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Abstract

The behaviour of prestressed concrete beams reinforced with non-metallic rein-
forcement under cyclic loading is analysed in this doctoral thesis. Review on the
advantages and disadvantages of non-metallic reinforcement is provided, strength
properties and the most crucial parameter values, necessary for the development
of the topic of this thesis, are investigated and determined. Arguments on why and
at which certain situations the use of this reinforcement can be superior compared
to steel are provided. A separate experimental program is developed to determine
the behaviour of non-metallic reinforcement undergoing repetitive or cyclic load-
ing. The effect of initial prestressing level and stress range caused by the cyclic
load to the final number of load cycles endured is also analysed. Moreover, the
influence of cyclic loading on the mechanical properties of concrete is being in-
vestigated in this study.

The dissertation consists of introduction, three main chapters, general con-
clusions, the lists of references and author’s publications on the topic of the
dissertation.

The introductory chapter presents the problem formulation, the relevance of
the thesis and research object, formulates the aim of the study, describes research
methodology, scientific novelty and practical significance of the obtained results.

Chapter 1 describes the fatigue phenomena and the main reasons causing fa-
tigue to concrete and composite reinforcement. Besides, attention to static, cyclic
creep of concrete and recommendations of the evaluation of these effects in design
codes are reviewed.

Chapter 2 is dedicated generally for the description of the proposed deflection
calculation method based on the principles of structural dynamics concerning cy-
clic creep of concrete and a possible decrease in mechanical properties of compo-
site reinforcement due to cyclic loading. A detailed calculation algorithm of the
proposed method and general assumptions are provided.

The 3rd and final Chapter describes in detail the experimental study per-
formed investigating basalt fibre reinforced polymer bars and tests of BFRP pre-
stressed concrete beam deflection estimation results which are compared to the
proposed and other authors methods. The adequacy of proposed method is evalu-
ated thru statistical analysis.

The topic of the thesis has been published in 7 articles: 5 — in the journals
with an Impact Factor, 1 — in scientific journals of other international databases
and 1 in the conference proceedings referred by the Clarivate Analytics Web of
Science.



Reziume

Disertacijoje nagrinéjama nemetaline i§ anksto jtempta armatiira armuoty lenkia-
myjy elementy elgsena veikiant ciklinéms apkrovoms. Apzvelgiami ne-metalinés
armattiros privalumai ir trikumai, tiriamos $ios armattiros mechaninés savybés
bei nustatomos svarbiausios nagrinéjamai temai plétoti reikalingos parametry
vertés. Pateikiami argumentai kodél ir kokiose situacijose $i armatiira gali biiti
pranaSesné nei plieno armattra. Sudaroma atskira eksperimentiniy tyrimy pro-
grama neplieninés armatiiros elgsenos nustatymui, veikiant kartotinéms arba ci-
klinéms apkrovoms. Taip pat analizuojama iSankstinio jtempimo lygio ir ciklinés
apkrovos sukeliamy jtempiy amplitudés jtaka ribiniam atlaikomam apkrovos ci-
kly skaiCiui. Be to, darbe yra analizuojama ciklinés apkrovos jtaka betono
mechaninéms savybéms augant apkrovos cikly skaiciui.

Disertacijg sudaro jvadas, trys pagrindiniai skyriai, bendrosios iSvados, nau-
dotos literatiiros saraSas bei autoriaus publikacijy sarasas disertacijos tema.

Ivadiniame skyriuje formuluojama darbo problema, apraSomas darbo aktua-
lumas ir tyrimy objektas, formuluojamas darbo tikslas bei aptariami darbo uzda-
viniai. Taip pat aprasoma tyrimy metodika, darbo mokslinis naujumas ir rezultaty
praktiné reikSmé.

Pirmajame skyriuje apraSomos ciklinés apkrovos sukeliamo nuovargio efekto
priezastys ir pasekmés betonui bei kompozitinei armattrai. Atskiras démesys ski-
riamas betono statiniam ir cikliniam valk§Snumui, apzvelgiamos galiojanciy pro-
jektavimo normy ir rekomendacijy nuorodos $iy efekty vertinimui armuoty beto-
niniy konstrukcijy projektavime.

Antrajame skyriuje aprasomas sitilomas jlinkiy skai¢iavimo metodas, pagris-
tas statybinés dinamikos principais, vertinantis betono ciklinj valk§numa bei ga-
limg kompozitinés armatiiros mechaniniy savybiy pokytj dél apkrovos ciklis-
kumo. Pateikiamas detalus siillomo metodo skai¢iavimo algoritmas bei taikomos
prielaidos.

Treciajame skyriuje detaliai apraSomi atlikti bazalto pluoSto armattros bei i$
anksto jtemptyjy sijy, armuoty minima armatiira, eksperimentiniai tyrimai. Sioje
dalyje gauti rezultatai yra palyginami su sitilomo metodo bei kity autoriy jlinkio
skai¢iavimo metody rezultatais. Taip pat atlickama sitilomo metodo adekvatumo
statistiné analizé.

Disertacijos tema paskelbti 7 moksliniai strapsniai: 5— Zzurnaluose
turin¢iuose citavimo rodiklj, 1 —kity tarptautiniy duomeny baziy leidiniuose ir 1 —
konferencijy rinkinyje, referuojamame Clarivate Analytics Web of Science duo-
meny bazéje.
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Notations

Symbols

A — is the area of the beam cross-section; empirical concstant;

B — is the empirical concstant;

A — is the area of plain concrete net section;

Acer — is the area of cracked concrete net section;

Ap — is the cross-sectional area of prestressing bar;

As — 1is the cross-section area of steel rebar;

C(t0) — is the coefficient of pure creep;

Co(t,to))  —1s the compliance function of creep with constant moisture content and
without any movement of the moisture in concrete (basic creep);

Ca(t,to)) —1is the compliance function of due to simultaneous drying of concrete;

Dy — is the material and geometric properties matrix;

D — is the dissipative energy;

D(N) — is the damage variable;

E; — is the modulus of elasticity of concrete;

Ecefr — is the effective modulus of elasticity of concrete;

Eceff — is the age-adjusted effective elasticity modulus for concrete;
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ES. (1) — is the effective modulus of elasticity of concrete at a certain loading cycle;

Eem — is the secant modulus of elasticity of concrete;
Ecmos — is the elastic modulus of concrete at the age of 28 days;
E, — is the elastic modulus of the prestressing bar; potential energy of the beam
due to flexural deformations;
EE — is the Young modulus of the steel;
» S
E — is the instantaneous elastic modulus measured from pulsating compression;
sec
EnEni is the static (initial) elastic modulus of the polymer bar;
5L ini
EAN) — is the modulus of elasticity of FRP at a certain load cycle;
Ei — is the kinetic energy of the SDOF system;
F — is the amplitude of the excitation force;
a
F, — 1s the coefficient used for vertical translation of excitation force;
rans
I — is the second moment of area of the concrete cross-section;
C
L — is the second moment of area of the cracked concrete cross-section;
I — is the second moment of area of a cracked cross-section;
Lesr — is the effective moment of inertia after cracking;

cyc

o — is the effective moment of inertia at a certain loading cycle;

I, — is the second moment of area of the gross cross-section;

Iy — is the uncracked second moment of the transformed area about the refe-
rence axis of the cross-section at time of prestress transfer;

J(t,t) — is the complience of static creep of concrete;

Jrot — is the total complience of creep of concrete;

M, — is the moment due to the applied service load,

M — is the cracking moment;

Mec — is the decompression moment;

M. — is the externally applied moment;

M — is the internal bending moment;

M — 1is the external virtual moment;

N — is the loading cycles;

N — 1is the sum of the resistant forces of concrete;

Ne — 1is the external axial force of the element;

N — is the internal axial force of the element;

N — is the sum of the resistant forces of non-prestressed reinforcement;

N, — is the sum of the resistant forces of prestressing reinforcement;
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— is the external virtual force;

— is the initial prestressing force;

— is the stress ratio between minimum and maximum stress;
— is the stress ratio evaluating stress reversals;

— is the time-dependent axial rigidity of the cross-section;

— is the time-dependent stiffness of the cross-section related to the first mo-
ment of area about the reference axis;

— is the time-dependent flexural rigidity of the cross-section about the refe-
rence axis;

— is the axial rigidity of the cracked cross-section;

— is the stiffness of the cracked cross-section related to the first moment of
area about the reference axis;

— is the flexural rigidity of the cracked cross-section about the reference axis;
— is the axial rigidity of the cross-section;

— 1is the stiffness of the cross-section related to the first moment of area about
the reference axis;

— is the flexural rigidity of the cross-section about the reference axis;
— is the stress range;

— is the temperature; period of cyclic loading;

— is the power law coefficient;

— is the water-cement ratio;

— 1is the first moment of area about the reference axis of the concrete cross-
section;

— 1is the first moment of area about the reference axis of the cracked concrete
cross-section;

— is the coefficient; acceleration of a mass;

— is the initial crack size before the cyclic loading;

— is the crack size after N loading cycles;

— is the coefficient; the width;

— is the empirical coefficient; is the viscous damping of SDOF system;

— is the distance from the centroid of the cross-section to the bottom of the
cross-section;

— is the distance from the centroid of the cross-section to the top of the cross-
section;

— is the eccentricity of the prestress; the base of the natural logarithm,;
— is the representative volume element of the material dimension;

— is the effective span of the beam;
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— is the compressive strength of concrete prisms;

— is the fatigue strength of the concrete;

— is the mean value of cylinder compressive strength of concrete;
— is the compressive strength of concrete at the age of 28 days;

— is the ultimate tensile strength of prestressing bar;

— is the vector representing effect of creep;

— is the vector containing actions caused by initial prestressing;

— is the vector representing initial prestress force and losses of prestresss of
BFRP reinforcement;

— is the vector representing effect of shrinkage;

— is the static modulus of rupture of concrete;

— is the modulus of rupture of concrete after N loading cycles;

— is the relative humidity;

— is the systems stiffness; factor representing loading conditions;
— is the generalized stiffness of the SDOF system;

— is the cross-section shape factor;

— is the humidity dependent coefficient;

— is the time being considered; the age of concrete (in days);

— is the time of the transfer of prestress from BFRP bar to concrete cross-
section;

— is the time at which drying and loading first act simultaneously;
— is the time at prestress transfer to concrete cross-section;

— is the time of the cyclic load applience;

— is the mass of the SDOF system;

— is the generalized mass of the SDOF system,;

— is the power law coefficient;

— is the displacement of SDOF system;

— is the velocity of SDOF system;

— is the instantenous strain due to unit stress;

— is the empirical constitutice parameters;

— is the vector of applied external forces and bending moments;
— is the y-coordinate of the level of prestressing bar (tendon);

— is the y-coordinate of the level of steel reinforcement;

— is the distance between the neutral axis and the reference axis of the cross-
section;
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— is the thermal expansion coefficient;

— is the coefficient depending on the type of applied load;

— is the coefficient which depends on the age of the concrete;
— is the coefficient used to account for the tension stiffening effect;
— is the loading frequancy;

— is the volume fraction of fibres;

— is the volume fraction of matrix;

— is the temperature change;

— is the complience of cyclic creep of concrete;

— is the restraining moment;

— is the restraining axial force;

— is the strain at any fiber of cross-section;

— is the compressive concrete strain;

— 1is the elastic strain;

— is the cyclic creep strain of the concrete;

— is the static creep strain of concrete;

— is the delayed (recoverable) elastic strain of concrete;
— is the irrecoverable creep strain of concrete;

— is the shrinkage strain of concrete;

— is the strain regarding reference axis; residaul strain;
— is the residaul elastic strain;

— is the initial strain in prestressing bar;

— is the relaxation strain in prestressed BFRP bar;

— is the instantaneous strain at the level of the reference axis at the time of
prestress transfer;

— is the strain vector;

— is the stress;

— is the compressive concrete stress;

— 1is the axial stress in the unidirectional FRP bar;
— is the tensile stress in the FRP fibres;

— is the stress in prestressing bar;

— is the mean stress;

— is the stress in the matrix;

— is the maximum stress;
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Omin — is the mimimum stress;
70 — is the time when the axila load is applied;
Td — is the moist curing time of concrete;
K — 1is the curvature of the cross-section;
Ker — is the curvature of the cracked cross-section;
Ko — 1is the curvature of the uncracked cross-section;
w — is the circular frequency of excitation force;
Wn — is the natural circular frequency;
o, — is the creep coefficient of concrete;
p — is the relaxation coefficient for BFRP reinforcement;
®o — is the relative creep coefficient of concrete;
ok — is the nonlinear notional creep coefficient of concrete;
x> Xe — is the aging coefficient of concrete;
w(x,f)  —1is the shape function;
o(t7) — is the creep function.
Abbreviations
AAEM — age-adjusted effective moduli method;
AFRP — aramid fibre reinforced polymer;
BFRP — basalt fibre reinforced polymer;
CFRP — carbon fibre reinforced polymer;
CTE — coefficient of thermal expansion;
FRP — fibre reinforced polymer;
GFRP — glass fibre reinforced polymer;
LVDT — linear variable displacement transducer;
PC — prestressed concrete;
RC — reinforced concrete;
RSM — residual stiffness model;
SDOF — single degree of freedom;
SLER — strength-life equal rank;
SLS — serviceability limit state;
UTS — ultimate tensile strength.
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Introduction

Problem Formulation

Prestressed concrete has wide application in the design of structures such as
bridges, viaducts, off-shore platforms, containments, etc. The principle of pre-
stressing of the reinforcement is used not only because of the increased member
stiffness, cracking resistance, and longevity, but also because of the economical
aspect. Prestressing of reinforcement allows to save up to about 30% of the mate-
rials used.

Despite the advantages of reinforced and prestressed concrete, a major disad-
vantage still exists even today — steel corrosion. This problem costs billions of
euros annually for the maintenance of existing buildings and structures world-
wide. Several decades before, a potential solution was found — fibre reinforced
polymer. A relatively new material is basalt fibre reinforced polymer (BFRP).
BFRP reinforcement have better physical and mechanical properties (i.e., re-
sistance to alkali and thermal effects) compared to glass fibre reinforced polymer
reinforcement, whereas comparing to carbon fibre reinforced polymer reinforce-
ment — having almost the same fatigue resistance but is less expensive. Neverthe-
less, the performance of BFRP under cyclic loading is still being investigated due
to the lack of experimental results.



2 INTRODUCTION

There has been a vast amount of investigations on engineering structures that
are reinforced or prestressed with regular steel under repetitive or cyclic load.
Since certain FRP’s (such as glass, aramid, and carbon fibre) have received con-
siderable attention, a great amount of fatigue investigations can be found on these
FRPs in the literature, however, not many investigations have been conducted on
basalt fibres.

FRP design codes and recommendations such as JSCE (1997), fib bulletin 40
(FIB), CSA4-S806 and ACI 440.4R provide certain guidance for the design of struc-
tures, that are reinforced with aramid, glass and carbon fibre reinforced polymer
reinforcement, undergoing fatigue loading. No recommendations can be found for
BFRP reinforcement. In this regard, this study is a step towards obtaining the
better understanding of the combined use of concrete and BFRP in PC flexural
members undergoing cyclic (dynamic) loading. In addition, this study also focuses
on achieving a more accurate behaviour prediction of such structures in the ser-
viceability limit state — deflection development throughout the period of cyclic
loading.

Relevance of the Thesis

Concrete structures reinforced with steel or non-metallic reinforcement, undergo-
ing cyclic loading, behave in a different manner than structures subjected to static
loads. In addition, the use of traditional steel reinforcement is highly dependent
on environmental impact. Cracking of concrete structures reinforced with steel
reinforcement can result in reduced longevity due to corrosion effect. The corro-
sion problem can be dealt with by using composite reinforcement; however, the
issues created by cyclic loading require additional attention. The variation in
stresses and strain due to cyclic loading cause damage to the reinforced and pre-
stressed concrete structures. These damages affect the safety and reliability of
structures throughout the service life of the structure. There is still a lack of
knowledge on this problem. An understanding of the behavioural features can be
obtained only by performing complex research on both the constituent materials
(concrete and BFRP) and the structural members with such reinforcement, under-
going cyclic loading conditions. The changes in the flexural stiffness of FRP pre-
stressed concrete beams can be adequately evaluated only by measuring the
changes in the mechanical properties of concrete and composite reinforcement
during the period of cyclic loading. Only the development of accurate physical
material models that evaluate the cyclic loading effects can enable civil engineers
to reliably predict the behavior of concrete structures throughout the service life.
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Object of the Research

The object of this research is to evaluate the influence of cyclic loading on the
mechanical properties of concrete and basalt fibre reinforced polymer reinforce-
ment and to the stiffness degradation of BFRP prestressed concrete beams.

Aim of the Thesis

This thesis aims to propose a new method for the evaluation of degradation of
mechanical properties of basalt fibre reinforced polymer reinforcement due to cy-
clic loading and a new method for the deflection determination of BFRP pre-
stressed concrete beams.

