darbo rezultaty praktiné reikSmé

1.

Sukurta specifiné tempiamyjy betono elementy, armuoty keletu bet kokios
medziagos strypy, gamybos bei bandymo jranga. [ranga leidzia gaminti tem-
piamuosius elementus, kuriy pagrindiniai skerspjiivio parametrai (apsauginio
betono sluoksnio storis, armavimo koeficientas ir armattiros strypy skersmuo)
vienas nuo kito nepriklauso ir gali buti kei¢iami. Sukurta jranga patentuota 2016
metais Lietuvos Respublikos valstybiniame patenty biure (patento numeris
LT 6275 B).

Pasiiilytas bandymo metodas, leidziantis stebéti tempiamyjy betoniniy elementy,
armuoty keletu strypy, betono pavirsiaus bei armatiiros deformacijas. Sis biidas
suteikia galimybe¢ gauti papildoma informacija apie deformacijy pasiskirstyma
betone, kuri yra bitina kuriant eksperimentinius bandymus atitinkancius
skaitinius modelius.

Sukurta bandymo jranga bei pasitilyta deformacijy stebéjimo metodika leidzia
vertinti projektavimo normose pateikty armuoto betono elementy pleiséjima
prognozuojanciy iSraiSky adekvatuma.

Ginamieji teiginiai

1.

Siekiant i§vengti pagrindiniy kintamyjy (apsauginio betono sluoksnio storio,
armavimo koeficiento ir armatiiros strypy skersmens) koreliacijos tarpusavyje,
tradiciné tempiamyjy armuoto betono elementy bandymo jranga turéty biiti
patobulinta.

Visuotinai pripazintos ,,efektyviojo tempiamojo betono* koncepcijos taikymas
yra ribotas.

Didesnis armatiros strypy skaicius gali pagerinti vidutiniSkai armuoty
(armavimo koeficientas kinta nuo 1,4 % iki 2,0 %) elementy eksploatacines
savybes. Sis efektas akivaizdus ankstyvojoje pleiséjimo stadijoje.

Armuoto betono modeliavimas baigtiniais elementais, taikant betono irimo bei
armatiiros ir betono sukibimo modelius, pateiktus literatiiroje, leidzia tirti itin
sudétingus betono elgsenos aspektus, kurie yra pernelyg komplikuoti
eksperimentiniam jy vertinimui.

Darbo rezultaty aprobavimas

Disertacijos tyrimams sukurtai armuoto betono tempiamuyjy elementy bandymy jrangai
gautas Lietuvos Respublikos patentas. Disertacijos tema paskelbta 14 moksliniy
publikacijy, i§ kuriy 5 — Zurnaluose turin¢iuose cituojamumo rodiklj, 0 3 — konferencijy
rinkiniuose, referuojamuose Clarivate Analytics Web of Science duomeny bazéje.
Doktorantiiros studijy laikotarpiu (2013—2017) disertacijos rezultatai buvo paskelbti 9
mokslinése konferencijose:

25-0ji tarptautiné konferencija Composites and Nano Engineering. Roma, Italija,
2017.
3-0ji tarptautiné konferencija Mechanics of Composites. Bolonija, Italija, 2017.



SUMMARY IN LITHUANIAN 131

—  12-0ji tarptautiné konferencija Modern Building Materials, Structures and Tech-
niques. Vilnius, Lietuva, 2016.

— 15-asis Vokietijos, Lietuvos ir Lenkijos kolokviumas ir EURO darbo grupés
Sustainable Development and Civil Engineering susitikimas. Poznané, Lenkija,
2015.

— 11-oji tarptautiné konferencija Numerical Analysis and Applied Mathematics.
Rodas, Graikija, 2013.

— 19-0ji tarptautiné konferencija Mechanika. Kaunas, Lietuva, 2014.

— 18-0ji Lietuvos jaunyjy mokslininky konferencija Mokslas — Lietuvos ateitis.
Vilnius, Lietuva, 2015.

— 17-0ji Lietuvos jaunyjy mokslininky konferencija Mokslas — Lietuvos ateitis.
Vilnius, Lietuva, 2014.

— 4-0ji jaunyjy mokslininky konferencija Fiziniy ir technologijos moksly
tarpdalykiniai tyrimai. Vilnius, Lietuva, 2014.

Disertacijos struktira

Disertacija sudaro jvadas, 3 skyriai, bendrosios i§vados, literatiiros sarasas (137 $altiniy),
autoriaus moksliniy publikacijy disertacijos tema sarasas (14 publikacijy), LR patentas,
santrauka lietuviy kalba bei 3 priedai. Darbo apimtis 143 puslapiai.

Padéka

Disertacinio darbo autorius dékoja Lietuvos mokslo tarybai uz suteikta konkursinés
doktorantiiros vieta, finansuojama pagal Europos Sajungos struktiiriniy fondy projekta
,Doktorantliros studijy plétra®“. Autorius nuo$irdziai dékoja savo mokslinio darbo
vadovui, Inovatyviyjy statybiniy konstrukcijy laboratorijos vedéjui, dr. Viktor Gribniak
uz kantrybe, motyvacija, zinias bei entuziastingus patarimus rengiant disertacija. Autorius
taip pat dékoja Vilniaus Gedimino technikos universiteto Tilty ir specialiyjy statiniy
katedros darbuotojams bei doktorantams uz patarimus ir vertingas diskusijas. Autorius
ypatingai dékingas dr. Aleksandr Sokolov uz geranoriska pagalba atliekant eksperimen-
tinius tyrimus ir dr. Pui Lam NG uz konstruktyvias pastabas ir komentarus rengiant
disertacijg. UZ vertingas jzvalgas disertacinio darbo tema autorius dékoja dr. Andor
Windisch, prof. dr. Lluis Torres Llinas, prof. dr. Alejandro Perez Caldentey ir
prof. dr. Joaquim Antonio Oliveira Barros, kuriy patirtis ir kompetencija padéjo
reik§mingai pagerinti disertacinio darbo kokyb¢. Autorius nuo$irdziai dékoja savo tévams,
Audronei ir Petrui, sesei levai ir mylimai zmonai Dovilei uz nuolatinj palaikyma, kantrybe
ir paramga rengiant disertacija.

1. Armuoto betono elementy deformacijos ir pleiSéjimas

Pirmajame disertacijos skyriuje atlikta literatiros Saltiniy disertacijos tematika analizé.
Aptartos betono bei plieno ir polimerinés armattros charakteringosios savybés.
Akcentuota didelé eksperimentiSkai nustatomy betono charakteristiky sklaida dél
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struktiiriniy betono defekty ir bandymo metody pasirinkimo bei bandymo jrangos
ypatumy. Aprasyti sudétingi betono ir armatiiros strypy tarpusavio sgveikos mechanizmai
bei jos mechanines savybes lemiantys veiksniai. Didelg Sio skyriaus dalj sudaro izvalgos
apie armuoto betono deformacijas ir plei$éjima bei Siy savybiy skaitinio modeliavimo
principy aptarimas. Skyriuje taip pat apibtidintos armuoto betono deformavimosi stadijos,
atskleistos nagrinéjamy elementy elgsenos steb¢jimo galimybés fizikiniy eksperimenty
metu bei bandymo metody pasirinkimo svarba. ApZzvelgti armuoto betono projektavimo
normose pateikti deformacijy bei pleiséjimo prognozavimo metodai.

Parodyta, kad armuoto betono deformacijas bei plei$é¢jima lemia betono tempiamasis
stipris, armattiros tamprumo modulis, betono ir armattiros sukibimo charakteristikos bei
elemento skerspjivio geometrija. Siekiant jvertinti bendra armatiiros strypy bei aplink
esancio betono darba naudojama ,,efektyviojo tempiamojo betono* koncepcija. Parodyta,
kad armatiiros strypy skai¢ius tempiamojoje betoninio elemento dalyje reikSmingai jtakoja
betono elgseng (deformavimasi). Dél Sios priezasties strypinés armatiiros idéstymo jtakos
bendram elemento standumui bei pleiséjimui tyrimas yra itin svarbus. Atlickant tokius
tyrimus eksperimentinis armatiiros bei betono pavirSiaus deformacijy nustatymas yra
bitinas siekiant adekvaciai jvertinti deformacijy pasiskirstyma betone. Remiantis vien
eksperimentiniais metodais, tai padaryti yra itin sudétinga. Vienas paprasCiausiy biity
nagrinéti sudétingus betono elgsenos ypatumus — armuoto betono modeliavimas
baigtiniais elementais. Skyriaus pabaigoje apibréztas tyrimo objektas bei iSkelti darbo
uzdaviniai.

2. Eksperimentiniai armuoto betono elementy deformacijy ir
pleiSéjimo tyrimai

Antrajame disertacijos skyriuje nagriné¢jama strypinés armatiros iSdéstymo jtaka
betoniniy elementy deformacijoms ir plei$¢jimui. Skyriuje pateikiami eksperimentiniai
armuoto betono lenkiamyjy ir tempiamyjy elementy rezultatai bei atlickama jy analizé.
Dalis eksperimentiniy rezultaty pateikta tre¢iajame skyriuje. Antrajame skyriuje pateiktus
duomenis pagal nagringjamy elementy tipg galima suskirstyti  tris grupes: lenkiamieji
betoniniai elementai, armuoti plieniniais bei GFRP strypais, tipiniai tempiamieji
betoniniai elementai, armuoti vienu plieniniu strypu, bei specifiniai tempiamieji betoniniai
elementai, armuoti keletu plieniniy strypy.