Tasks of the Thesis

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

l.

To perform a literature survey on the existing models determining fatigue
dependent properties of concrete, in particular — cyclic creep.

To review the existing theoretical methods and analytical models for es-
timating the degradation of mechanical properties of BFRP reinforcement
due to cyclic loading.

To propose an analytical deflection estimation method for BFRP pre-
stressed concrete flexural members undergoing cyclic loading.

To design and perform an experimental program that investigates the fa-
tigue life of BFRP bars and the decrease in mechanical properties due to
fatigue loading.

To perform an experimental investigation on the fatigue life and
deflection of real scale BFRP prestressed PC beams involving a variety
of initial prestressing level and load range.

To analyse the adequacy of the developed analytical method for deflec-
tion determination by comparing with the experimental results.
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Research Methodology

The principles of structural mechanics and structural dynamics are applied in this
thesis. Investigated flexural members are approximated to single-degree-of-free-
dom (SDOF) system by generalizing the systems mass and flexural stiffness. The
equation of motion is used for the internal, inertia and excitation force equilibrium
determination. By using Duhamel’s integral, the solution of non-homogeneous
differential equation consisting of particular and complementary solutions is ob-
tained. In addition, a literature survey is performed on the changes in the mechan-
ical properties of concrete and BFRP bars during cyclic loading application.
Changes in mechanical properties of concrete and BFRP reinforcement are eval-
uated in the proposed method. Experimental tests of BFRP bars and BFRP pre-
stressed concrete beams subjected to cyclic loading are performed to evaluate the
accuracy of proposed method. Adequacy of proposed method is evaluated by the
statistical analysis of theoretical and experimental results.

Scientific Novelty of the Thesis

1. Based on the experimental results, the stress range — number of load-
ing cycles (Si—N) relation, which is the determining equation for BFRP
bars, is proposed.

2. A new deflection calculation method, which involves structural dy-
namics, for BFRP prestressed concrete beams undergoing cyclic load-
ing is proposed.

3. New experimental data on the changes in the modulus of elasticity
during fatigue loading of BFRP reinforcement is obtained.

4. New experimental results of BFRP prestressed concrete beams under
cyclic loading are obtained.

Practical Value of the Research Findings

Present study contributes to the expansion of the knowledge and understanding of
the fatigue problem in fibre reinforced polymers and their use for prestressed con-
crete flexural members. The findings of this research are an important addition to
the limited data that exists on the performance of BFRP reinforcement under cy-
clic loading. The obtained results can be applied or adopted for the update of con-



INTRODUCTION

crete structures, that are reinforced with FRP reinforcement, design codes and rec-
ommendations. Strain increment of compressed concrete due to cyclic loading
model, as also, degradation of mechanical properties of BFRP reinforcement eval-
uating model being proposed in this thesis. Both propositions are included in the
newly proposed deflection determination method, which involves structural dy-
namics, which can be used by civil engineers in the analytical displacement cal-
culations of PC structures in situations where an understanding of the dynamic
movement is extremely important (i.e., pedestrian bridges).

The Defended Statements

L.

Basalt fibre reinforced polymer bars can be considered to have a high
resistance to cyclic loading at maximum stress level not higher than
65% of the ultimate tensile strength.

The cyclic loading resistance of BFRP prestressed concrete flexural
members is highly dependent on the initial prestressing level and load-
ing range. Based on the findings of this thesis, the most effective BFRP
bar prestressing level for analyzed situation is determined to be 45%
of the ultimate tensile strength.

The stress ratio (R) for the BFRP reinforcement should not be less than
0.88 for PC applications.

The proposed generalized stiffness k. for simply supported PC beam,
reinforced with FRP reinforcement, allows adequately evaluate de-
flection of the beam as a displacement solution of SDOF system.
Moreover, by the use of generalized stiffness k., natural frequency of
the beam can be determined.

The proposed deflection calculation method, which considers the cy-
clic creep of concrete and possible decrease in mechanical properties
of BFRP reinforcement due to cyclic loading, achieves reasonable ac-
curacy.

Approval of the Research Findings

The author has published eight articles on the topic of this dissertation (five of
them are in journals with an Impact Factor (IF), one is in the scientific journal of
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other international databases and one — in the conference proceedings of the Cla-
rivate Analytics Web of Science. The results of the dissertation have been
presented in five presentations at the local and abroad scientific conferences:

17™ Conference of Lithuanian Young Scientists Science — Future of Lith-
uania. A thematic conference ,,Civil Engineering, Vilnius, Lithuania,
2014;

18" International Conference on Composite Structures (ICCS 18), Lisbon,
Portugal, 2015;

12™ International Conference Modern Building Materials, Structures and
Techniques, Vilnius, Lithuania, 2016;

19™ International Conference on Composite Structures (ICCS 19), Porto,
Portugal, 2016;

— 5" International Conference on Mechanics of Composites (MECHCOMP
2019), Lisbon, Portugal, 2019.

Structure of the Dissertation

This dissertation consists of an introduction, three chapters, general conclusions,
a list of references (100 publications), a list of the author’s publications on the
topic of the thesis, a summary in Lithuanian and three annexes. The dissertation
volume is 124 pages, 44 pictures, 10 tables, and 164 equations.
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Literature Survey on Fatigue
Behaviour and Failure Mechanisms
of Prestressed Concrete Structures

This chapter presents a review on the fatigue issues in PC flexural members to-
gether with material models and fatigue-life determination methods used in prac-
tice. Also, a brief review of the mechanical and physical properties of the most
common non-metallic reinforcement (FRP) is presented. The most recent experi-
mental results on the behaviour of FRP bars undertaking repetitive or cyclic load-
ing are reviewed. In the present investigation, the deformations of PC members
due to time-dependent material properties, such as shrinkage, and the static and
cyclic creep of concrete, are discussed. Various fatigue-life models and the pro-
cess of failure mechanism of FPR reinforcement as a result of time-varying load-
ing are also reviewed. The main focus of this study is the deflection of prestressed
concrete members under cyclic load, and in this regard, most recent deflection
prediction models are examined. In addition, this chapter formulates the main ob-
jective and the tasks of the present research work. This review was presented in
the articles by Atutis et al. (2013a), Atutis et al. (2013b), Atutis et al. (2017),
Atutis et al. (2018a), and Atutis ez al. 2019.



8 1. LITERATURE SURVEY ON FATIGUE BEHAVIOUR AND FAILURE...

1.1. Fatigue of Prestressed Concrete Structures

In recent years, the fatigue strength of concrete members has been attracting in-
creasing attention from the engineering community. By using high strength mate-
rials and advanced design, manufacturing, and construction technologies, it is of-
ten impractical and uneconomical to design structures that remain in the elastic
state under service loads. The design must ensure that the structures or structural
members perform satisfactorily over the lifetime of the structure, even under the
high-stress levels caused by external loading.

Concerns about the effects of fatigue phenomena has increased along with
the increasing interest of structural optimisation. The increasing attention to the
fatigue limit state in partially and fully prestressed concrete has led to extension
of investigations and experimental projects dealing with fatigue or cyclic loading
(Rabbat et al. 1978, Holmen 1982, Reese 1983, Overmann et al. 1984, Bennet
1986, Harajli 1985, Naaman 1989, Dulinskas et al. 2007, Dulinskas et al. 2008,
Elfgren 2015, Jokiibaitis et al. 2016, Jokubaitis ez al. 2018). The fatigue behaviour
of prestressed or reinforced concrete is an important limit state that must be con-
sidered by structural engineers and designers of large span bridge decks, parking
garages, and other structures subjected to cyclic loading (Adimi et al. 2000, Hig-
gins et al. 2006, El-Ragaby et al. 2007, Noél et al. 2014) (Fig. 1.1).

If the design is performed ensuring that cracking does not appear throughout
the service life of the structure, then most likely the prestressing reinforcement or
anchorage will not be critical designing factors. The fatigue process becomes very
critical in cases where cracking is allowed. It is therefore believed that the proba-
bility of failure by fatigue is greater for partially prestressed flexural members
than for conventionally reinforced or prestressed concrete members. Localized
stresses increase in the prestressing reinforcement across cracks, and fretting ef-
fects are developed, which is followed by the failure of the structure due to fatigue.
When a concrete member is reinforced or prestressed with corrosion prone con-
ventional steel, protection against environmental actions become the highest pri-
ority, e.g., infrastructural objects. Due to corrosion problems, the serviceability of
the structures can be significantly lowered, which leads to excessive rehabilitation
and maintenance expenses. These are situations in which FRP reinforcement
proves to be useful. Although, FRP has several advantageous properties, it also
has some important disadvantages. While being a non-corrosive material puts
FRP in front of conventional steel, the degradation of mechanical properties in
certain environments such as marine environment can bring other issues in the
design list for civil engineers.

Among the various applications of FRPs the most important use of such re-
inforcing material is considered to be for prestressing due to its high strength in
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the longitudinal direction and relatively low elasticity modulus compared to steel
(Balafas, 2012).

B a0

Fig. 1.1. Prestressed concrete structures undergoing fatigue effect:
a) concrete sleepers (You et al. 2017); b) bridges; c) offshore oil platforms;
d) parking garages (Cleland ef al. 2015)

1.2. Application of Fibre Reinforced Polymer
Reinforcement in Construction Industry

1.2.1. A Review on Fibre Reinforced Polymers

The growing construction industry and global climate change have increased the
demand for more eco-friendly, natural, and sustainable composite materials to be
used in structural fabrication. Currently, the worldwide infrastructure repair and
maintenance costs amount to billions of Euros annually (fib bulletin 40, 2007). A
significant portion of this expense is spent trying to address the durability prob-
lems in concrete structures. It is clear for civil and structural engineers that some
kind of composite material with superior characteristics should be developed in
order to decrease the huge expenses on rehabilitation of concrete structures.
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Presently, several organic and inorganic fibres are available in the market,
but many of them either lack structural strength or durability, or are extremely
costly for use in moderate loadings (Dhand ef al. 2014). A composite material that
is still under development and might be of interest is basalt fibre, which has sev-
eral advantages: cost-effectiveness, better photomechanical properties than glass
fibres, high strength, light weight and excellent corrosion resistance.

i ) a
v

2(T)

a) b)

Fig. 1.2. Macroscopic review of fibre reinforced polymer reinforcement: a) comparison
of the fibre thickness of three most common fibres with the human hair (Zoghi, 2014);
b) unidirectionally reinforced composite FRP bar with the main material axes:

1(L) — longitudinal direction, 2(T), 3(T) — transverse directions (fib bulletin 40, 2007)

The prominent advantages of these composites include fatigue resistance and
low density, significant capability of acoustic insulation and vibration insulation,
resistance to chemically active environments, high fire resistance (with melting
point of 1450 °C), and biodegradability (fib bulleetin 40 2007, Dhand et al. 2014,
Kim 2014).

High strength fibre reinforced composites can be produced with structural
glass, carbon, aramid, basalt, and other polymers. FRPs are usually made of three
essential constituents: fibres, polymers and additives. Bonding strong, stiff, and
lightweight fibres with low-modulus polymeric matrix results in a fibrous poly-
meric composite. Figure 1.2a illustrates visual comparison between common fibre
thicknesses.

Polymeric matrices can be divided into two basic classes: thermosetting and
thermoplastic resins. Thermosetting resins can be described as resins that are ir-
reversibly formed from low-molecular-weight precursors of low viscosity, and
having strong bonds in the molecules as well as in between the molecules. Poly-
mers that do not develop cross-links are commonly named as thermoplastics. A
typical example of thermosetting resin defines epoxy resin. To start the production
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of an FRP material, small amounts of reactive curing agents (additives) together
with bundle of fibres are added to liquid resin to initiate polymerization.

Table 1.1. Overall percentage distribution of the chemical constituents in basalt

Constituent Content, %
Militky et al. 2002 Deak et al. 2009

SiO, 43.3-47.0 42.4-55.7
ALO; 11.0-13.0 14.2—-18.0
FexO; <5.0 10.8-11.7
CaO 10.0-12.0 7.4-8.9
MgO 8.0-11.0 4.1-9.5
Na,O <5.0 2.4-38
TiO, <5.0 1.1-2.6
K,O <5.0 1.1-2.3

Then, cross links are formed, and the liquid epoxy resin changes into solid
material. The most widely used additives include plasticizers, coupling, and blow-
ing agents, flame retardants, coatings, pigments, and other fillers. The final unidi-
rectional FRP product — rod — is considered to have three main material axes
(Fig. 1.2b).

Basalt was first discovered by US scientists in the beginning of the 20th cen-
tury. It was a classified material of choice for military research and was mostly
used in acronautical and defence applications during World War II not only in the
US, but also in Europe and Soviet Union. There has been considerable increase in
the amount of research performed on basalt FRP during the past several years
(Wang et al. 2013, Wang et al. 2014a, Wang et al. 2014b, Wang et al. 2016a,
Wang et al. 2016b).

Basalt is a material that can be naturally found in volcanic rocks that originate
from frozen lava. Most basalts consist of two minerals: plagiocene and pyroxene.
The main constituent of basalt is SiO,, followed by Al,Os. Militky et al. (2002)
and Deak et al. (2009) identified the typical composition of basalt material
(Table 1.1).

Based on the chemical composition basalt is categorised as tholeiitic basalt if
it is rich in silica and poor in sodium. If basalt is rich in sodium and deficient in
silica, then it is categorised as alkali basalt. If basalts consist of more than 17% of
alumina, then it is categorised as intermediate between the tholeiitic and alkali
basalt. Magnesium rich basalt is called boninite, which has extremely small con-
centrations of titanium and other trace metals (Dhand, 2014).
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1.2.2. Physical Attributes of Fibre Reinforced Polymer
Reinforcement

It has been almost thirty years since FRP bars have become commercially availa-
ble as reinforcement of concrete. FRP reinforcement first appeared in the market
as another solution to the corrosion problem. Usually, regular steel reinforcement
exposed to an aggressive environment tends to corrode which leads to spalling of
the concrete cover. The most useful application of FRP as the main reinforcement
in structures is expected to be in marine environments, chemical plants, factories,
and off-shore structures, that is, in structures where it is not possible to produce
(on site) or pour high quality concrete.

FRP reinforcement is the most economical when it is used as prestressing
reinforcement. The high tensile strength and light weight compared to conven-
tional steel are advantageous properties that are of interest for engineers. Based
on the rule of mixture unidirectional FRP tensile stress can be given as follows:

Of =G4 Veib T Ot Vinat = OfibVeib T Ormat (1= Vi) » (1.1)

where or is the axial stress in the unidirectional FRP bar; vy, is the volume fraction
of fibres; ofp 1s the stress in the FRP fibres; omat 1s the stress in the matrix; Viat 1S
the volume fraction of the matrix. Nevertheless, it is considered that the fibres and
matrix take the same level of strain, and hence it is assumed that the unidirectional
fibre composite, matrix, and fibres undergo identical axial strain. The fibre vol-
ume fraction in FRP is relatively high and the fibres are considered to overtake
the main axial stress in loading period. It is wise to assume that the tension in FRP
bar is a reflection of fibre’s tension capacity. Compared to the that of the fibres,
the axial strength and modulus of elasticity of FRP bar are lower (Zoghi 2014),
(fib bulleetin 40, 2007). The stress-strain behaviour of the FRP and separate ad-
ditives are shown in Figure 1.3a. We take into account the microstructural aspects
considering the stress-strain behaviour of FRP such as: individual fibre diameter,
parallel or unparallel distribution of fibres in the FRP composite, fibre — matrix
bonding properties, defects in the FRP during the manufacturing processes
(voids), and manufacturing quality control.

The actual behaviour is shown in Figure 1.3b. It appears that the FRP stress-
strain behaviour does not have a linear elastic response when the tensile load is
increased; however, this phenomenon can be explained by straightening of the
fibres which leads to higher effectiveness during further loading.

When the ultimate load is almost reached, the fibres start to fracture, the intact
fibres overtake the stresses from broken ones through the matrix, and FRP bar
ruptures as most of the fibres fracture or fibre delamination occurs.
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Fig. 1.3. Tensile stress-strain behaviour: a) rule of mixture; b) actual (Zoghi, 2014)

To obtain a fundamental understanding of FRP, a comparison between the
main properties of basic additives consisting reinforced or prestressed concrete

structures is given in Table 1.2.