Analizuojant lenkiamyjy elementy plei$é¢jima ir deformacijas buvo tiriamos 9 sijos.
Nagrinéjami 3000 mm tarpatramio elementai buvo armuoti plieno arba stiklo pluostu
armuoto polimero (GFRP) strypais, iSdéstytais vienu ir trimis sluoksniais. Atitinkamai
parinktas strypy skersmuo ir kiekis uztikrino vienoda sijy armavimo koeficienta. Sijy
skerspjiiviai pavaizduoti S2.1 paveiksle. Siame paveiksle naudojami zyméjimai: p —
armavimo koeficientas, ¢ — apsauginio betono sluoksnio storis, Acer ir per — efektyvaus
betono plotas bei armavimo koeficientas (apskaiciuoti pagal armuoto betono elementy
projektavimo normy Eurokodas 2 rekomendacijas), sijy pavadinimuose ,,nm* — stiklo
pluostu armuoto polimero strypais armuoti elementai.

Palygintas daugiasluoksnio ir tradicinio strypy iSdéstymo vienu sluoksniu
skerspjiivyje efektyvumas, atsizvelgiant j supleis€jusio betono geb¢jimg atlaikyti tempimo
jtempius bei varzyti plysiy vystymasi. Tyrimai parodé, kad armatiiros strypy sluoksniy
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skaiCius lemia elementy lenkiamajj standuma, kuris nusako sijy deformavimosi bei
pleis¢jimo pobudj. Vertinant armatiiros sluoksniy skaiciaus jtaka sijy jlinkiams
(kreiviams) buvo atliekami teoriniai $io parametro skai¢iavimai vadovaujantis Eurokodo 2
nurodymais. Sios reik§més buvo priimtos kaip atskaitinés (etaloninés) lyginant sijas,
armuotas vienu ir trimis strypy sluoksniais. Pastebéta (S2.1 lentelé), kad apkrovos lygiui
pasiekus eksploatacinés apkrovos reik§me (Mser), kurig sudaro 55 % nuo ribinés apkrovos,
sijy, armuoty trimis strypy sluoksniais, kreivis teoriskai nustatomas su 14-32 % atsarga,
lyginant su eksperimenty rezultatais. Tuo tarpu jprastai armuoty sijy kreivio teoriné
reik§meé jvertinama nepakankamai — apskai¢iuojamas 7—15 % mazesnis kreivis.

Siekiant objektyviai jvertinti sijy plei$éjimo parametrus, buvo pasitilytas atstumo tarp
plysiy nustatymo metodas pagal plysiy skaitmeniniy nuotrauky duomenis. Sis metodas
pagristas hierarchiniu klasterio tasky grupavimo principu, kai i$ pleiséjimo schemos plysiy
koordinaciy imties identifikuojami atstumai tarp plySiy bei jvertinamas jy kitimas
elemento apkrovimo metu. Plei$éjimo analizés metu gauti rezultatai (S2.2 lentelé) skiriasi
nuo aptarty kreiviy skirtumy: didziausias atstumas tarp plySiy nepakankamai jvertinamas
elementams, armuotiems trimis armattiros sluoksniais. Naudojant skaitmeniniy vaizdy
koreliacijos metodika, Siems elementams uzfiksuotas ,,pavéluotas® pleiséjimas — plySiai
elemento paviriuje pastebimi véliau, nei pasiekta teoriné betono tempiamojo stiprio riba.
Toks rezultatas galétu biiti siejamas su ,,létesniu‘ vidiniy ply$iy formavimusi elementuose,
kuriuose armatiiros strypai iSdéstyti trimis sluoksniais, taciau §ig hipoteze sunku jrodyti
eksperimentiskai.

Atliekant plysiy iSsidéstymo ir jy plociy stebé¢jimus kintant apkrovai nustatyta, kad
didziausig plotj turintis plySys nebiitinai atsiveria tarp dviejy nesuplei$éjusiy betono bloky
ar greta didziausig atstuma tarp plySiy turincios elemento dalies. Tik 11 i§ 18 (61 %)
eksperimenty metu gauty plei$éjimo schemy patvirtina $ig projektavimo normy prielaida.

Taip pat verta paminéti, kad ,efektyvaus“ tempiamojo betono zonos aukscio
nustatymas gali buti siejamas su sija S1-6 (S2.1 pav.). Specifinis sijos armavimas lémé,
kad treéiasis (aréiausias skerspjiivio svorio centro) armavimo strypy sluoksnis nepatenka
| minétaja efektyviaja betono zong. Atitinkamai, §is sluoksnis pagal normy reikalavimus
neturi bati jtraukiamas | pleis§éjimo parametry vertinima, taciau tokie skai¢iavimo
rezultatai prieStarauja eksperimentisSkai nustatytoms plysio plocio ir atstumo tarp plySiy
reik§méms. Neatitikimas paSalintas, jvertinus visus armatiiros sluoksnius, prieSingai nei
nurodyta Eurokode 2. Tai jrodo ,,iSskirstyto® strypy iSdéstymo efektyvumg. Panasis
rezultatai (didesnis standumas bei atsparumas plei$éjimui) gauti nagrinéjant sijas su
strypais, iSdéstytais vienu sluoksniu, bet pagamintas i§ dispersi§kai armuoto betono.

Siekiant jvertinti ,.efektyviojo tempiamojo betono” zonos neapibréztuma, kuris
pasireiskia lenkiamuose elementuose, toliau Siame skyriuje nagrinéti tipiniai tempimo
bandymai (naudojant vienu strypu armuotg betonine prizme S2.2 pav.). Tokie bandymai
leidzia fiksuoti vidutines armatiiros strypo ir betono pavirSiaus deformacijas. Pleiséjimo
ir deformacijy pasiskirstymo steb&jimui bandiniy pavirSiuje buvo naudojami didelés
raiSkos vaizdo fiksavimo jrenginiai bei jy sinchronizavimo jranga, kurios veikimas
paremtas skaitmeniniy vaizdy koreliacijos (angl. DIC — Digital Image Correlation)
metodika.
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S2.1 pav. Eksperimentiniy sijy skerspjiiviai (uzbriksniuotas plotas atitinka efektyvaus betono
plota, nustatyta pagal Eurokodo 2 rekomendacijas)

S2.1 lentelé. Sijy eksperimentiskai ir teoriskai nustatyty kreiviy skirtumai (Ax*, %) skirtinguose
apkrovos lygiuose

Apkrovimo lygis
Grupé Sija Mu, KNm 1 2 3 4 Mser
0,32-0,33-Mu|0,36-0,39-Mu|0,48-0,54-Mu|0,58-0,63-Mu| 0,55-My

S1-1 92,24 -36,3 —23,7 -14,2 -13,0 -13,6
| S1-6 59,95 -92,9 -71,9 -34,6 -30,2 -32,2
S2-1 60,56 —62,3 —84,6 -35,3 -25,8 -29,7
S2-5nm | 52,74 -15,2 —85,9 —49,2 4,7 —20,7

S1-2 122,89 3,0 8,6 10,4 11,1 10,8

S1-4 103,52 3,7 4,6 6,4 6,9 6,7

I S1-5-2nm| 101,48 18,6 16,7 12,3 12,2 12,2
S2-3 75,71 -2,1 14 7,6 7,9 7,8
S2-4-2nm| 58,77 57,1 41,5 18,3 11,9 14,9

S2.2 lentelé. Sijy eksperimentiskai ir teoriskai nustatyty didziausiy atstumy tarp plysiy skirtumai
kai MzMser

. . 9, Pef, het, mm Sr.max, MM As,
Grupé Sija mm % |2,5(h-d) |(h-x)/3| Eksperimentiné | Apskaiiuotoji| %
S1-1 9x@10 | 3,3 — 76,3 1375 124,6 9,4

| S1-6 12x98 | 2,8 — 80,4 194,1 120,3 38,0
S2-1 15x06 | 1,9 - 80,5 168,3 128,2 23,9

S2-5nm 9x@8 | 1,8 - 89,4 1514 161,0 -6,3

S1-2 5x@14 | 4,0 68,0 - 1417 137,7 2,8

S1-4 2x@22 | 3,6 — 75.2 125,1 209,0 -67,1

1 S1-5-2nm | 4x@16 | 3,8 75,6 — 105,7 155,7 -47,3
S2-3 3x014 | 24 69,0 - 134,1 203,9 -52,0
S2-4-2nm | 4x@12 | 2,1 78,5 - 1223 1998 -63,4
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Lyginant elementy su skirtingu apsauginiu betono sluoksniu plei$¢jima nustatyta,
kad apsauginio betono sluoksnio storis yra vienas reik§Smingiausiy skerspjiivio parametry.
Siekiant parodyti apsauginio sluoksnio jtakg elemento deformacijoms, baigtiniy elementy
programa ATENA buvo atlikta skaitiné analiz¢, kurios metu nagrinéti 10 mm skersmens
plieniniu strypu armuotos 60x60 mm ir 100x100 mm skerspjivio betoninés prizmés
(apsauginis betono sluoksnis buvo atitinkamai lygus 25 ir 45 mm). Sumodeliuotas betono
deformacijy pasiskirstymas nagrinétuose elementuose pateiktas S2.3 paveiksle. Galima
pastebéti, kad deformacijos varijuoja ne tik iSilgine elemento kryptimi. Pakankamai storas
apsauginis betono sluoksnis gali varzyti plei§éjimo procesa, t. y. izoliuoti plySiy vystymasi
elemento viduje (neleidziant plySiams pasiekti elemento iSorés). Didelis apsauginis betono
sluoksnis sukuria ,,neefektyvig* betono zona, kuri negali biiti vienodai vertinama nustatant
vidutines betono deformacijas. DaZniausiai laikoma, kad armatiiros ir betono vidutinés
deformacijos yra vienodos. Sig prielaida galima laikyti teisinga, analizuojant deformacijy
pasiskirstymg 60x60 mm skerspjiivio prizméje. Kita vertus, nagriné¢jant 100100 mm
skerspjuvio elements, akivaizdu, kad deformacijy pasiskirstymas betone yra netolygus ir
minéta prielaida néra teisinga. Tokiy elementy (su dideliu apsauginiu betono sluoksniu)
vidutinés betono pavirSiaus deformacijos dazniausiai yra Zenkliai mazesnés nei armatiiros
deformacijy reik§més. Todél nei vienas $iy parametry analizuojamas atskirai neatspindi
tikrosios elemento elgsenos. Dél Sios priezasties pleiséjimo ir deformacijy analizés
adekvatumas turi biti siejamas su nagriné¢jamy elementy reprezentatyvumu. Nagrinéjamu
atveju tempiamyjy elementy geometrija turi biiti nustatyta jvertinant vidutiniy deformacijy
pasiskirstyma betone.