Table 1.2. Typical properties of FRP, fibre, epoxy, concrete and steel bars/tendons

Property FRP* BFRP Fibre® Epoxy Con- Steel
crete
Comprehensive 200~
125-2400 - - 55-100 25-150
strength, MPa 2000
Tensile 200~
400-3000 1000-1800 | 1800-5000 | 9-20 1-6
strength, MPa 2000
E-modulus, GPa 35-500 45-65 60-800 0,5-20 25-50 200
0 (longitudi- -6 to 5 (lon-
6/0 nal); 18-28 gitudinal); 5 g
CTE, 10°/°C 25-35 (trans- (transverse) | 45 (trans- 2530 §-12 10
verse) verse)
. 1200—
3 _ . _
Density, kg/m 1300-2200 1800-2100 | 1400-2600 | |50 2400 7850
Poisson ratio 0.25-0.35 - 0.25-0.35 0.3 8;87 0.30

CTE — coefficient of thermal expansion.
2 FRP based on glass, carbon, and aramid fibre with epoxy matrix;

b For aramid fibre (for carbon and glass CTE transverse is similar to longitudinal CTE).
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1.3. Fatigue Failure Mechanism and Fatigue Life
Prediction for Non-metallic Bars

Fiber reinforced polymer composite fatigue has been studied for many decades,
although the majority of analytical and experimental results and data focus on
aerospace, marine and transportation application and are not generally applicable
to the construction field. There are significant differences in the magnitude of de-
formations and environments in which the materials are used (Adimi et al. 2000,
Noél et al. 2014). Mostly, the structures used in construction applications under-
take much higher deformations than those in the aerospace or marine fields. The
fatigue of FRP bars is a recent concern of engineers. In particular, most of the
research studies provide results on GFRP (Abdelrahman ez al. 1997, Abdelrahman
et al. 1999), CFRP (Xue et al. 2010) and AFRP bars (Kostikov 1995, Odagiri
et al. 1997, Dolan 1999, Saadatmanesh and Tanous 1999a, b, El Refai et al. 2007,
Kar et al. 2012). Clearly, not enough data exists on fatigue life analysis and pre-
diction of BFRP reinforcement.

It is considered, that concrete has an adverse effect on the fatigue life of FRP
bars. The alkaline environment and friction between FRP bar and surrounding
concrete causes abrasion of the FRP reinforcement surface. Exposure to the chem-
ical and environmental conditions adds an extra challenge to the use of FRP ten-
dons in prestressed concrete structures. The duration of chemical exposure, fibre
material, fibre-matrix interface, resin matrix are main factors describing degrada-
tion of an FRP bar. Sim et al. (2005) and Coricciati et al. (2009) showed that
depending on the type of sodium hydroxide solution, basalt and glass fibres lost
about 1.04% and 3.87% of their mass, respectively, after 28 days of immersion.
Zhou et al. (2011) reported that BFRP bars soaked in saturated calcium hydroxide
solution for 900 days resulted in a total loss of 32% in the ultimate FRP strength.
This loss grew even higher when the temperature at which the experiment was
performed was raised to 80 °C for 90 days of immersion.

A literature survey on the friction between FRP bars and concrete shown that,
during cyclic loading, the friction process evolves and FRP fatigue failure occurs
due to matrix cracks at the bar surface. Friction fretting of the bar surface, which
causes successive destruction of the bar, might occur near the flexure-induced
cracks where the bonding stresses are high and there is a possibility for bar slip-
page (Adimi et al. 2000, CEB-FIP 2000, Noél et al. 2014).

Adimi et al. (2000) performed fatigue tests on CFRP bars under various stress
ranges, loading frequencies, and environment conditions (chemical exposure and
temperature). It was reported that CFRP bars with 65% of fibre volume, tested at
a cyclic rate of 4 Hz and stress ratio 0.1 had an almost linearly increasing fatigue
life as the maximum stress decreased.
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Fig. 1.4. Fatigue life data on various Fibre Reinforced Polymer types (Adimi et al. 2000,
El Refai ef al. 2007, El Refai 2013, Noel et al. 2014). UTS — ultimate tensile strength

The logarithm of fatigue life decreases approximately proportionally with in-
crease in loading frequency while the range of frequency varies from 0.5 to
8 Hz (Fig. 1.5b). The fatigue life of CFRP decreases with increase in the temper-
ature of the surrounding environment (Fig. 1.5a). Also, it was stated that the CFRP
rod’s temperature increases rapidly during the first few loading cycles. After that,
the temperature stabilizes, but abruptly grows just before failure even when the
tests are performed at room temperature. The authors concluded that maximum
stress in the CFRP rod should not exceed 35% of ultimate tensile strength of the
CFRP during fatigue loading.

More fatigue tests on CFRP bars were undertaken by El Refai et al. (2007).
A total of 14 tension-tension fatigue tests were performed with minimum stress
levels of 40% and 47% of the ultimate tensile strength (UTS) of the tendon, with
a stress range varying from 7% to 17% of the UTS. It is of importance to mention
that cyclic loading had a minimal effect on the modulus of elasticity of CFRP
tendons with only about 4% decrease over full fatigue life (Fig. 1.6a).

El Refai et al. (2013) analysed the effect of environmental conditioning and
repetitive loading influence on mechanical properties of BFRP bars with a special
steel wedge anchor system. Along with one group of unconditioned BFRP bars,
experiments were performed on two groups of specimens immersed in saline and
alkaline solutions. The BFRP bars were conditioned for 10 weeks at room tem-
perature. Tests were also conducted to evaluate the fatigue effect on the modulus
of elasticity of the BFRP bar. The results showed that cyclic loading had a very
limited effect on the modulus of elasticity £, over the fatigue loading period. The



16 1. LITERATURE SURVEY ON FATIGUE BEHAVIOUR AND FAILURE...

decrease in £, varied from 0% to 4% for unconditioned BFRP specimens, and up
to 2% for conditioned bars (Fig. 1.6b).

Later, Noél et al. (2014) experimentally investigated GFRP bars under fa-
tigue loading. The study consisted of 15 beam-hinge bending tests, and 12 speci-
mens were tested up till failure under cyclic loading. A comparative analysis of
bare GFRP bars and bars in concrete was performed. The beam-hinge loading
range varied between 19% up to 52% of the UTS. Bare bar specimens were tested
at a loading frequency of 4 Hz with the load ranges varying from 29% to 41% of
the UTS. GFRP bars surrounded by concrete were reported to have fatigue lives
approximately a full order of magnitude shorter than that of the bare GFRP spec-
imens. This effect was mainly attributed to the friction fretting or abrasion induced
by the bond-slip between GFRP bar and the concrete.

In general, during cyclic loading situations, the performance of the materials
is commonly characterized by the fatigue stress range (S) and loading cycles ()
curve, also known as Wéhler curve. It is a graph of the magnitude of S against the
logarithmic scale of cycles to failure. The conclusion of earlier researches on fa-
tigue life, which were conducted through experimental tests of FRP bars/tendons
by various authors, are shown in Figure 1.4.

It is obvious that the higher the surrounding temperature (Fig. 1.5a) and load
frequency (Fig. 1.5b), the lower total number of loading cycles is obtained. Both
factors result in decrease of fatigue limit of FRP bars. The decrease of fatigue limit
due to increasing temperature can be directly connected to the weakening of the
matrix (in most cases epoxy resin is used for the matrix).

€ Specimen 1 € Specimen 1
1 000 000 7 O Specimen 2 1000 000 3 O Specimen 2
] O Specimen 3 ] O Specimen 3
o —— AVG ] ——AVG
100000 +— 100 000 5 > ‘ ‘
e | '
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Fig. 1.5. Fatigue life data of carbon fibre reinforced polymer bars versus: a) increasing
temperature; b) increasing load frequency (Adimi et al. 2000)
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Fig. 1.6. Modulus of elasticity degradation versus loading cycles: a) for bare carbon fi-
bre reinforced polymer bars (El Refai et al. (2007); b) for bare unconditioned basalt fibre
reinforced polymer bars (El Refai ef al. 2013)

Yet, still very few experimental investigations can be found on the BFRP
reinforcement.

Some of the fatigue assessment models of FRP are based on residual stiffness
models (RSM). It is accepted that cyclic loading can cause stiffness degradation
of FRP. Since it is known that FRP materials perform linearly until reaching ulti-
mate load (Huke’s law), the strain degradation at a certain cycle can be determined
in such a way:

o

€ql Zm. (1.2)

The damage variable D(N) can be used to describe the stiffness degradation
of FRP bar during load cycling:
E;(N)

D(N)=1- -

, (1.3)

where E«(N) — modulus of elasticity of FRP at a certain load cycle; and Erp — mod-
ulus of elasticity of FRP prior to load cycling. Based on the existing experimental
data Bronsted et al. (1997) proposed that stiffness degradation versus loading cy-
cles curve must follow the power law function and change in elasticity modulus
of FRP can be related to the fatigue life in such a form:
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([ EW)
E¢ (N =1) s )
T ok =2, (1.4)
dN Ey
here K and n are power law coefficients.

By integrating equation (1.4) we can obtain:

Ef(N) _1_ in
LRI 0

Other stiffness degradation models for FRPs, based on 2—parameter Weibull
distribution (Chi et al., 1984; Zhou and Mallick, 2004) or strength-life equal rank
(SLER), introduced by Chou and Croman (1978), are also available in literature.

In most of the engineering literature, the fatigue life phenomena of FRP is
assessed by stress (S) versus load cycles (N) curves. However, a slight disad-
vantage with this method is that those types of S—N curves can only be used for
constant amplitude stresses only. In general, real structures like bridge decks, off-
shore structures, etc., are usually subjected to random loading. Nevertheless,
S—N curves come in handy for everyday calculations for civil engineers. Some of
the available empirical equations for applied stress versus loading cycles for var-
ious FRP types are presented in Table 1.3.

Table 1.3. S-N equations for various FRP types

Reference Formula Comments

Adimi _ —0.0674 For GFRP bars;

(2000) Omas = 2.710N for certain an-
logo,,. =3.43-0.0674log N choring system;

natural environ-
mental condi-
tions

El-Refai et | g =54133-20.512logN, 216<S, <360 MPa | For CFRP bars;

al. (2007) natural environ-
mental condi-
tions
El-Refai N=380-24InS,, 44<S,<142 MPa For BFRP bars;
(2013) natural environ-

mental condi-
tions
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End of Table 1.3

Reference Formula Comments

El-Refai N=380-24InS,, 44<S <142 MPa For BFRP bars;

(2013) natural environ-
mental condi-
tions
N=324-20InS,, 44<S, <133 MPa For BFRP bars;

NacCl condi-
tioned
N=329-20InS,, 44<S.<133 MPa For BFRP bars;
NaOH condi-
tioned
N=247-15InS,, 32<S.<121 MPa For GFRP bars;
natural environ-
mental condi-
tions
Zhao et al — _ For BFRP fibre
o0 S./f, =1.0995-0.0191n N For BPRP fbre
environmental
conditions

where N — number of cycles; S; — stress range (Gmax — Omin); ffu — ultimate tensile strength
of FRP.

Region I

S Fibres breaking

Region I1

Residual strength

Interfacial debonding,
enhancement

61<0.85/f matrix cracking

6:<0.65f1

Fatigue limit

N<5-10* N<107 cycles

Fig. 1.7. Schematic failure mechanism diagram for FRP composite materials
(Zhao et al. 2016, Atutis et al. 2018a)

The failure mechanism of composite FRP materials differs from that of con-
ventional steel. For FRPs, micro-cracking of the matrix, debonding of the fibres
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and the matrix, or rupture of fibres are the main possible outcomes of failure under
cyclic loading. Compared to steel, which is a homogenous material, failure is usu-
ally caused by the opening of first the major crack and increase in this crack width
until failure point.

Due to the accumulated damage in FRP composite materials, three main types
of fatigue damage regions can be generated. In region I of Figure 1.7, the failure
of the specimen occurs mostly because of the progressive fibre rupture. In this
region, the composite material experiences greatest deformations due to high
maximum loading stresses (> 85% of UTS). The stress and strain increase pro-
gressively in fibres that are degrading but still not damaged enough to break, be-
cause the stresses redistributed due to the increasing number of ruptured fibres in
the composite, until the material reaches failure. At the lower stress region
(region II), the acting load does not cause fibre breaking because the stress is rel-
atively low (65-85% of UTS). Small-scale micro-cracks occur transversely over
few of the fibres or along the interface of the fibre and matrix. This process causes
the initiation of interfacial debonding. The composite material damage accumu-
lates due to wear caused by the fibre-matrix contact zone debonding. Eventually,
the high level of damage causes rupture of the fibres, leading to FRP failure under
cyclic load. In region III, the fibre-matrix interfacial debonding continues to
evolve causing straightening of the separate fibres. The stress intensity is too low
to cause fibre breaking, and therefore this region is called FRP composite’s fatigue
limit (the maximum stress intensity is under 65% of UTS of FRP) (Zhao et al.
2016, Atutis et al. 2018a).

1.4. Review on Creep and Shrinkage of Concrete

Concrete can be described as a complicated composite material because of the fact
that its mechanical and physical properties are time dependent. From an applied
load point of view, concrete deformations can be classified in two: a) deformations
due to shrinkage, which are non-dependent on applied load and b) deformations
due to creep — a phenomena that highly depends on the constant load duration. Of
course, other elements also influence the final deformations of concrete, for ex-
ample, the rheological properties of cement paste, progressive microcracking, wa-
ter-cement ratio (V/C), age of concrete, moisture movement in the aggregate, elas-
ticity modulus of the aggregate, admixtures, atmosphere conditions, etc. A vast
amount of experimental data exists on shrinkage and creep of concrete, which
provides a more advanced understanding of these processes. In this chapter, a brief
review on some of the existing models for creep of concrete is provided, and to
obtain a better understanding, one should analyse the extensive works of Bazant
and Panula (1978), Neville et al. (1983), Bazant and Buyukozturk (1988), Gilbert
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(1988), Bazant and Kim (1992), Neville (1997), Cholmianskij (1997), Balevicius
and Dulinskas (2000, 2010), Balevicius (2003, 2018), Gribniak (2009), Gilbert
and Ranzi (2011) and others.

1.4.1. Static Creep Models

Based on the above-mentioned literature, it can be concluded that two of the most
common approaches to predict the creep of concrete are as follows: @) depending
on the treatment of size effects and humidity, the basic creep and drying creep
curves are considered to have the same shape and are usually corrected by coeffi-
cients that have no physical meaning; b) the time-shape curve difference of basic
and drying creep is acknowledged and evaluated. It is assumed that the basic creep
curve is independent of the size whereas the shrinkage curve depends on humidity
and has a different shape. In many design codes and recommendations, the first
approach — (a) is accepted (Bazant and Baweja, 2001).

When uncracked concrete under sustained axial loading at any time ¢ is ana-
lysed, there will be four main concrete strain components: instantaneous strain
€c(?), creep strain e.(f), shrinkage strain &u(f) and temperature strain er(?). If in
the analysed situation, the environment temperature and sustained compressive
stress G¢ are constant, then the concrete strain can be expressed as the sum of
three main strain components:

s(t)zsel(t)+scr(t)+ssh (t) (1.6)

Immediately after ending moist curing (¢ = t4), shrinkage strain starts devel-
oping, and it increases continually over time. At time ¢ = 19, when the axial load
is applied, instantaneous strain appears and there will be an immediate increase in
the strain (see Fig. 1.8a). Because of the fact that applied load is constant and has
a long-time duration, the creep process starts, and the concrete strain increases
again. Later, when the applied load is removed (at time ¢ = t;), the creep strain
gradually reduces over time. A reduction process occurs because part of the creep
strain is recoverable; however, the larger part is irrecoverable. The recoverable
part is often referred to as delayed elastic strain e..4(t) and the irrecoverable —
flow, eu1(t), as it is shown in Figure 1.8b) (Gilbert and Ranzi, 2011).

Usually, concrete strain due to creep can be determined by the involvement
of creep coefficient @(z,7). If stress is applied at age 1, then at time ¢ the relation
between instantaneous strain and creep strain can be expressed as follows (Gilbert
1988):

o(1,7)=—""—. (1.7)
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Keeping this in mind, we can rewrite equation (1.7) in the following form:

E(7)

C

e (1,7)=0(1,7) 8 (7) = 0(1,7) (1.8)

Another approach for evaluating the creep of concrete is based on the time
function, which is also known as specific creep C(¢,1):

€ (1,7) '
o (7)

From equations (1.8) and (1.9), it is clear that the relation between creep co-
efficient and specific creep can be expressed as follows:

(p(t,r):C(t,r)EC(r). (1.10)

By adding the instantaneous strain and creep strain for concrete under sus-
tained load, when the load application time is T and creep effect analyzing moment
is ¢, the compliance function can be defined as follows (Gilbert 1988):

1
E,(7) E,(7)
Many models have been presented in the form of design codes and recom-

mendations in other engineering literature for the determination of creep coeffi-
cient @(¢,7).

e (1,7)=C(t,7)0.(7), C(t,7)= (1.9)

J(t,r)z +C(t,r)= [1+(p(t,z')]. (1.11)

€ €er
Scr,f (t)
» T A T _t>
0 1
z +'Scr.d (t)
[ (g
0.0 O, COT I_._;
» o »
t To 71 t
a) b)

Fig. 1.8. Concrete strain components under constant loading conditions:
a) three strain components from the beginning of drying b) recoverable
and irrecoverable creep strain
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A brief review of Model Code 2010 (MC2010) time—dependent creep model
formulation is presented here. The creep coefficient is calculated in as follows:

0(t.20) = 0Be (1:10) » 9o = OruB(fom )B(10). (1.12)
1-RH /100 16.8
@RH=|:1+WOCI:|CZ2’ B( /e ):z (1.13)

B(1 )=; a {3—5? a ={3—5T2 (1.14)
To0a+()? T ) T ] '

where RH — is the relative humidity of the ambient environment; # = 24./u is the
notional size of the member, where A, is the cross-section and u is the perimeter
of the member in contact with the atmosphere.