LA Papildomas armavimas
i - " p b
=} ——=— &[] p10+
T L&=640 mm P=22%
a) b)
Papildomas armavimas .
PRl e p O&
T 1o [N o5

Tt
1$=280 mm p=2,2 %
0)
S2.2 pav. Tempiamieji betono elementai armuoti: a) vienu strypu; b) vienu ir ¢) keturiais strypais

8c[><10-3
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a) b)
S2.3 pav. Baigtiniy elementy programa ATENA nustatytas deformacijy pasiskirstymas
tempiamuosiuose elementuose a) 60x60x280 mm ir b) 100x100%280 mm, kai vidutinés armatiiros
deformacijos lygios 0,77 %o (pilkai paZymeétas plotas — betonas iki plei§éjimo deformacijos)
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Antrajame skyriuje pasitlyta iteratyvi betono pavirSiaus deformacijy matavimo bazés
mazinimo metodika, skirta pakras¢io efekto (angl. end effect) nustatymui tempiamuosiuose
elementuose. Si metodika leidZia nustatyti reprezentatyvius tempiamyjy armuoto betono
elementy geometrijos parametrus, kurie biitini siekiant adekvadiai vertinti elementy
pleiséjimo elgseng. Taikant Sig metodika nustatyta, kad apsauginio betono sluoksnio storis
tiesiogiai proporcingas eksperimentiniy armuoto betono elementy rezultaty sklaidai.

Siekiant jvertinti armatiiros strypy iSdéstymo jtaka tempiamyjy betoniniy elementy
deformacijoms ir plei$é¢jimui, sukurta ir uZpatentuota bandymo jranga (S2.4 pav.), leidzianti
atlikti keletu strypy armuoty elementy tempimo bandymus. Unikali jranga suteiké galimybe
sukomponuoti elementy skerspjiivius taip, kad varijuoty tik armatiiros strypy skersmuo,
iSlaikant vienoda apsauginj betono sluoksnj bei armavimo koeficienta. Taikant Sig jranga
(S2.5a pav.) buvo nagrin¢jamos skirtingo ilgio bei skerspjivio matmeny tempiamyjy
betoniniy prizmiy su skirtingu armatiiros strypy iSdéstymu skerspjivyje deformacijos ir
pleiséjimas. Nagrinéti skerspjiiviai pateikti S2.5b paveiksle. Bandymy metu matuotos
elementy deformacijos armatiiros strypuose bei betono pavirSiuje, be to, naudojant
skaitmeniniy vaizdy koreliacijos metodika buvo analizuojamas plei$éjimo procesas.

Bandiniai pagal armavimo koeficienta buvo suskirstyti j grupes. Kiekvieng grupe
sudaré nuo 4 iki 12 elementy, armuoty naudojant skirtingg strypy kiekj — 4 (etaloniniui
skerspjtiviui) ir 16 arba 12 (alternatyviems skerspjiiviams). Daugumos $iy elementy betono
apsauginis sluoksnis buvo vienodas, ¢ = 30 mm. Remiantis S2.6 paveiksle pateiktais
apkrovos ir vidutiniy armatiiros deformacijy duomenimis pastebéta, kad tos pacios grupés
elementy, armuoty 16 (12) strypy, vidutinés armatiros deformacijos yra praktiskai
identiSkos. Tuo tarpu 4 strypais armuoty elementy deformacijos reikSmingai skiriasi
tarpusavyje. Sis reidkinys yra akivaizdus ankstyvoje pleiséjimo stadijoje santykiniai mazai
armuotiems elementams (p = 1,4 %).

Nagrinéjant atstumus tarp plySiy, pagal galiojan¢iy projektavimo normy metodus
apskaiciuotos reik§més buvo palygintos su bandymy metu stabilizuoto plei$éjimo stadijoje
uzfiksuotais rezultatais. Pastebéta, kad pagal Eurokodg apskaiCiuotas maksimalus atstumas
tarp plyS$iy yra vidutiniskai 120 % didesnis nei eksperimenti$kai nustatytas, tuo tarpu Model
Code normatyvinio reglamento rezultatai eksperimentines reik§mes vidutiniskai vir$ija tik
apie 60 %. Bandymai parodé, kad vidutiniy ir maksimaliy atstumy tarp plySiy dydis
nepriklauso nuo armavimo parametry (armatiiros ploto bei strypy iSdéstymo), nors
norminiuose projektavimo dokumentuose yra aiskiai iSreikSta maksimaliy atstumy tarp
plysiy priklausomybé nuo strypy skersmens ir armavimo koeficiento santykio (S2.7 pav.).

[ /|

a)
S2.4 pav. Sukurta bandymo jranga: a) armuoto betono bandinys, b ir ¢) strypy tvirtinimo mazgai ir
d) mazgas su papildoma apspaudimo jranga, kur 1 — nagrinéjamas elementas, 2 — armatiiros
strypai, 3 — strypy inkaravimo mazgai, 4 — standartinés tempimo masinos jungtys, 5 — sferiniai
lankstai, 6 — inkaravimo mazgo tvirtinimo plokstelés, 7 — mazgo centrinis strypas, 8 — inkaravimo
mazgo tvirtinimo ploksteliy jungiamieji strypai, 9 — betonas, 10 — papildoma apspaudimo jranga
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b)

S2.5 pav. Tempiamyjy keliais strypais armuoty betoniniy elementy a) bandymas ir b) skerspjaviai
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S2.6 pav. Tempiamyjy elementy apkrovos ir deformacijy grafikai: a) ir b) elementams armuotiems
1,4 %,c)ird)—2,0%,e)irf)—2,7%
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S2.7 pav. Atstumy tarp plySiy nuo @/p priklausomybé: a) maksimalios ir b) vidutinés reik§més

3. Eksploatacinés savybés: Armuoto betono elgseng
lemiancios charakteristikos

Treciajame disertacijos skyriuje aptariamos lenkiamyjy bei tempiamyjy armuoto betono
elementy eksploatacines savybes ijtakojanCios charakteristikos. Taip pat pateikiami
betoniniy elementy, armuoty keletu strypy, skaitinio modeliavimo rezultatai. Siekiant
iStirti skirtingos armatiiros medziagos jtaka armuoto betono elementy tinkamumui,
analizuojami tempiamieji betoniniai elementai su GFRP ar hibridiniu (plieniniais ir GFRP
strypais) armavimu. Pateikiama eksperimentiniy ir skaitiniy specifiniy betoniniy elementy
armuoty plieniniais ir GFRP strypais rezultaty analizé.

Antrajame disertacijos skyriuje atlikus eksperimentinius specifiniy armuoto betono
elementy bandymus nustatyta, kad to pa¢io armatiiros ploto i§déstymas naudojant daugiau
mazesnio skersmens strypy gali efektyviai varzyti plySiy vystymasi ankstyvoje armuoto
betono elemento pleiséjimo stadijoje. Sis konstrukcinis sprendimas taip pat leidzia
sumazinti eksperimentiniy rezultaty sklaida, kuri siejama su projektavimo patikimumu.
Pastargja iSvadg siekta patvirtinti skaitiniu armuoto betono sijos pavyzdziu. Taikant literatiiros
apzvalgoje pateiktg sluoksniy model; apskaiciuotos dviejy I-formos sijy, armuoty keturiais ir
16 strypy (S3.1 pav.), lenkimo momenty ir deformacijy reik§més. S3.2 paveiksle matyti, kad
veikiant eksploatacinei apkrovai rezultaty sklaida elemente, armuotame 16 strypy, yra Zenkliai
mazesneé (7,7 %) nei Keturiais strypais armuotoje sijoje (67 %).
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S3.1 pav. Skaitiskai sumodeliuota I-formos sija: a) su keturiais ir b) su 16 strypy
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Skyriuje aptariami modeliavimo rezultatai (S3.3 pav.) rodo, kad armuoto betono
elementuose tempiamojo betono deformacijos kinta ne tik iSilgine elemento kryptimi, bet
ir patiame apsauginiame betono sluoksnyje. Rezultatai patvirtina, kad efektyviojo
tempiamojo betono koncepcijos, taikomos projektavimo dokumentuose, adekvatumas yra
ribotas. Taikant $ig koncepcijg turi buti atsizvelgiama j elementy apkrovimo salygas,

jtempiy ir deformacijy biivj bei nearmuoto betono konfigiiracija.