The development of creep with time is described by equations (1.15) and
(1.16):

Bc(t,t0)=L3H(t_—t°))T3, (1.15)

0.5
BH=1.5h[1+(1.2RH/100)18J+250a351500053, a3:{3—5} . (1.16)

cm

In cases with higher stress levels, the nonlinearity of creep may be taken into
account using equations (1.17) and (1.18):

Poi = 9pexp[1.5(k, —0,4)] for 04<k;<0.6,  (1.17)

(pOk:(PO for k0£04, (118)

where @ox — is the nonlinear notional creep coefficient; k5= |o| / fem(t0).

In the model by Bazant and Baweja (1995, 2000), also known as B3 model,
the creep of concrete is evaluated using the compliance function J(z,%). B3 model
gives adequate results only for stresses < 0.45f.

The strain due to constant stress, applied at age 7, is given by

e(1)=J(t,t)) o +eg, (1) +aAT (1), (1.19)

where o — is the thermal expansion coefficient and A7(¢) — is the temperature
change.
The compliance function is given as follows:
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J(t.10)=q,+Cy(t.5)+ Cy (t.10) , (1.20)

where ¢ — is the instantaneous strain due to unit stress, Co(%,%) — is the compliance
function for creep with constant moisture content and without any movement of
moisture in the concrete (basic creep), and Co(t,ty) — is the compliance function
due to simultaneous drying of concrete. The basic creep is evaluated as presented
below.

Co(t14) =020(t.10 ) + 4 ln[1+(t—t0)n}+q4 1{%}, (1.21)

0
where ¢i,3 — are empirical constitutive parameters; m = 0.5; n = 0.1; and ¢ — is
time in days. The mean shrinkage strain is given by

egn (1,10) = —Egankn S (1) , (1.22)

S(t)=tanh |—, (1.23)
Tsh

7 =k (k,D)*, D=2vls, (1.24)

where v/s — is the volume to surface ratio of the concrete element, ks — is the cross-
section shape factor, & — is an empirical coefficient, and Ay — is the humidity de-
pendent coefficient. The ultimate shrinkage strain is given by

. E(t) _ t 1/2
bae =5y EO) E(28)(—) . (125)

E(ty +1g, 4+0.85¢

where €., — is an empirical coefficient. Additional creep due to drying of con-
crete is given by

, R - '
C, (t,to,to) =qs [exp{—SH(t)} - exp{—SH(to )}] , = max(to,to) ,(1.26)
where gs — is an empirical constitutive parameter, and t(') — is the time at which

drying and loading first act simultaneously.
H(t)=1-(1-h)S(z), (1.27)
where /4 — is the relative humidity.

The total shrinkage or swelling strains according to Model Code 2010
(MC2010) may be calculated as follows:
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€5 = €cd +gca s (128)
Ea = Pas (1. ) knego» (1.29)
0.5
t—t,
ﬁds (t’ts): ( ) ’ (1-30)

0.035(g )+ (r—1,)

€cd,0 =0.85{(220+1IOOz(jlsl)exp[—OtdSz j{cm j:llo_é,b’RH, (1.31)

cm.0

3
Bru =1.55[1—(£g j ] , Eea = Basea ()., (1.32)

0

1
£, () =2.5(f, —10)-107°, B, =1—exp(-0.2:2).  (1.33)

1.4.2. Cyclic Creep Models

Cyclic creep or fatigue creep of concrete can be described as a continuous long-
time deformation process due to the cyclic load including the static creep of con-
crete. Dynamic loading influences the viscoelastic behaviour of concrete by fluc-
tuating the stresses throughout the concrete section and induces time-dependent
deformation. In most cases, the cyclic creep phenomenon was determined by ex-
perimentation. It was first detected by a researcher called Féret in 1906. Subse-
quently, it was absorbed by Probst in 1925 and Ban in 1933. Cyclic creep was
studied by many researchers and various approximate empirical formulas were
proposed (Le Campus 1946, Murdock and Kesler 1955, Murdock 1965, Gvozdev
1966, Nordby 1967, Bazant 1968, Wittmann 1971, Whaley and Neville, Hirst
1973 and 1977, Bazant and Panula 1979, Hsu 1981, Bazant et al. 1992, Balaguru
1981, Taliercio 1993, 1996, Neville 1997, Jiang 2017 and others). Most of the
proposed models generally agree with only short duration tests. On reviewing the
empirical formulae, it is obvious that some generally accepted theory should have
emerged.

When investigating concrete elements under repetitive loading, one should
focus on the changes in mechanical properties during fatigue life. The microcrack-
ing process develops when the loading cycles increase. This process appears due
to the tensile stresses transversely developed in the main compression field
(Zanuy, 2010).
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On the macroscopic level, the concrete degradation process can be clearly
reflected by the increase in inelastic strain and loss of stiffness in terms of the
increase in the number of loading cycles (see Figs. 1.9a and b).

A

dDy

EcN+1 Somax_o”
&N
’ el
L -
N N+l cycles N N+1 cycles
b) c)

Fig. 1.9. Concrete under cyclic compression: a) evolution of o-¢ with respect to the
number of cycles; b) concrete strain evolution versus number of loading cycles;
¢) apparent modulus of elasticity £, versus number of loading cycles

The unloading stress-strain curve remains almost straight and becomes less
stiff, whereas the curvature of the reloading curve keeps changing towards the
stress axis. The degradation of the elasticity modulus process can be divided into
three main stages (see Fig. 1.9¢): 1 — degradation is relatively high but decreasing;
2 —stage with a constant degradation rate (longest stage); 3 — modulus degradation
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from moving downwards easily, and starts to grow into a steep form finalized with
quick element failure.

Table 1.4. Cyclic creep strain evaluation

Reference Formula Comments
Gaede (1962) r Based on f. and
A — %ﬁ(i} Esec
cer E N
fc sec 0
Bazant (1968) 6 _g Based on v and
1 max g E
Soer =0t (N)ec =" (N)——
Wittmann Ao/ ho Derived based
(1971) e (t)=ar"0*e 1D sinh| = on Gaede’s data
JC
Hirst and Ne- Based on mi-
ville (1977); B crocracking at
Siyccr (t ) = 822?14(111 t ) the aggregate in-
terfaces
Balaguru Based on Neville
(1981) formula (adding
influence of N)
e (1) =1290,t"° +17.80,,AN "
Bazant and A m Based on con-
Hubler (2014) Ae? =Cio as N crete mi-
’ . crocracking. Cy-
5 clic creep strain
* [ m increment in-
C = % 4 (C %0 ) Jen2 creases linearly
! E a, [C K, versus N
Jiang et al. a b,
N Ac
(2017) oy = o0 (—] +by6,, (—] N®
3600 f, fe

where N — is the number of cycles; Ny equals 10°; £; — is the compressive strength of con-
crete prisms; ¢ and r — are empirical fitting parameters; Eg. — is the instantaneous elastic
modulus measured for pulsating compression; a,a;,b,b1,b,, ¢ — are empirical constants cal-
ibrated by Gaede‘s data; 0 = om+Assinwt; E — is Young's elastic modulus; /. — is the
representative volume element of the material dimension; ao — is the initial crack size be-
fore cyclic loading; yo — is the dimensionless constant; an — is the crack size after N cycles;
w — cyclic creep factor; A4, B — are empirical constants calibrated by the experimental data.

It is considered that the first stage can be represented between 0 < N/Ny <
0,1, whereas the second stage is reflected between 0,1 < N/Ny < 0,8, and the third
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stage is between 0,8 < N/N; < 1,0 (Ny— number of cycles at fatigue failure). In
some literatures, the stages of elasticity modulus degradation are not described so
strictly as in Figure 1.9. An overview of the degradation process is presented in
Figure 1.9 based on the existing experimental data (Naik et al., 1993; Zanuy et al.
2010; Han et al., 2014; Jiang et al. 2017).

When an elastic body undergoes deformation, the loading curve from 0 up
till the maximum stress corresponds to the strain energy (Fig. 1.9a, area under
0AB). During the moment of unloading, only some part of the strain energy is
recovered (area under CAB), and the shaded area (04 C) can be described as dissi-
pated energy dD (also known as hysteresis loop). A concrete specimen over one
full loading-unloading cycle dissipates dD amount of energy. This process con-
tinues with increase in the number of loading cycles (dDw, dDy+;...). The total
dissipated energy up to failure of concrete is 2dD:;.

Gaede (1962) performed extensive experiments on the cyclic compression
of concrete and derived a formula to estimate concrete strain increment. Wittmann
(1971) used the experimental data to generalise the power law, in which the con-
stant exponent n was replaced with a variable no+ c(Ao / f;)°. Later, Hirst and
Neville (1977 and 1978) proposed that the cyclic creep of concrete under com-
pression is caused by microcracking and can be described as an inelastic concrete
deformation. Continuing the investigation on concrete microcracking Garett et al.
(1979) speculated that microcracks could expose unhydrated cement to further
hydration which in turn might cause further deformations (Bazant and Hubler,
2014).

Pandolfi and Taliercio (1998) derived a more advanced cyclic creep esti-
mation formula based on numerical simulations. The number of cycles and load-
ing frequency were the two main parameters on which model was developed.
Bazant et al. (1968, 1979, 1995 and 2014) treated cyclic creep either as a defor-
mation Ag that is in addition to the static creep or as an acceleration of static creep.

In this regard, Bazant and Hubler (2014) proposed a new theory for evalu-
ating the cyclic creep strain increment based on Paris law for the growth of mi-
crometre-scale cracks. Balaguru (1981, 1982) proposed a model based on the
studies by Whaley and Neville (1973) on concrete creep deformations.

Their study has shown that repetitive loading causing variation of stresses
in concrete can lead to higher creep strain compared to the creep caused by con-
stant stresses. Basically, the model states that cyclic creep strain can be expressed
using two components: mean strain and cyclic strain components. Static mean
stresses cause the first component, whereas cyclic creep was found to be depend-
ent on the mean stress and stress range. It is important to mention that the cyclic
creep strain equation proposed by Balaguru (1981) cannot be used to determine
strain under long-term cyclic loading. In cases where cyclic loading extends for
considerable duration, the mean stress creep component should be determined by
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means of static creep, which can later be added to the cyclic creep component
represented in the second term of Balaguru‘s equation (see Table 1.4). Of course,
one should also give attention to rest periods between loading and the change of
load frequency. The general expressions of the formulae for cyclic creep strain
estimation is given in Table 1.4. Most of the expressions may give acceptable
values of cyclic creep strain when the mean concrete stresses are below 45% of
concrete compressive strength.

Jiang et al. (2017) derived a fatigue creep evaluation formula based on two
components — a static creep of concrete under a static stress and concrete creep
strain increment caused by stress cycling (see Table 1.4). It is of importance to
mention that the model proposed by Jiang for residual cyclic creep strain deter-
mination can be used for compressive concrete stresses higher than 45% of /.. The
model was derived on the basis of experiments on concrete specimens under cy-
clic compression with maximum concrete stresses over 60%, 70%, and 80% of 1.
(Jiang et al. 2017).

Based on Model Code 2010, Bazant (B3) and the models of Balaguru
(1981), Bazant and Hubler (2014), and Jiang (2017), an analytical comparison is
performed. Based on the creep models presented before, the static creep, cyclic
creep strain, and shrinkage deformations are determined. The maximum concrete
stress level is 10% of £, while the minimum stress omi is set to 0. The fatigue
failure cycle Ny is 2-10°, which is equal to about 23 days, while the loading fre-
quency is 1 Hz. The other parameter values are as follows: RH = 80%, V/C = 0,6;
E.=27.8 GPa. The evolution of concrete strain under cyclic compressive stresses
is illustrated in Fig. 1.10. The shrinkage strain determined by B3 and Model Code
2010 expressions are almost similar to each other, while the static creep strains
differ through all periods of load duration (Fig. 1.10a and b). The cyclic creep
strain evolution is clearly linear in the model by Bazant and Hubler (2014), while
models of Balaguru (1981) and Jiang et al. (2017) follow inverse exponential
curve paths during cyclic loading. Comparing the three models according to the
values of cyclic creep strain, the model by Balaguru (1981) falls out the most
(Fig. 1.10c). A comparison of the total strain (static and cyclic creep, and shrink-
age) is presented in the Figure 1.10d. The cyclic creep strain expression presented
in the model by BaZant and Hubler (2014) is used as an addition to the Model
Code 2010 static creep determination model in order to be able to compare the
results. The total creep strain values determined by the models of Balaguru (1981)
and Jiang et al. (2017) are more conservative, while in the B3 and Model Code
2010 models, the total creep strains are 3 to 4 times higher.
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Fig. 1.10. Evolution of strain of concrete: a) strain due to shrinkage; b) strain due to
static creep determined by the B3 and Model Code 2010; c) strain due to cyclic creep;
d) total creep strain determined by various models

It is believed that based on previous analysis, the model by Jiang et al. (2017)
can provide most accurate results in terms of the total strain of concrete determi-
nation, because the method was derived based on the experimental results, includ-
ing axial and uniaxial compressive tests of concrete prisms. Also, method can be
used for concrete stresses higher than 45% of the ultimate compressive strength
of concrete.

It was also stated by the authors, that experimental results indicated that elas-
tic modulus of concrete did not always decrease, but strains always increase with
loading cycles accumulated (Jiang ef al. 2017). Proposed constitutive model al-
lows to analyse the stress-strain distribution over the cross-section of concrete
members under fatigue loads with simultaneously acting axial loads and flexural
moments.



1. LITERATURE SURVEY ON FATIGUE BEHAVIOUR AND FAILURE... 31

1.5. Code Provisions and Available Models on
Fatigue Strength of Concrete

1.5.1. Review on Existing Fatigue Life Models

From the basic point of view of material fatigue theory, a classical S—N equation
is usually used to determine the stress versus fatigue life relationship of concrete.
Aas—Jakobsen (1970) was one of the first to determine in the following form:

Oma | (1-R)Blog N, (1.34)

where B —is a material parameter equal to 0.068, and R — is the stress ratio between
Omin and Omax.

In 1981, Hsu modified the above equation by adding the effect of loading
frequency; hence, two models were proposed, for fatigue loading.
For low-cycle fatigue:

_“;ax =1-0.0662(1-0.556R)log N —0.0294log T , (1.35)

and high-cycle fatigue:

Omax _1-0.20R - 0.133(1 - 0.779R)10gN

C

~0.053(1-0.455)log T ,

(1.36)

where T — is the period of cyclic loading (//v), and v — is the loading frequency
(Hz).

Depending on fatigue life N, three common categories can be introduced:
low-cycle, high-cycle and super-high-cycle loading fatigue. Loading classes are
summarized in Table 1.5.

Table 1.5. Categories of fatigue loading (Lee and Barr, 2004)

Low-cycle fatigue High-cycle fatigue
1 | 10" | 102 100 [ 10* 10 | 10° |
Highway and
Structures subjected AL PTIET railway
ments and bridges, high-
to earthquakes .
bridges way pave-

ments
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Furtak (1984) developed a model considering the change in loading fre-
quency:
Omax — cN“A(1+ BRlog N)C, , (1.37)

C

where 4,B, and C — are the adjusting parameters. Coefficient C, is determined by
the following equation:

C, =1+a(1-bR)logv, (1.38)

where a, and b — are model parameters.
Later, Zhang (1989) made some improvements on the fatigue life determina-
tion model and introduced the importance of reversal of stresses:

o

;;ax =C,[1-(1-R)BlogN]. (1.39)

C

The loading frequency is expressed as follows:
C,=ab™ " +¢, (1.40)
where R — is the stress ratio evaluating stress reversals:
R'=R, kai R>0,
R’:i‘“%, kai R <0. (14D
min

Here, ¢ — is a model adjusting parameter.

1.5.2. Eurocode 2

In order to avoid fatigue failure of RC structures, the minimum and maximum
compressive stresses during repetitive loading are limited. For concrete under
compression or shear loading, the design fatigue strength of concrete is prescribed
as follows:

fcd,fat = lecc (tO )fcd (1 - fck / 250) > (1 42)

0.5
Bec(t9) = eXp{s(l —?j } (1.43)
0

where Be(20) is a coefficient for the concrete strength at the first loading moment;
to — is the time at the beginning of cyclic loading (in days), and s — is a coefficient
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depending on strength class of the cement. For cement class 42.5N, the value of s
equals 0.25; k; equals 0.85 for N = 10° cycles.

A satisfactory fatigue resistance of concrete under compression may be as-
sumed if following conditions are fulfilled:

E 4 max,equ +0-43, 1- Requ <1. (1.44)

The stress ratio is expressed as:

E

Re _ cd,min,equ . (1 ‘45)
qu E
cd,max,equ
The stress levels are defined as follows:
O ¢d,max. equ
Ecd,max,equ = s (146)
fcd,fat
G .
__ “cd,min,equ
Ecd,min,equ - . (147)
fcd,fat

To summarize the fatigue strength limit ascribed in the above provisions of
Eurocode 2, it is clear that the calculation process is performed as a damage-
equivalent check for the fatigue due to a single load cycle.

1.5.3. Model Code 2010

Similar to Eurocode 2, the international general merged structural code fib also
limits the stresses in concrete due to cyclic load:

fcd,fat = Bcc (tO )Bc,sus (t: tO)fcd (1 - fck / 400) ’ (1 48)

where Bcc(#o) is the same as in equation (1.15) and Bcsus(Z,%0) 1s equal to 0.85 for
fatigue. For concrete age in days, the following expression is used:

: 4000
tr =3 Atexp| 13.65 - —— | 1.49
T2 p[ 273+T(Ati)j (149)

Here, the number of days with temperature 7 are counted as At; therefore
T(At) describes the temperature during time period A#. From equations (1.14) and
(1.29) the factor 400 instead of 250 in fib is considered to obtain a better corre-
spondence with the experimental results for higher strength concrete specimens.
The Wéhler curve ascribing relations in fib Model Code 2010 (for 0 < Scmin< 0.8)
are given as follows:
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8
logNl :_(Sc,min _1) > (1.50)
Y-1
81n(10) S¢ max ~ Sc,min
logN, =8+ —(Y =S, .. Jlog| ———— |, 1.51
gV, Y — ( c,mm) g( Y_Sc,min ( )
045+1.8S_ .
- emin_ (1.52)
1+ 1.88; in = 0-38¢ 1min
o o ;
S = ¢,max S = c,min , (153)
o fck,fat o f;:k,fat
ASC = Sc,max - Sc,min (154)

This code provides such regulations on equations (1.50) — (1.54): if
logN; < 8, then logN = logN; and if logN; > 8, then logN = logN,. If S¢min> 0.8 the
S—N relations for S min= 0.8 should be used. All the above relations are valid for
concrete stored in a constant environment of approximately 20 °C and RH = 65%.

1.5.4. ACI 215R-74

Plain concrete undergoing cyclic loading may exhibit excessive cracking and
eventually — result in failure after many loading cycles, even if the maximum
stress caused by repetitive loading is less than static strength of a similar speci-
men. The fatigue curve is usually shown for a probability of failure of 50%. The
design for fatigue of concrete may be completed easier by the use of a modified
Goodman diagram. Goodman diagram is based on the assumption that the fatigue
strength of concrete is almost the same irrespective of whether the mode of load-
ing is tension, compression or flexure. Goodman’s diagram evaluates the influ-
ence of the range of loading. Using this diagram, engineers can determine the
maximum stress in tension, compression, or flexure that plain concrete can with-
stand for N = 10° loading repetitions for a given minimum stress (see Fig. 1.11).
An example is shown using ACI codes to provide an explanation of Goodman’s
diagram: if omin= 0.15f, then the maximum load that can result in fatigue failure
of concrete after one million cycles is about 57% of the static ultimate strength.
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Fig. 1.11. Fatigue strength of plain concrete under tension,
compression and flexure (ACI 215R-74)

1.6. Deflection Prediction of Prestressed Concrete
Beams Undergoing Static Loading

By determining the serviceability limit state of PC flexural members, we address
two main unknowns: strain at a certain fibre of the cross-section &, with respect to
the reference axis and the curvature of the cross-section k. Using well-known ex-
pressions, the strain at any fibre of the cross-section can be calculated as follows:

eE=¢€ + K. (1.55)

The method shown below has been explained in more detail by Gilbert and
Ranzi (2011). By expressing the equilibrium equations for horizontal forces and
bending moments acting (internal and external) on the cross-section, the aforesaid
two unknows can be determined:

N, =N,, (1.56)
M, =M, (1.57)
N; =[odA, (1.58)

A

M; = [ yodA, (1.59)
y
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where N, and M. are the applied external axial force and bending moment, respec-
tively.

Having obtained the strain values, the stresses in any level of concrete fibre,
in reinforcing and prestressing reinforcement, can be determined. The instantane-
ous stresses at time 7, can be written as follows:

o, =E.zg, (1.60)
i = £;i€ (1.61)

Gp,i = Ep,i (80 + €

piinit) (1.62)
where o, 05, and o,; determine the stresses in any fibre in concrete, stresses in
the i-th reinforcing steel (where i = 1,...ms) and stresses in the prestressing rein-
forcement (where i = 1,...m,).

The initial strain in the prestressing reinforcement due to prestressing force
at time ¢ is given by

Fini . (1.63)

piiinit =
Ap,iEp,i

The total internal axial force Ni(f) can be determined from the sum of re-
sistant forces of concrete N., non-prestressed reinforcement Ny, and prestressing
FRP reinforcement N, at the time ¢y (Gilbert 1988, Gilbert and Ranzi 2011):

€

N, (ty)= [ 000dA = | E (&0 + Ko )dA= A E g, +S.Ex,y, (1.64)

c Ac

3
3

N (tO): 5(As1E51)(8r,0'i_ys,iKO):'5( s,i 51)€r0+Z(A51E51y51)K0’ (1 65)

1

my

Np(tﬂ):, (Apl pi )€r0+z(‘4pl plypl) (Ap pi& pmlt) (1.66)

=

—

)| 4 B (4.8) E 4 p,)j
+(SCEC,0 +§(As,iEs,iys,i) (Apl plypl)JKO +%(Ap1Ep 18p 1n1t)

_RAOS O+RSOK0+Z(Ap1 p1 pmlt) (167)
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where Ra and Rsy respectively represent the axial rigidity and the cross-section
stiffness related to the first moment of area about the refence axis at time #:

RA,O :ACEC +_nzlsl(As,iEs,i)+Zi(Ap,iEp,i)a (168)
Rsy=S.E; + %(As,iEs,iys,i ) + é(Ap,iEp,iyp,i ) : (1.69)

The total internal bending moment M;(%) can be determined by the sum of
resistant bending moments of concrete, non-prestressed reinforcement, and pre-
stressing FRP reinforcement at time #:

mg mp
Mi (tO) = [SCEC,O + Z(As,iEs,iys,i ) + Z(Ap,iEp,iyp,i )J 8r,O

i=1 i=1

3

P

—

.:1 ~ (Ap,iEp,iyg,i)JKo + %(Ap,iEp,igp,inityp,i)

+(I°Ec,o + g(AS’iES’iysz’i ) "

my,
=R o€ + Rigkg + 2 (Ap,iEp,isp,inityp,i ) , (1.70)
i=1

where Ri represents the flexural rigidity and cross-section about the refence axis
at time 7o

mg mI’
Ry =1.E; + Z%(As,iEs,iys%i ) + Z%(Aijpjyg,i ) : (1.71)
= =

Then, the equilibrium equations Ni(#y) = N(t) and Mi(ty) = M(t) can be re-
written into matrix form. The vector for the applied external forces and bending
moments r.p, material and geometric properties matrix Do, the strain vector &,
and the vector containing actions caused by initial prestressing finic at the time #y:

roo =DogoH it » (1.72)
here:
Ne 0
r.,= T, (1.73)
e,O |:Me,0:|

RAO RS 0
D,=| O, (1.74)
{Rs o Rip

s
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€
£ :{ 0} (1.75)
Ko
m Ay iE €0 iini
fP,init:zp S ’ (1.76)
i=1 Ap,iEp,iSp,i,inityp,i

One of the unknowns, the strain vector, can be determined by solving equa-
tion (1.72):

gy =Dg' (re,O — £ init ) =K, (re,O — £ init ) . (1.77)
where:
1 R -R
Fp=———5 L0 S0 (1.78)
RpoRio—Rso|—Rsy  Rag

Once we have calculated the strain vector, it is possible to determine the stress
distribution in the cross-section by rewriting (1.60), (1.61) and (1.62) into the
equations shown below:

O =Ec 080 =Ey [1 y]ﬁo, (1.79)
Ogi0 = Eg 80 = E; [1 Vs Jso > (1.80)

Opi0 =Ep; (80 + € i init ) =E,; [1 Ypii Jso + Eyi€p i init - (1.81)

In order to determine how the stresses and strains are vary with time, cross-
sectional analysis using the age-adjusted effective modulus method (44EMM) is
employed. Based on time ¢, when the development of stress and strain are meas-
ured, expression (1.55) takes the following form:

e(t)=g,(¢)+yx(r). (1.82)
The stresses in the cross-section can be determined as follows:
0o (1) = Ecerr (.10 (e(t) — &g, (1)) + FogGeg» (1.83)
Gs,i(t):Es,ig(t) > (1.84)
0pi (1) =E,; (S(t) T &piinit ~ Ep,irel (f)) ) (1.85)

where:
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[ x(t,6)-1]
[1+Z(t>to)¢(t,t0):| ’ (1.86a)

The age-adjusted effective modulus is determined by the following equation
(Gilbert 1988):

Fe,O = ¢(t’t0)

— E
Ec,eff (t,fo)_ C(ZO) (186b)

1+ 2(nty)e(tty) ]

Relaxation strain in BFRP reinforcement can be determined using the equa-
tion given below:

€pinet (1) = Epiinit®p (t »Op jinit ) ) (1.87)

where ¢y(2,0p,init) — is the relaxation coefficient for BFRP reinforcement. This
value was determined from the experimental tests performed by Atutis et al.
(2018c).

Time—dependent cross—sectional properties Ra(f), Rs(?), and Ri() are then re-
calculated using A4 EMM for concrete. In order to evaluate the effect of creep and
shrinkage of concrete equilibrium equation (1.72) must take the following form:

I (t) = D(t)s(t)+fcr (t) - fsh (t) + fp,init - fp,rel (t) : (1 88)

The vector representing the effect of creep is calculated using the following
equation:

chr,O ]cKO

Aegg Sk
e (1) = FooEog [ o (1.89)
The effect of shrinkage is calculated using the expression presented here.

A, |—
£, () = { s :|Ec,effgsh (7). (1.90)

C

Finally, the initial prestress force and prestress losses of BFRP reinforcement
are calculated using equations (1.76) and (1.91).

fp,rel (t) = fp,init¢p (l, Gp,i,init ) . (1 91)

The strain vector &(f) can be determined by solving equation (1.88). After

cracking, the geometrical properties of the cross-section (Accr, Sc.er and Iecr), Cross-
sectional rigidities and stiffness (Ra.r, Rscer and Ric) are recalculated using the
cracked cross-section. Using trial-error method by solving equations (1.56) and
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(1.57), the neutral axis position y, of the cracked cross-section is determined. Sub-
sequantly, by using Eurocode 2 expression for the average curvature of a section
after cracking, we can calculate the deflection of the beam by employing the fol-
lowing expressions:

K=gky +(1-¢)Kky; & =hulj. (1.92-1.93)
The coefficient ¢ is used to account for the tension stiffening effect:

2
gﬂ—B[%‘”J : (1.94)

a

Here k is the factor representing the loading conditions, and [y — is the e-
ffective span of the beam. The factor B is determined based on the type of the
applied load: for short-term loading and long-term or cyclic loading, B is equal to
1 and 0.5, respectively; M. and M, are the cracking and applied bending moment,
respectively.

Besides the fundamental approach for determining the curvature or deflection
of the flexural members provided above, both can be determined in similar but
various ways and methods. The design codes and recommendations ACI 440.4R
of the American Concrete Institute (ACI) presented an effective moment of inertia
L. formulae for determining the flexural stiffness of uncracked and cracked cross-
sections (also known as Branson’s equation). The same principle is used in the
Canadian design code CSA S806-02. More proposals for determination of the ef-
fective moment of inertia have been provided by Ghali, Toutanji, Bischoff and
others. Another powerful approach, the Layer section model, can be used for cur-
vature calculations; this was presented in the works of Gilbert, Kaklauskas, Bacin-
skas, Zamblauskaité and others. More recently (in 2016), Balevicius, Augonis,
Kliukas, and Bistrickaité presented an alternative method for deformational ana-
lysis of cracked GFRP reinforced concrete members, based on constitutive mode-
ling.

1.7. Deflection Prediction of Prestressed Concrete
Beams Under Cyclic Loading

Due to the advancements in the technology used in the field, the interest in struc-
tural design methods which allows engineers to evaluate the real nature of the
loading, has been growing for the last few decades. However, in some cases, like
the earthquake or off-shore design, a proper boundary between static and dynamic
loads must be marked. Of course, it does not change the fact that the methods used
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to design structures under static loading are valid for use when a dynamic analysis
is being performed. Dynamic analysis enables us to determine the changes in de-
flection considering time variation. To ensure high quality results, dynamic anal-
ysis of the structural deformations can be performed only when the natural angular
frequency @y is known. The two main parameters influencing the value of the
natural frequency of the structure is the stiffness £ and mass m. Estimation of these
parameters are only possible if the dynamic motion of the structure is evaluated
at some level. Moreover, the deflection of the structure caused by time-varying
loading can be obtained when the solution of the differential equation is found.

In some way or the other, most of the deflection calculation methods found
in literature treat dynamic load as static. Some of the recently developed methods
are presented in further chapters. These methods usually include an estimation of
the changes in the mechanical properties of materials. Hence, the increase in de-
flection is usually determined.

1.7.1. Balaguru (1981): Modified Effective Moment of Inertia

Balaguru introduced a theoretical model to predict the increase in deflection of
prestressed concrete beams using the fatigue properties of the constituent materi-
als. He was one of the first to suggest that not only should the time—dependent
creep be accounted for but also the cyclic creep of concrete in compression should
have some reference in the determination of deformations of PC beams subjected
to cyclic loading. The stiffness degradation due to progressive cracking and the
reduction of a bond between concrete and reinforcement leads to lower tension
zone contribution. Also, the contribution of strain softening of the reinforcing and
prestressing steel due to cyclic creep is applied in the model.

The proposed model procedure includes four main steps: a) calculation of
concrete strain including both time-dependent creep and cyclic creep of concrete
in compression; b) determination of degraded or apparent modulus of elasticity of
concrete; c) recalculation of cracking moment under cyclic loading; d) determi-
nation of the effective moment of inertia by evaluating the increase in the number
of load cycles.

Cyclic creep can be calculated using the equation given in Table 1.4. It is of
importance to mention that the creep strain corresponding to mean stress cannot
be calculated for long—term cyclic loading. If the cyclic load duration is extended
for a considerable duration cyclic creep strain should be determined by static or
time-dependent creep formulations presented in the design codes and recommen-
dations. The calculated mean strain can then be added to the cyclic creep expres-
sion represented by the second term of Balaguru model — 17,86,AN"? (see Ta-
ble 1.4). Also, the cyclic creep expression presented in this model can give
acceptable results only for stress values less than 0,45/.
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After determining the non—recoverable cyclic creep strain secant modulus of
elasticity of concrete at any loading cycle, E.(N) can be defined as a function of
cyclic creep strain:

(¢
E (N)=—""—, (1.95)

c,max cyc
+ 8c,cr

C

where N — is the number of cycles, E. is the modulus of elasticity of concrete, and
Oc,max — 1S the maximum concrete compressive stress at a certain loading cycle.

The concrete between the cracks and the steel reinforcement surrounded by
concrete undergo cyclic stresses due to the cyclic load, which leads to a decrease
in the modulus of rupture of concrete. The following suggestion is introduced for
the degradation of the modulus of rupture of concrete:

fr<N>=fr(1—1°g;—§Nj, (1.96)

where f; — is the static modulus of rupture of concrete.

Considering the dependence of PC beam cracking moment and modulus of
rupture, it is stated that M., should also decrease according to equation (1.96).

Because the model is based on Branson’s effective moment of inertia I, the
tendency of decrease is obtained by entering M(N). This approach allows the
reduction in tensile stiffness of concrete because progressive cracking is ac-
counted for in the model. Finally, the modified effective moment of inertia is de-
fined as follows:

MCI' (N)
M

a

3
Ieff(N)=1cr(N)+{ } (Ig—lcr(N))SIg. (1.97)

Here, I..(N) — is the second moment of area of a cracked cross-section account-
ing for E.(N), M, — is the applied bending moment at a certain load cycle, and /,
— is the second moment of area of the gross cross-section.

The PC beam deflection under cyclic loading can then be expressed in the
following form:

kM, alesz

) ) 199)
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1.7.2. Bazant and Hubler (2014)

In their study, the authors raised an engineering question: whether the effect of
cyclic creep of concrete should be included for the long-term serviceability anal-
ysis of bridge girders and other related structures. It has been said that for small
and medium span bridges, the aforementioned effect contributes significantly to
their cracking state directly influencing the loss of flexural stiffness of the mem-
ber.