35 4
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S3.1 pav. Skaitiskai sumodeliuoty sijy prognozuojamy momenty ir kreiviy priklausomybés
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S3.3 pav. Deformacijy pasiskirstymas armuoto betono elementuose (vidutiné armatiiros

deformacija 2,0%o) nustatytas baigtiniy elementy programa ATENA ir eksperimentinés pleiséjimo
schemos: a) 4510 prizmés su apsauginiu sluoksniu ¢ = 30 mm ir b) 4510C prizmés su ¢ =50 mm
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S3.4 pav. Maksimalaus atstumo tarp plysiy ir @/p santykio pasiskirstymas betoniniams
elementams armuotiems plieno ir stiklo pluosto strypais

Taip pat Siame skyriuje atkreipiamas démesys j armatiiros medziagos jtakg armuoto
betono elementy pleis¢jimui. Eksperimentiniai tempiamyjy betoniniy elementy, armuoty
keletu plieniniy bei GFRP strypy (kuriy asinis standumas panasus) rezultatai parodé, kad
stabilizuoto pleiséjimo stadijoje abiem atvejais gauti tarpusavyje pana$iis maksimaliis
atstumai tarp plysiy (S3.4 pav.). Sie rezultatai leidZia teigti, kad atstumas tarp plysiy
daugiausia priklauso nuo armuoto betono elemento geometrijos ir betono apsauginio
sluoksnio storio.

Bendrosios iSvados

1. Apibendrinus literatiiros analizés rezultatus, galima teigti, kad:

1.1. Heterogeniné betono struktiira, vidiniai bei iSoriniai plySiai bei betono ir
armatiiros sukibimas lemia didele armuoto betono elementy eksperimentiniy
rezultaty (deformacijy ir plei$¢jimo) sklaidg. Tinkamas armuoto betono
elementy bandymo biido parinkimas leidzia adekvaciai interpretuoti eksperi-
mentinius bandymy rezultatus.

1.2. Tempiamyjy ir lenkiamyjy armuoto betono elementy bendro armatiiros strypy
bei aplink juos esantio betono darbo vertinimui naudojama ,efektyviojo
tempiamojo betono* koncepcija.

1.3. Vienas svarbiausiy veiksniy lemianciy ,,efektyviojo tempiamojo betono* zonos
dydj yra armatiiros ir betono sukibimas bei betono deformacijos, kurias jtakoja
armatiiros strypy skaiCius tempiamojoje betoninio elemento dalyje. Dél Sios
priezasties strypinés armatiiros iSdéstymo jtakos bendram elemento standumui
bei pleis¢jimui tyrimas yra itin svarbus.

1.4, Skaitinis armuoto betono modeliavimas yra vienas tinkamiausiy budy atlikti
armuoto betono deformacijy bei pleis¢jimo analize nagringjant sudétingus
betono elgsenos aspektus, kuriy eksperimentiniai tyrimai yra itin komplikuoti.

2. Eksperimentiskai nagrinéti trumpalaike apkrova veikiamy sijy, kuriuose armatiiros
strypai (plieno arba GFRP) isdéstyti vienu arba trim sluoksniais, pleis¢jimas bei
deformacijos. Apibendrinant tyrimy rezultatus galima teigti, kad:
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2.1. Nepriklausomai nuo strypinés armatiiros medziagos (plieno arba GFRP), sijy

2.2.

2.3.

24.

lenkiamasis standumas koreliuoja su armattros strypy sluoksniy skai¢iumi.
Nustatyta, kad apkrovos lygiui pasiekus eksploatacinés apkrovos reik§me (55 %
nuo laikomosios sijos galios) sijy, armuoty trimis strypy sluoksniais, kreivis
(remiantis Model Code pateiktomis iSraiskomis) nustatomas su 14-32 %
atsarga, lyginant su eksperimenty rezultatais. Tuo tarpu jprastai armuoty sijy
kreivis jvertinamas nepakankamai — apskai¢iuojama 7-15 % mazesné reik§mé.
Sijy, armuoty naudojant tris strypy sluoksnius, atstumy tarp plysiy skaic¢iavimai
remiantis Model Code pateiktomis iSraiSkomis yra pakankamai tikslis, taciau
iprastai armuotoms sijoms eksperimentinés atstumy tarp plySiy reikSmés yra
50% didesnés uz apskaiciuotasias.

Eksperimentiniai plei$¢jimo rezultatai neparodo atstumy tarp plysiy bei plysio
ploc¢io koreliacijos, keiCiant armatiiros strypy iSdéstyma sijos skerspjuvyje.
Stabilizavusis plei§éjimo procesui sijose, su trimis strypy sluoksniais, eksperi-
menti$kai nustatytas atstumas tarp plySiy buvo didesnis, o maksimalus plySio
plotis mazesnis, lyginant su jprastai armuotomis sijomis.

Maksimalaus plocio plySys susiformuoja ne biitinai greta maksimalaus ilgio
nesupleiséjusio betono bloko. Tik 11 18 18 (61 %) eksperimentiniy tyrimy metu
gauty plei$éjimo schemy patvirtina prielaidg, kad didziausias plysio plotis yra
tiesiogiai susij¢s su didziausiu atstumu tarp plysiy ir yra vienas greta kito.

3. Tiriant tempiamojo betono efektyvuma bei siekiant iSvengti efekty, siejamy su defor-
macijy pokyciais sijy skerspjiivyje, buvo atlieckami tipiniy elementy (betoniniy
prizmiy armuoty vienu metaliniu strypu) tempimo bandymai. Apibendrinus eksperi-
mentiniy tyrimy rezultatus, kuriy metu iSbandyta daugiau nei 50 jvairios geometrijos
ir apkrovimo salygy elementy, galima teigti, kad:

3.1.

3.2.

3.3.

Armuoto betono elementy pleis¢jimo analizés metu atliekant tipinius
100x100 mm skersmens elementy tempimo bandymus jmanoma jvertinti tik
armatiiros skersmens jtakg elemento pleiséjimui. Siekiant iSvengti skerspjiivio
parametry tarpusavio koreliacijos biitinas alternatyvus bandymo biidas.
Skirtingi eksperimentiniai plei$éjimo rezultatai (atstumai tarp plySiy), gauti
atlikus teoriskai identiSky (vienodo armavimo koeficiento bei skerspjiivio
geometrijos) tempiamyjy elementy bandymus, gali bliti siejami su apsauginio
betono sluoksnio storio skirtumu bei skirtingu armatiiros ir betono sukibimo
plotu (bendru strypy perimetru).

Reprezentatyvaus bandinio (geometriniy parametry) koncepcijos taikymas
tempiamiesiems armuoto betono elementams leidzia susieti pleiséjimo para-
metrus su elemento deformacijomis.

4. Sukurta specifiné tempiamyjy armuoto betono elementy armuoty keletu strypy
bandymo jranga. Apibendrinus specifiniy tempiamyjy betoniniy elementy eksperi-
mentinius tyrimus, kuriuo sudaré 64 armuoto betono prizmés, galima teigti, kad:

4.1.

Maksimalus ir vidutinis atstumas tarp ply$iy nepriklauso nuo armuoto betono
elemento armavimo parametry. Tuo tarpu projektavimo normose pateiktos
iSraiskos maksimaly atstuma tarp plySiy tiesiogiai sieja su skersmens ir arma-
vimo koeficiento (@/p) santykiu.
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4.2.

4.3.

To pacio armatiiros ploto iSdéstymas didesniame (maZesnio skersmens) strypy
skaiCiuje gali efektyviai varzyti plySiy vystymasi ankstyvoje armuoto betono
elemento pleiséjimo stadijoje. Sis efektas biidingas salyginai mazai armuotiems
elementams (1,4-2,0 %). Taip pat toks armavimo paskirstymas elemente
zenkliai mazina plei$éjimo parametry (atstumo tarp plysiy) iSsibarstyma, t. y.
didina tokiy elementy projektavimo patikimuma.

Teoriskai identisky (turin¢iy vienoda armavimo koeficienta bei armatiiros
strypy skersmenj) tempiamyjy armuoto betono elementy betono deformacijos
zenkliai skiriasi. Betonas elementuose su 50 mm apsauginiu sluoksniu néra
efektyvus. Didesnis betono apsauginis sluoksnis (50 mm) lemia 24 % mazesnes
vidutines betono deformacijas veikiant eksploatacinei apkrovai (lyginant su
elementais su 30 mm apsauginiu sluoksniu).

Pateikti jvairius tinkamumo aspektus iliustruojantys pavyzdziai. Nagrinéti aspektai
nusako galimus konstrukcijy patikimumo uztikrinimo biidus. Apibendrinus pateiktus
pavyzdzius, galima pastebéti, kad:

5.1.

5.2.

Tinkamai sukalibruotas (naudojant pakitimus eksperimentinius duomenis) skai-
tinis armuoto betono modeliavimo biidas paremtas betono irimo mechanikos
principais bei armatiiros ir betono besikartojancio kintamo standumo sukibimo
modeliu, leidzia adekvaciai jvertinti elementy su skirtingu armatiiros skersme-
niu, betono apsauginiu sluoksniu bei armavimo koeficientu deformacijy ir
pleis¢jimo elgsena.

Eksperimentiniai tempiamyjy betoniniy elementy, armuoty keletu plieniniy arba
GFRP strypy (panasaus suminio asinio standumo), rezultatai parodé, kad stabi-
lizuoto pleiséjimo stadijoje gauti identiski maksimaliis atstumai tarp plysiy. Sie
rezultatai leidZia teigti, kad nepriklausomai nuo strypy medziagos atstumas tarp
plysiy priklauso nuo armuoto betono elemento geometrijos, armatiiros asinio
standumo bei betono apsauginio sluoksnio storio.
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