If we analyse the strain distribution over the cross-section depth one main
problem arises when the creep of concrete due to cyclic loading is evaluated: the
main condition that the planar sections must remain planar after the deformation
of the member cannot be fulfilled if we use the equation from the Table 1.4 —

Bazant and Hubler (2014) for inelastic strain Ag®S determination. To solve this

c,cr

issue, the authors have proposed to evaluate cyclic creep in a similar way as that
for determining the shrinkage or thermal strain. The redistribution of strain is

solved by introducing the external work of virtual force N and virtual bending
moment M . The residual strain at the centroid of the cross-section and residual

curvature must be equal to the internal complementary virtual work of equilibrat-
ing virtual stress:

N= [ (N7 AJeeye (2 dAJ/er, E (Mz/ T, (2 dA]/K (1.99-1.100)
A A

These equations can be rewritten in the following form:

Ney, = j(N/A)ecyc )dA, My, = (Mz/[)s z)dA. (1.101-1.102)

cyc

Then residual normal strain and residual curvature at the centroid of the cross-
section can be expressed as follows:

1 [en 1 Cy
£0 =7 Eeye (2)D(2)dz, ¥, == [€eye(2)2b(2)dz , (1.103-1.104)

Cp %
where 4 and [ are the area and centroidal moment of inertia of the cross-section,
respectively. Finally, the residual strain and residual stress in any fibre of the

cross-section can be determined using the following equations:
£ (2)=qe(2) (80 —%,2), 0,0(2)=FEg,(2). (1.105-1.106)

The residual stresses that are calculated using equation (1.106), represent the
stresses due to cyclic loading of the concrete, which remain elastic in this method.
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To perform long-term analysis, one should add static creep and shrinkage ef-
fects for the final strain and stress evaluation using equations (1.12)—(1.24) or
(1.26)—(1.33).

1.7.3. Jiang et al. (2017)

A brief review of the deformation prediction model for concrete under high-cycle
fatigue loading, proposed by Jiang ef al. 2017, is presented here. A simplified
constitutive model for concrete is illustrated below in Fig. 1.12.

a
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Fig. 1.12. A simplified constitutive model for concrete under high-cycle fatigue load
(Jiang et al. 2017)

In this method, it is assumed that no degradation of elasticity modulus of con-
crete appears during cyclic loading; therefore, the stress-strain relationship is sim-
plified into a straight line. Considering the loading and unloading branches during
one cycle, the path is assumed to be linear and overlap each other. This assumption
is based on the fact that the deviations are relatively small, especially considering
high-cycle fatigue loading, which proves the existing experimental data. In the
presented model, three main parameters are analysed and determined: a) fatigue
or cyclic creep strain &.p; b) elastic modulus Es, and c) fatigue life Ni. Based on
this, the authors describe the expressions of fatigue creep strain and elastic mod-
ulus as follows:

Eerp = &orp (Gmm 20 max ,N) = fcrp (cm,AG,N) , (1.107)

ES =8k (Gmin’cmax’N):fE (Gm,AG,N), (1108)
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It is stated that the cyclic creep strain along the depth of the cross-section
does not follow a linear distribution. This phenomenon can be explained by the
variation of stresses due to cyclic loading. The average stress and stress range vary
along the cross-section depth in each concrete fibre. Therefore, if the external load
is unloaded to zero, the cyclic creep strains €cp(z) cannot maintain their con-
sistency, and this is the reason why the residual elastic strains &.(z) are imple-
mented to equilibrate the residual strain &«z) linear distribution along the depth of
the cross-section. A visual expression of the stress and strain distribution during
cyclic loading is given in Fig. 1.13.

PZ0

}IC -
=P LT

c)

Fig. 1.13. Stress and strain distribution along the bridge deck cross-section:
a) cross-section; b) residual stress and strain distribution without any external load;
c) stress and strain distribution considering applied external load (Jiang et al. 2017)

The strain depending on the depth of the cross-section can be determined by
using the well-known formula:

e(z)=¢(0)-xz, (1.109)

where z — is the coordinate or distance from the centroid of the cross-section to
the analysed concrete fibre, and k — is the curvature of the cross-section. Then, the
elastic strain can be expressed as follows:

ae(z)za(z)—acrp(z)zs(O)—Kz—aCrp(z). (1.110)
Clearing that, the stresses on the cross-section can be calculated as follows:

o(2)=ec () Es(2) = B (=) e(0) -z =2 ()] (11D)
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Of course, the equilibrium of the applied force and moment should be de-
fined:

L 0(2)b(z)dz =[] E, (Z)[S(O)—KZ—S Crp(z)} b(z)dz=—P
2 o(2)b(2)zdz = [ E (=) (0)~xe s, (2) | b(=) 2z =M

Based on structural mechanics, equation (1.35) could be rewritten in matrix

form:
B KA
Ky Ky K F,

K, = f‘CbEs(z)b(z)dz, K, =—K,, = f‘CbEs(z)b(z)Zdz, (1.114-1.115)

. (1.112)

Kyp =[5 E(2p(2)2°dz, F=[ E(z) eyb(z)dz=P, (1.116-1.117)

Fy=[", E(2) eepb(z)2dz—M . (1.118)

Finally, by solving equation (1.36), the strain at the centroid of cross-section
and curvature can be expressed as:

{8(0)}:{1(11 K12:|_1{F1}‘ (1.119)
K Ky Ky F,

As stated earlier, in the presented model, the degradation of elastic modulus
is neglected (£s= Ep), so equation (1.42) can be expressed as follows:

L P
S(0) =41y (Dp(e)

. Iy (1.120)
KZ_I'['Ctb erp (z)b(z)zdz—i—T

The authors proposed that due to stress and strain redistribution during cyclic
loading, this process equilibrates the internal forces along the depth of the cross-
section. If the average stress and stress range are constants during one cycle, the
cyclic creep strain and elastic modulus of concrete can be expressed as functions
of average stress, stress range and loading cycles from equations (1.107) and
(1.108). Using the average stress (om(z))n and stress range (Ac(z))n of the N cy-
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cle, the decrease in elastic modulus and increase in cyclic creep strain can be con-
trolled by the above mentioned equations during the change in cycle from the N
to Nu+1. However, if we take the N1 cycle, the average stress and stress range are
unknown and different from those of the N cycle. Therefore, it is proposed to
enter the equivalent loading cycles as determined below:

Ne(2)= 1z ([0w(2)]y [ 20w ()], LB ()],
N (2)= fom ([0m ()] (80w (2)],, L2 (2)],,)

By substituting (1.121) equation into (1.107) and (1.108), the elastic modulus
and cyclic creep strain can be obtained:

[ES (Z):INH =It, ([Gm (Z)]N 9[A0m (Z)]N Ny (z)+ 1)
[gcrp (Z):|N+1 = Jerp ([Gm (Z)]N ’I:Acm (Z)]N , N:,p (z)+ 1)

The creep strain, including the cyclic creep of concrete, is determined using
the equation presented in Table 1.4 — Jiang et al. 2017.

(1.121)

. (1.122)

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

1. When the structural design for the serviceability limit state of flexural
members is limited in the elastic stage (no cracking appears), the deter-
mination of stress-strain state and the evaluation of the deformations of
the member can be performed with high quality and insignificant error.
However, at present, this approach can be considered as uneconomical
and unoptimized. At a certain level, it can be considered that using non-
metallic (FRP) reinforcement can solve some of structural longevity prob-
lems.

2. Most structures are affected by random loading. Hence, the fatigue caused
by cyclic loading is an important limit state for large or medium span
structures. Cyclic loading causes increase in strain of concrete due to
creep phenomena. Creep of concrete can be divided in two constituents:
static and cyclic creep. Various methods and models evaluating the creep
of concrete under static loading exist, however, very few evaluating the
strain increment due to cyclic loading (variation of stress) is available.
Redistribution of stress due to cyclic loading can cause increased strain in
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concrete under tension, leading to premature cracking and reduced stiff-
ness of PC or RC structures. The size of the stress redistribution is un-
known when PC structures, reinforced with fibre reinforced polymer bars,
are analysed.

Another important aspect when analysing PC structures, reinforced with
FRP reinforcement, is the stiffness degradation of composite material (re-
bar). While great amount of experiments can be found on such types of
FRP as aramid, glass or carbon, the opposite situation is regarding BFRP
reinforcement.

FRP design codes and recommendations, such as JSCE (1997), fib bulle-
tin 40 (FIB), CSA-5806, and ACI 440.4R provide certain guidance for the
design of structures, reinforced with aramid, glass and carbon fibre rein-
forced polymer reinforcement, undergoing fatigue loading. No recom-
mendations can be found for basalt fibre reinforced polymer reinforce-
ment. Also, no recommendations for the serviceability analysis of flexural
members undergoing cyclic (or dynamic) loading can be found in the pre-
viously mentioned design codes and standards, except several methods,
discussed in Section 1.7.

Because of the existence of engineering opinions, that cyclic creep of con-
crete plays a certain role in the time-dependent deformations of RC and
PC flexural members due to cyclic loading, the need of a more detailed
analysis of this issue should be performed.

With regard to the literature survey that was performed, the following tasks
are addressed in this doctoral thesis:

1.

Development of an analytical method for determining the deflection of
BFRP prestressed concrete beams based on structural dynamics, by uti-
lizing a simplified model for the effect of cyclic creep of concrete on the
stress-strain state.

An experimental investigation on fatigue life and change in mechanical
properties of BFRP reinforcement specimens considering different cyclic
load ranges.

An experimental investigation on the deflection of real scale flexural PC
beams with different levels of prestressing under different ranges of cyclic
loading.

Proposals for modification of existing serviceability limit state analysis
methods of prestressed concrete beams under cyclic loading.

A comparative analysis of the developed analytical method with various
available methods and the obtained experimental results.
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Considering the complexity and duration of the planned experimental re-
search, it was decided to not included any numerical simulation analysis using
finite element method (FEM) in this study.






Deformation Analysis of Concrete
Beams Prestressed with Fibre
Reinforced Polymer Bars

This chapter summarizes the investigation performed on the time-dependent ma-
terial properties of concrete such as cyclic creep. The influence of cyclic loading
on the changes in the flexural stiffness of real scale structural members are eval-
uated from a structural dynamics point of view. An alternative method for deter-
mining the deflection of concrete beams prestressed with BFRP bars is proposed
by approximating the real behaviour of the structural element into the dynamic
single-degree-of-freedom system, with a certain generalization of the mass and
flexural stiffness. The changes in the properties of the materials used (concrete
and FRP) are assessed throughout the cyclic load application period. The im-
portance of beam displacement (deflection) shape form is also explained. The pro-
posal based on the average curvature of the cross-section accounting for cracked
and uncracked zones of the beam and tension stiffening effect is also presented.
This chapter includes the material presented in journal publications by Atutis et al.
(2015), Atutis et al. (2018b), Atutis et al. (2018c), and Atutis et al. (2019).
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2.1. Dynamics of Analysed System

2.1.1. Introduction of Single-Degree-of-Freedom System

Considering the structural member design under external loading, civil engineers
usually assume that the nature of all applied loads are static. However, in many
cases, the loads are time-varying or time-dependent, for example, structures hous-
ing heavy moving or vibrating equipment (MR/, etc.), bridge decks undergoing
variable traffic loads, high-rise buildings subjected to wind loads, and depending
on building location — earthquake induced loads. These engineering problems can
be addressed from a structural dynamics point of view. The motion of a mechan-
ical system subjected to externally applied loads is commonly reflected as the re-
sponse of the system and the applied load — is considered as the exciting force.
Using rigorous solutions, the goal is to obtain the dynamic displacement equation
as a function of time. It is of importance to mention that such solutions are possible
for only clear and mathematically simple time variations of load.

0> X =)

Fig. 2.1. Beam having: a) a concentrated mass; b) idealized as a spring — mass system;
c¢) with isolation of the mass; d) adding inertia; ¢) adding damper;
f) evaluation of damping of the system
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As can be seen in Figure 2.1(a), a simply supported beam with a concen-
trated real element mass in the middle m and exiting force F(¢) is transformed into
a common oscillator with a certain flexural stiffness, which is also transformed
into the spring stiffness k£ (Fig. 2.1.b). For the idealized mechanical system to re-
spond in the same manner as the actual structure, a proper selection of the system
parameters is necessary. The spring stiffness k can be determined from the actual
beam flexural stiffness properties, since it is merely a ratio of the force to deflec-
tion. In cases where the real structure has a mass distributed along the length of
the element, some factors must be applied to obtain the equivalent mass of the
idealized dynamic system. An ideal spring-mass system must be selected so that
the deflection u(#) of the mass would be the same at the midspan of the beam. In
the analysed situation, only one type of motions are possible, which are down-
wards (isolation of a mass m) (Fig. 2.1.c). To this mass, a certain exciting force
F(?) is applied. Having isolated the mass, the equation of motion can be written
as:

d*u

F()-ku=m—, 2.1
(O —ku=m* @.1)

where d?u/df’ = a(t) is the acceleration of motion.

Using D ’Alambert’s principle of dynamic equilibrium, we can rewrite equa-
tion (2.1) as follows (Fig. 2.1d):

J2
F(t)—ku—m===0. 2.2)
dt
The second approach for the equation of motion is more convenient in cases
where distributed mass is involved. Accounting for the damping influence on the
system’s dynamic motion, equation (2.2) becomes (Fig. 2.1e,f):
d*u du
m—+ku+c—=F|f@)|, (2.3)
dr* ! /@]
where c is the viscous damping coefficient, and F' is a constant force value, which
may be chosen arbitrarily and described using the nonlinear time function f{¢). The
dynamic response quantities such as the velocity response and acceleration re-
sponse can be found from the well-known relationships between the displacement,
velocity, and acceleration:

_@ _ d*u
w(t) = e a(t) = (2.4)
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For a free vibration situation /', = 0 without any damping, the solution for the
equation of motion would be expressed by the following equation:

k k
u=C, sin"—twLC2 cos | —t, (2.5)
m m

where w,=+/k/m is the natural circular frequency.
u=Cysinw,t+C,cosm,t. (2.6)

Using the initial conditions and by introducing the initial velocity v(0) and
initial displacement #(0), equation (2.6) can be described as follows:
u= V() sinw, t +u(0)cosa,t . 2.7
w

n

For the final solution of equation (2.3), the only unknown now is the forcing
function. Therefore, the concept of impulse is introduced, which can be defined
as the area under the load-time curve (Fig. 2.2). A general solution based on the
approach of superposition of impulses is provided below.

Fy),

'
T d t Fif(r)
< Fifilv)de

Fig. 2.2. Forcing function in an undamped system

If we assume that the SDOF system is at rest at first and then an excitation
force is applied for an extremely short period of time ¢4, the mass of the SDOF
system will undergo instantaneous acceleration d”u/df*, which can also be ex-
pressed as an instantaneous velocity du/dt. Considering that, the excitation force
acts for a period of time that is smaller than 1/10 of the @y, than the error in the
following equation can be neglected (Biggs, 1964):

2 .
do L, I, oL (2.8)

i i
d dar* " m° m



2. DEFORMATION ANALYSIS OF CONCRETE BEAMS PRESTRESSED ... 55

where i is the applied impulse equal to the time duration of the applied force .
From a structural dynamics perspective, all the exciting forces can be considered
as a sequence of short impulses. From time 7 till time increment equal to dz, an
increase in the velocity is produced Fif{(t)dr / m. Moreover, the SDOF system ex-
periences an incremental response:

Flf(z')dz'

ma,

du= sine, (t-7). (2.9

Regarding equation (2.9), the total displacement of the system can be de-
scribed as the sum of impulses during the period between = 0 and ¢:

u(t) ij( )sma) (t—r)dz- (2.10)

0 mwn
Now, the static deflection caused by F can be represented as follows:
F_F

R , 2.11
st k a)jm ( )

Finally, the general expression for the displacement of the system can be
arranged in the form of Duhamel’s integral:
v(0) .
u =u(0)cos(m,t)+——sin(@,t) +u n_[f( )sinw, (t—7)dr. (2.12)
o

n

For an undamped mechanical system, as shown in Figure 2.1b, which is
subjected to a periodic function, the equation of motion will be presented as fol-
lows:

d2
m—?+ku+:Flcosa)t. (2.13)
dt
Based on the classical solution that the linear differential equation of mo-
tion consists of the sum of the complementary solution u.(¢) and the particular
solution u,(f), we can write

u(t)=u, (t)+up (¢), (2.14)

where the complementary solution is the solution based on the free, undamped
vibration case. The particular solution is obtained using undetermined coefficients
for a given function and takes the following form:

u, (t)=Acos(m,t)+ Bsin(aw,t) . (2.15)
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In order to find the particular solution, the undetermined coefficients for the
particular solution are guessed, and it can be written as follows:

u, (t)=Ccosat. (2.16)

After several mathematical derivations, using initial conditions #(0) =0 and

v(0) = 0, the final solution of motion for the SDOF system gives the displacement
as follows:

a) Force

time

Deflection

T=1/2=nf

Fig. 2.3. Applied excitation force and displacement for:
a) an undamped single-degree-of-freedom system; b) an undamped
single-degree-of-freedom system having translation in the vertical direction

u(t)=u(0)cos(m,t)+ 1(0) sin(@,t)

Fo1
+71—ﬂ2 [cos(a)t)—ﬁcos(a)nt)], (2.17)

where £ is equal to w/w.. Equation (2.17) is basically used for situations where
the forcing function is equal to Fiycoswt (Fig. 2.3a), while equation (2.18) can be
used for SDOF systems in which the axis of equilibrium has a shift in the vertical
direction (Fig. 2.3b). For a system with a forcing function F,cos®wt + Firans
(Fig. 2.3b), displacement solution found to be as follows:
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u(t)=u(0)cos(w,t)+ U sin(w,t)
wn
%1—,6’2 [cos(a)t)—ﬂcos(a)nt)] +% , (2.18)

where Fians — force acting on the SDOF system and representing forcing function
translation in vertical direction.

2.1.2. Approximation of Mass and Stiffness of the Single-
Degree-of-Freedom System

The transformation of a real structural beam into an idealized oscillating system
makes it possible to evaluate the dynamic behaviour of the structure under any
time-dependent load. We can state that if a beam has a distributed mass m and
flexural rigidity £/ along the length, there will be an infinite number of degrees of
freedom describing the displacement shape of the beam. Each small element hav-
ing a certain mass is connected to each other through a spring with a certain stiff-
ness and has an influence on the final displacement of each particle dx (Fig. 2.4a).
However, the modal shapes y(#) that have the most significance from a civil en-
gineering perspective would be the lowest ones. It is also reported in the literature
(Biggs 1964, Chopra 2013) that in most cases, only the fundamental mode is con-
sidered most important (Fig. 2.4b).

The motion of a system can be described by assuming that the deformation
of the beam or the displacement of the masses distributed along the beam is de-
pendent on the function of time and spatial coordinate x:

u(x,t)=f(t)§1/(x), (2.19)

while p(x, £) = 0.

By choosing an appropriate modal shape function y(x), the system is con-
verted into an SDOF system, and the only unknown left is the time function f{¢).
If the beam deflects, the rotation of each small element must approach, influencing
the equation of motion of dynamic equilibrium, which results from rotational in-
ertia moments. The shear deformation and rotational inertia can be evaluated by
using Timoshenko beam theory. Usually, correction terms due to the mentioned
effects are introduced, which, in most cases, lower the natural frequency. Litera-
ture review (Chopra, 2013) indicates that the corrections due to shear deformation
and rotational inertia have an insignificant effect (decreasing w, by about 5-6%)
on the fundamental natural frequency of the simply supported beam. For higher
frequencies, these effects should not be neglected. The transformation of a real
structural beam into an idealized oscillating system makes it possible to evaluate
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dynamic behaviour of the structure. The natural vibration mode corresponding to
the natural angular frequency is determined as follows:

w(x)=G sm% (2.20)

where C) — is arbitrary and if equal to 1, it would make the maximum value of
vibration mode become unity. In this study, the first modal shape (Fig. 2.5, n=1)
is assumed to be what makes only the fundamental frequency most important in
this case. For that reason, the above-mentioned shear deformation and rotational
inertia are neglected, assuming that the error due these factors will be reasonable
and will not change the final results significantly.

p
+++HH+H++++++H+++H

, arena M/T &\ M+dM
o
I ”;’ dx m,\EI A\ V+dV

e ) ,8,_’ x

u(x 7 S w(x)
b)

Fig. 2.4. Representation of flexural beam as: a) continuous dynamic system; b) as a
simplified beam model representing one of the most important fundamental mode

For further derivations, we assume that the vibrations of the beam are har-
monic (f{t) = Asinwt) and undamped. If the deflection of the beam can be deter-
mined using equation (2.17) and the conservation of an energy can be applied, the
maximum potential energy of the beam due to flexural deformations £, and ki-
netic energy Ex can be determined from the following equations:

I 2 exL Leye ccdl//(x)

By =24, Ecﬁﬁ()lz( 2 dx, (2.21)
E, =L £t 2q 2.22
k=5 o [ m(x)(w(x)) dx. (222)

From equations (2.21) and (2.22), we can obtain the frequency of SDOF sys-
tem:
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ol = IX_LEgchf()Ii'c d"’(x) /jo mx)(y @)’ dv, (2.23)

where E (1) and I — are the effective modulus of elasticity of concrete and

the second moment of the area of the cross-section at a certain loading cycle, re-
spectively (see Egs. 2.28 and 2.35). It should be noted that the numerator of equa-
tion (2.23) is identical to the generalized stiffness 4. of the SDOF system:

2 4 cyc cyc
- 4Py (x) 7 Ed (0) I (¢)
k, = EXS ()3 dx= , (2.24
.( ceff( ) eff ( )( dx2 2L3 ( )
The denominator can be described as the generalized mass m. of the system:
x=L 2 ﬂzm(x)
m, =I0 m(x)(l//(x)) dx = L (2.25)

where m(x) — is the mass of the beam per unit length.

w(x)
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Fig. 2.5. Some of the main modal shapes of simply supported beam (n=1-4)
The effective second moment of the area of the beam cross-section can be

derived using equations (1.92) and (1.94). By substituting the equation (1.94) into
equation (1.92) the following expression can be obtained:

k(1) = 1-4]‘;‘%)]2 ko (1) + ﬂ( Mer jz (). (2.26)

M, (1)

The effective, uncracked and cracked cross-sectional curvatures can be deter-
mined using the well-known expressions, involving the effective modulus of elas-
ticity of concrete at a certain load cycle:



60 2. DEFORMATION ANALYSIS OF CONCRETE BEAMS PRESTRESSED ...

AL M, (1)

M, (1)
=——— " K =— o klt)=— - (227)
Egy (1)1 <) EG () ol

EF ()
Equation (2.26) together with (2.27) can be expressed in an alternative form:

I
I = . <1, (2.28)

2
Al
Iy )|\ M, (¢)

where Io= bh*/12; Ie= bx*/ 12 + bx* | 4 + 0edaids® + (0 — 1) Aspdso® + opdpdy; b
and /4 — are the width and height of the beam cross-section, respectively; x — is the
depth of the neutral axis; 451 and A, — are the cross-sectional area of the top and
bottom steel reinforcements of the beam, respectively; 4, — is the cross-sectional
area of the prestressed FRP reinforcement; dsi, ds>, and dj, — are the distances from
the top, bottom, and prestressing reinforcement centre of the cross section to the
reference axis, respectively; a. — is the ratio between modulus of elasticity of steel
reinforcement and concrete; a, — is the ratio between the modulus of elasticity of
the prestressing FRP reinforcement and concrete.

It is important to mention that for the determination of the cross-sectional
properties, an updated modulus of elasticity of FRP bars Evsp(2) should be used,
in order to evaluate the damages in the bar because of the friction fretting effect

in the crack opening between the bar and the surrounding concrete (see Section
1.3 and 3.3.3).

2.2. Accounting for the Cyclic Creep of Concrete

In the presence of cyclic creep, the concrete strain can be determined considering
the cyclic creep compliance AJy and can be expressed by the following formula
(Whaley and Neville 1973, Bazant and Hubler 2014, Jiang et al. 2017):

hl
AJ\=h, [%J N". (2.29)

C

Cyclic creep compliance can be considered as a creep compliance increment
caused by stress cycling. In this regard, the total creep compliance can be divided
into two components:

o (8)=J (2,10)+ Ay . (2.30)

The static creep function is provided in Chapter 1, equation (1.11).
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Taking a more general form, the static creep could be defined as follows (Jiang
etal.2017):

J(t.1y) = apt™, (2.32)

where ao, and a; — are the fitting or calibrating parameters.
Finally, the cyclic creep strain, taking into account the creep from the sus-
tained load, can be derived in the following form:

e (1) =0 i (1) =0, [ I (t.1) + ATy | =0T (1.1)) + 0,0 [%

C

bl
j N . (2.33)

This can be written in a more general form as follows:

e’ (z) =g, (t) +Ael" (t) = a0t +by0,, (E

C

by
j N=.  (2.34)

The following expression can be used to determine the effective modulus of
elasticity of concrete at a certain load cycle:

o (1)= o = o (239
: g (1) +8q (1) TAeZ" (1) O / Ecett (1) +byo,, (Ac/f,)” N

Due to the lack of research and investigation results on cyclic creep of uniax-
ially loaded concrete and the complexity of experimental work that must be per-
formed to obtain useful data, fitting parameters bo, b; and b, are adopted from
model presented by Jiang et al. (2017) for cyclic creep compliance function de-
termination.

2.3. Calculation Procedure

The proposed method, which considers the input data and the actual loading stage
(Fig. 2.6) in which the deflection of the PC beam under cyclic loading is being
determined, is summarized in the flowchart below (Fig. 2.7). Certain time instants
are introduced: ¢ = 0 is the start of shrinkage measurement; ¢, is the time when the
prestressing force in FRP reinforcement is transferred to the concrete cross-sec-
tion; £ is the time of the first loading cycle of the beam, which is applied statically;
the cyclic loading starts at time #4, and #im is the prestressed beam failure due to
cyclic loading.
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Y Y Y Y »
Concrete Pre-stress Static loading Dynamic loading Fatigue failure
pour transfer is applied is applied

Fig. 2.6. Actual loading stages

Input data

o Cross-sectional parameters: b, A, Ly, dsj, dpi Asji, Api

e Concrete, steel and FRP reinforcement

e mechanical properties: fem, foui» fs.i» Eems Ep,i» Es,i

e Parameters for determination of time-dependent properties of concrete: #y, t4, RH

3| ® Initial pre-stressing conditions: P,

2 T
g v
g 1.1. Stress and strain at £, 1.2. Stress and strain at ¢
_i; ®  Rap, Rso, Rip Egs. (1.68-1.69), e RA(?), Rs(t), Ri(?) Egs. (1.68-1.69),
g (1.71) (1.71) using Ecefr (,4y)
E e Strain vector gy: Eq. (1.77) e Strain vector g(7): Eq. (1.88) o
g e Stresses in cross-section 6., Os, e Stresses in cross-setion oc(7), os(?),
-'é op,i: Egs. (1.79-1.81) op(?): Eqs. (1.83-1.85)
§
~

Condition 1
L No W Yes
v

#I 1.3. Excitation force for SDOF system F(#)=Fjcoswt — M(t)l

1.4. Trial & error for y,

e RA(f), Rs(?), Ri(?) Egs. (1.68— v Condition 2 -

1.69), (1.71) using y, and ECZ; (r) °s M(1)>Mer °
e Strain vector g(¢): Eq. (1.88)
e Stresses in cross-setion o¢(?),

05(1), op(?): Egs. (1.83-1.85) 2.1. Approximation of m. & k. for SDOF system

(see Section 2.1.2 & 2.2)
»| o Generalized stiffness k. Eq. (2.24) l—

e Generalized mass m. Eq. (2.25)

v

2.3. Output data 2.2. w, for SDOF system

(see Section 2.1.2)
e Natural vibration frequency w,(¢) Eq. (2.23)

Condition 3
o> o

Fig. 2.7. Flow chart for determining the dynamic behaviour of a prestressed concrete
beam

e Deflection u(7) Eq. (2.18)

A
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With regard to the validity of proposed method during all stages of the design
process, certain assumptions are made: 1) the distribution of strain maintains a
linear shape over the depth of the uncracked and cracked cross-sections; 2) a per-
fect bond between FRP prestressing reinforcement and surrounding concrete is
assumed; 3) an average stress and average strain concept is adopted throughout
all stages of cyclic loading; 4) linear-elastic properties of the concrete and pre-
stressing FRP bars are assumed; 5) by using the Duhamel‘s integral, it is assumed
that the SDOF system is conservative, and superposition principle is applied; 6)
the SDOF system is considered linear during the analysed loading cycle, and with
the increase in the number of loading cycles, the decrease in generalized stiffness
k. of the system is evaluated; 7) the modal superposition technique is used for the
performance of dynamic response analysis.

To ease the calculation process for the proposed method, the calculation al-
gorithm was implemented in computer program MATHCAD.

The solution for the dynamic problem and the proposed technique focus only
on simply supported prestressed concrete beams, reinforced with non-metallic
(FRP) reinforcement loaded with two concentrated simultaneously acting cyclic
forces within the midspan range and described with a simple mathematical func-
tion (sine or cosine). For other situations, the reliability of the proposed method
and the validation of the obtained results should be confirmed through additional
experimental tests.

Moreover, relaxation of FRP reinforcement (in this study — BFRP) was de-
termined by additional experimental program, presented in the article by Atutis
et al. (2018c). Determined relaxation coefficient is implemented into equation
(1.87) (see Chapter 1).

2.4. Simplified Curvature Determination Technique

The determination of PC beam deflection is of highest priority in situations where
cracking appears in the tension zone and flexural stiffness decreases instantly.
Many deflection prediction methods or design codes and recommendations (such
as ACI 440.4R-04, etc.) are based on Branson‘s equation, which was derived for
flexural members under monotonic loading. Very few models can be found for
cyclic loading situations. One of the deflection calculation methods (derived by
Balaguru (1981)) is presented in the Chapter 1. Equation (1.97) allows us to eval-
uate the effective moment of inertia by updating the cycle dependent parameters
such as modulus of rupture of concrete, cracking moment, neutral axis position,
apparent cyclic modulus of concrete, and degradation of BFRP reinforcement
elasticity modulus (Atutis ef al. 2019). However, it is observed that Branson’s
equation tends to overestimate flexural stiffness (especially for PC beams) even
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for monotonic loading situations (Atutis et al. 2015). Hence, when cyclic load is
involved, an overestimation in £/ brings a certain error at the start of the calcula-
tion procedure.

Therefore, using equations (1.92) and (1.94), which were originally provided
in Eurocode 2, we can derive the effective moment of inertia of the beam for
cyclic load applications. By substituting equation (1.94) into equation (1.92), the
following expression of average curvature (depending on loading cycle N) can be
obtained:

K(N):[1—/{%“”}2]1%(N)+[ﬁ[M°f—(N)J2]KO(N). (2.36)

a M

a

The effective, cracked, and uncracked cross-sectional curvature can be deter-
mined by using equation (2.27):

M
K(N)=——F32——, (2.37)
(V) E,(N)I4(N)
M
Ky(N)=——"">——, (2.38)
AR
M
Ky(N)=—""—. 2.39
O( ) Ec (N)]O ( )
Finally, for I.s(N), expression (1.97) can be replaced by equation (2.40):
I.(N)
I (N)= > <1. (2.40)
( I (N)J(Mcr (N)J
1-p41-
IO Ma

Regarding the FRP reinforcement, the differences in the effective moment of
inertia determination, compared to conventional steel, are basically applied
through the cross-sectional properties of the flexural member by involving the
FRP reinforcement mechanical properties Efyp.
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2.5. Conclusions of Chapter 2

This chapter presented the investigation results of deflection response calculation
with regard to structural dynamics. In addition, the time-dependent material prop-
erties of concrete, such as cyclic creep of concrete, are being involved in the pro-
posed calculation procedure. Based on the derivations and assumptions made for
the final approach of the model, the following conclusions can be drawn:

1. PC beams undergoing cyclic loading are approximated to the oscillating
SDOF system by assuming that the excitation force acting on the body is
equal to the product of the mass and acceleration of the system. The sys-
tem is in equilibrium if D’Alamberts principle is applied. Therefore, it is
considered that the applied excitation force is equal to the sequence of the
short impulses and the displacement (deflection) response of the system
is arranged in the form of Duhamel’s integral.

2. In order to transform the real structural member to the oscillating SDOF
system, a certain level of approximation must be made for the mass and
stiffness of the system. For a flexural member the mass and stiffness are
distributed along the length of the member. The motion of the SDOF sys-
tem can be described considering that the displacement of the masses
along the beam is dependent on the spatial coordinate and time. By as-
suming an appropriate modal shape function, the beam is approximated
to the dynamic system. In the same manner, by applying the principle of
conservation of energy of the system, approximation to the flexural stift-
ness is also done. Due to these assumptions the natural modal frequency
for the approximated SDOF system, considering the so-called generalized
mass m. and generalized stiffness k., can be determined.

3. The time-dependant concrete properties such as creep should be evaluated
for the dynamic problems. The redistribution of stress and strain in the
cross-section due to creep effects can lead to higher stresses in the tension
zone of the cross-section and eventually result in a lower stiffness value,
especially when FRP with considerably lower, comparing to steel, elas-
ticity modulus Eg, (compared to steel) is used. This can be a major factor
for the increase in cracking and deflection of the member. The increase in
creep of concrete due to cyclic loading should be formed as an addition
to the static creep of concrete, as either a deformation Ae or an acceler-
ation of static creep. Neglecting the cyclic creep phenomena for concrete
beams, prestressed with FRP reinforcement can cause overestimation of
the flexural stiffness of the member.
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2. DEFORMATION ANALYSIS OF CONCRETE BEAMS PRESTRESSED ...

4. The proposed method for deflection calculation of FRP prestressed con-

crete members under dynamic load enables to analyse the changes in de-
flection over the entire loading duration (selected load cycle and any part
of it). After the pouring of concrete, prestress losses are determined with
reference to the completed experimental investigation; the PC member
stress-strain state in the cross-section at the preloading and first loading
stages (static load) are determined. Regarding the stresses in the cross-
section, the initial conditions for cyclic creep determination for the full
cyclic loading stage can be determined. The step-by-step calculation pro-
cedure for the proposed method was provided. This enables engineers to
determine within a reasonable time and with sufficient accuracy, the cur-
vature (or deflection) of concrete beam, prestressed with FRP reinforce-
ment, undergoing cyclic loading, which can be described using a known
mathematical function.

. The proposed deflection calculation method is constructed based on the

aforementioned assumptions. Nevertheless, the accuracy of the model
shall be proved by extension of the complex experimental programme,
including analysis of the material changes due to cyclic load not only in
the concrete but in the FRP reinforcement itself.



Assessment of Theoretical and
Experimental Research Results

This chapter presents an extensive experimental investigation of the fatigue life
determination of BFRP bars and BFRP prestressed concrete beams. A total of six
BFRP bar specimens were produced for the fatigue analysis and twelve concrete
beams, prestressed with BFRP bars. Two additional BFRP bar specimens were
produced for the analysis of the change in elasticity modulus during repetitive
cyclic loading. The serviceability limit state (deflection) changes during the repet-
itive or cyclic loading was also analysed. Another part of the tests was focused on
the mechanical properties and the changes under cyclic loading.

The experimental program included real scale BFRP prestressed concrete
beams, having a reinforcement ratio of 0.32 and prestressing levels of 40%, 45%,
and 55%, and a tension-tension fatigue test specimen of BFRP bars with a varying
loading frequency and load range. Experiments were also performed to determine
the actual stress relaxation in the BFRP reinforcement after initial prestressing.
This chapter includes the material presented in journal publications by Atutis
et al. (2018a), and Atutis ef al. (2019).

67



68 3. ASSESSEMENT OF THEORETICAL AND EXPERIMENTAL RESEARCH RESULTS

3.1. Experimental Programme

In order to have a better understanding of the fatigue phenomena in the flexural
prestressed concrete members and the behaviour of such members under fatigue
or cyclic loading, an extensive experimental program was designed. Based on the
literature review that was performed, certain goals were set for the experimental
investigation; because of the use of relatively new BFRP reinforcement for pre-
stressing of concrete beams, the mechanical properties and possible changes in it
should be assessed through the experimental testing of BFRP bars. Based on the
first part of testing, the experimental program for the investigation of deflection
development during the application of cyclic load was designed. More detail ex-
planation of the test outline is given in Figure 3.1.

( Experimental program )

1. Static tests

e Properties of concrete and BFRP
reinforcement (including stress
relaxation of BFRP)

[
v v

2.2. Dynamic tests of BFRP
prestressed concrete beams

2.1. Dynamic tests of bare BFRP bars

e Tension-tension fatigue tests of ¢ Investigation of midspan deflection
BFRP bars; of BFRP prestressed concrete
e Change in modulus of elasticity of beams undergoing cyclic loading

bare BFRP under cyclic loading.

, v

3.1. Output data 3.2. Output data
e Si-N curves for bare BFRP bars and e Beam deflection uexy(?)
PC beams;

e Possible decrease in Eyqyp throughout

cyclic loading

4. Discussion on major findings

Fig. 3.1. Experimental program outline of basalt fibre reinforced polymer
reinforcement and prestressed concrete beams
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3.2. Fatigue Analysis of Basalt Fibre Reinforced
Polymer Bars

The first part of the experimental programme started with static and dynamic tests
on the BFRP bars. The testing procedures presented in 4C/ 440.3R-04 were fol-
lowed in detail for determining the longitudinal tensile properties of BFRP (static
tension-tension tests), and the recommendations were used for cyclic tension-ten-
sion tests. Special steel tube anchors of @ =33.7 mm and length of 375 mm (steel
strength class S355) were designed and manufactured for the BFRP bar tests. In
order to keep the bar centred in the anchor, special steel caps and plugs with cen-
tral holes in them were used. This ensured that no leakage of epoxy resin would
appear during the curing process.

Fatigue tests were performed by controlling the load. During the test, the
BFRP specimen was subjected to repetitive loading with two sets of loading fre-
quency. This test was performed to obtain the tensile fatigue characteristics of
BFRP reinforcement. Such data is usually used to create S— N curves for the spec-
imen tested under particular conditions, where the main variable is the maximum
value of the repeated load.

3.2.1. Bar Specimens

Six fatigue test specimens were prepared. Each BFRP bar (RockBar Composite
(ROCKBAR-B 10-8)) specimen that was prepared had a length of 1000 mm and
0 = 12.45 mm. In order to ensure high quality anchorage and grip in the testing
machine, the specimens were designed to have anchorage length of 375 mm in the
steel sleeve anchors with an epoxy resin inside (Fig. 3.2).

Steel
plugs

Steel

BFRP bar anchor

Fig. 3.2. Basalt fibre reinforced polymer bar specimens
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3.2.2. Experimental Setup

In order to determine the S — N curve for BFRP bars, the method proposed in AC/
440.3R-04 code was adopted for fixing the load ratio and varying the maximum
and minimum load was adopted. This was done in relation to the cyclic loading
test for BFRP prestressed beam — similar BFRP bar stress levels should be
achieved in both BFRP fatigue tests and BFRP prestressed beam load cycling
tests.

The BFRP bar specimens were grouped into two series, depending on the
loading frequency. Based on the literature review (Demers 1998, Noél et al.
2013), it can be concluded that higher loading frequencies tend to induce internal
heating in the FRP bars. For frequencies less than 4-5 Hz, the internal heating
effect can be considered negligible. In order to avoid additional unknowns, which
could possibly cause lower fatigue resistance, it was decided to test the BFRP bars
between such loading frequencies: Series 1 specimens were loaded with a repeti-
tive tensile-tensile load of frequency 2 Hz, while Series 2 specimens — were loaded
with a frequency of 4 Hz. A higher loading frequency was set for Series 2 speci-
mens in order to capture the tendency of total loading cycles resisted versus load
frequency.

F

Steel anchor—— |

\

BFRP bar ——»| DEMEC

Steel anchor——>

375 /| 250 |

Grip system

F

Fig. 3.3. Tensile-tensile fatigue test scheme

The experimental scheme is presented in Fig. 3.3. The minimum stresses were
set constant at a level of 55% of the ultimate tensile strength of the BFRP bar,
while the maximum stresses were varied from 65 to 90 % of f,.. Test were per-
formed until the BFRP bars underwent 1 million loading cycles. Any possible
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displacement between the steel anchor sleeve and BFRP bar was recorded by the
demountable mechanical strain gauge DEMEC. Pre-drilled steel discs were
mounted on the surface of the BFRP bar and steel anchor in two opposite sides of
the specimen using a special adhesive material. The measurement base was set to
100 mm. The tension-tension fatigue test program matrix is provided in Table 3.1.

3.2.3. Discussion of the Tets Results

Regarding the obtained results, several conclusions can be made. From the results
provided in Table 3.1, it can be seen that the specimens tested at the minimum and
maximum stress ratio R equal to 0.88 were capable of resisting more than 1 million
loading cycles. These results can be considered as falling under the “safe zone” of
fatigue resistance. With the decrease in ratio R, a rapid decrease in the number of
loading cycles resisted was observed for the other specimens (R = 0.75 and
R =10.62).

The relationship of stress range versus fatigue life is shown in Figure 3.4a.
The fatigue lives decreased significantly as the applied cyclic stress range in-
creased. Figure 3.4a shows that the data trend lines are almost equal for both series
of tested BFRP bars. The differences of the obtained results do not exceed the
value of 30 % for any of the stress ranges.

Based on the experimental data, the following expression is proposed for de-
termining the best-fit trend line of stress range versus loading cycles for BFRP
bars:

S. =444.48-25.95In N . 3.1)

Compared to the fatigue life test results for increase in loading frequency
from 2 to 4 Hz, no significant change in the final number of loading cycles was
observed.

Table 3.1. Tension-tension fatigue test program and obtained results

Series Min stress, Max stress, Stress range, Frequency, N,
MPa MPa MPa Hz load cycles

Series 1

D-1-2 687 81 2 >1 000 000
D-2-2 606 808 202 2 13 647
D-3-2 970 364 2 18
Series 2

D-4-4 687 81 4 >1 000 000
D-5-4 606 808 202 4 9775
D-6-4 970 364 4 20

Omin = CONSt.  Omax 7= CONSt. S; # const. f# const.
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Fig. 3.4. Log-linear plot between: a) the applied cyclic stress range and the fatigue life;
b) the fatigue life versus loading frequency

The same 30% difference was obtained only for the specimens D-2-2 and D-
5-4. Considering the number of load cycles resisted, it should not be stated that a
slight increase in frequency value had a significant influence on the fatigue life of
the tested BFRP bars (see Fig. 3.4b).

Fig. 3.5. Basalt Fibre Reinforced polymer specimen: a)-b) before fatigue test;
¢)-d) failure mode by longitudinal split; e)-f) broom-shape failure patern
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Figure 3.5a,b shows the specimen before the test. The two most common fail-
ure modes are also shown in Fig. 3.5: longitudinal split along the bar axis
(Fig. 3.5¢—d) and broom-shape failure (Fig. 3.5e—f). All the bars failed in the free
length of the bar, without any signs of premature failure at the anchors (embed-
ment length).

Regarding the obtained results, it can be concluded that BFRP bars proved to
provide greater resistance to cyclic loading for the lower stress ranges that were
applied.

3.3. Modulus of Elasticity of Basalt Fibre Reinforced
Polymer Bars

It is considered that FRP composites tend to loss of stiffness effect due to applied
repetitive or cyclic load. Cyclic loading causes accumulative damage in the FRP
bars (Bronsted et al. 1997). On account of the opinion expressed above, an addi-
tional experimental investigation on the fatigue effect on the modulus of elasticity
of BFRP bar was performed in this study. The rate of stiffness degradation was
investigated in the manner explicated in the following sections.

3.3.1. Experimental Program for the Tested Basalt Fibre Rein-
forced Polymer Bars

This investigation was performed as detailed below. Additional BFRP bar speci-
mens were prepared for the tests. The experiments were performed under the rec-
ommendations provided in the ACI 440.3R-04 code. The goal was to experimen-
tally determine whether any decrease in modulus of elasticity will be observed
during load cycling up to failure or until the endurance limit is reached (1 million
loading cycles). The cycling tensile-tensile load frequency was set to 2 Hz. The
stress range in the BFRP bar during the fatigue test was set to 82 MPa, with
R =0.88. It was set to measure the strain changes in the BFRP specimen at three
stages of the fatigue test: at the onset of cyclic load; during midlife, and close to
failure due to fatigue. Some extra measurements were made in between the stages.
If the specimen reached endurance limit testing was stopped.

3.3.2. Instrumentation for the Test

Two more fatigue test specimens (D-4-2 and D-5-2) were prepared in the same
way as described in Section 3.2.1 (the BFRP bar specimen had a length of
1000 mm and @ = 12.45 mm). It was considered that a high-quality anchorage
was achieved, having designed the embedment length of 375 mm using the same
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steel anchors with an epoxy resin inside (Fig. 3.2). DEMEC strain gauge was used
for the strain measurements. In this case, two pre-drilled steel discs mounted in
the free length of the specimen were used for the measurement (see Fig. 3.3). The
gauge length (base) was also set to 100 mm as in the previous tests. Any displace-
ment in the anchorage zone was recorded in the same manner as explained in Sec-
tion 3.2.2 and Fig. 3.3.

3.3.3. Results of the Experimental Work

The first step in the experimental program, explicated in Section 3.3.1, was to
determine the modulus of elasticity of the BFRP bar before fatigue loading was
applied. Axial load was applied statically to the specimen until it reached the min-
imum stress level 616 MPa (56% of f,u of BFRP bar). For both the specimens, the
modulus of elasticity was determined to be equal to Exn= 45 GPa and was in great
agreement to the value provided by the RockBar manufacturer.

46 1 Eﬁ—p(N), GPa 05050 ] D(N)_l
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Fig. 3.6. Experimental results on: a) decrease in modulus of elasticity during fatigue life;
b) increase in damage variable D(N) versus loading cycles

After performing the fatigue tests, the degradation of the modulus of elasticity
of the BFRP bar results were plotted in the form of Evsp(V) versus load cycles (see
Fig. 3.6a). Figures 3.6a,b show, that after 1 million loading cycles, the decrease
in the modulus of elasticity was found to be not more than 4% (D(N) = 0.04). A
noticeable change in the stiffness of the BFRP bar was observed only when the
loading cycles overcame the midlife point (Min/2). Of course, the maximum value
of damage was reached at the endurance limit and no failure occurred for both
specimens.
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Based on the damage variable D() reviewed in Chapter 1.3, as well as the
experimental results, a best fitting Power law function is proposed for evaluating
the stiffness degradation of BFRP bars:

8.156
Eypy(N) = Ep| 1-6x10°N| 2= : 3.2
biip (V) = Ey ( ( £y (3.2)
where o; is the applied stress range. Equation (3.2) can be rewritten for situations
in which time domain is the main variable used in the calculations and the applied
load frequency f; is known (f; is equal to 1 Hz in this case):

8.156
Eygep (1) = Epy (1—6x1010[;—r] fpt]- (3.3)

0

3.4. Serviceability of Concrete Beams Prestressed
with Basalt Fibre Reinforced Polymer Bars

The second part of the experimental programme was designed to check the accu-
racy of the proposed deflection calculation method presented in Chapter 2. Most
of the available methods were derived for PC flexural members reinforced with
conventional steel, which has a much higher modulus of elasticity (Young’s mod-
ulus) compared to FRP (for BFRP, the difference is more than 4 times). The dif-
ference between the elasticity modulus of the BFRP reinforcement and the higher
strength concrete class is almost negligible: for BFRP, it is equal to Evsip~ 45 GPa
and for C50/60 and C60/75 concrete strength classes, it is Eem~ 37-39 GPa. Under
these circumstances, the flexural members can experience large deflections, be-
cause of the low flexural stiffness of the RC beams. In order to increase the stiff-
ness value, prestressing is utilized. A special jacking system was introduced and
presented in detail in the article by Atutis ef al. 2018.

3.4.1. Experimental Setup of Prestressed Concrete Beams

For the experimental tests, 12 real-scale specimens with a rectangular cross-sec-
tion having the depth of 300 mm, width of 150 mm and length of 3200 mm (beam
span of 2640 mm) were manufactured. A control beam, denoted as CS-1, with no
initial prestressing of BFRP reinforcement was also prepared for cyclic load test.

The beams were denoted from CSI-1 to CSI-12, where the letter "S” refers to
the member type (“Sija” = “Beam”), “C” refers to the loading type (“Cikling” =
“Cyclic”) and “I” refers to the member type (“Itemptoji sija” = “Prestressed



76 3. ASSESSEMENT OF THEORETICAL AND EXPERIMENTAL RESEARCH RESULTS

beam”). In detail, “Cikline apkrova bandoma jtemptoji sija” = “prestressed beam
tested under cyclic load” — (“CSI”™).

) By i | 4 £) |

Fig. 3.7. Prestressed beam specimens: a) reinforcement; b) concrete pour; ¢) curing

The PC beams were reinforced with BFRP reinforcement RockBar Compo-
site (ROCKBAR-B 10-8), having a sand coated surface and @ = 12.45 mm. The
layout of the reinforcement and testing scheme are presented in Figs. 3.7-3.9.

Three prestress levels were used in the study: 40%, 45% and 55% of the ulti-
mate guaranteed tensile strength of the BFRP bar (f;,). The BFRP bars were pre-
stressed by the hydraulic jack POWER TEAM and anchored through special steel
anchor tubes in fixed frame supports. Using dynameters, prestressing level was
controlled additionally, and after the anchoring was recorded every half an hour
on the first day of prestressing. On the same day, after the concrete was poured
into the formwork and curing was started under laboratory premises conditions
(RH = 60—70%, temperature 18 °C£3 °C), recording of the prestressing force con-
tinued every 2 to 3 hours daily till the day of prestress transfer (#,= 14 days). The
concrete shrinkage strains were measured using the same concrete mixture for the
additionally casted concrete prisms. The obtained results are shown in Table 3.3.

In order to avoid failure due to shear stresses, the beams were reinforced with
208 transversal steel loops (spacing 100 mm), except in the pure bending zone.

Table 3.2. Concrete mix proportions for specimens, kg/m?

Material Quantity

Sand (0-4) 730+£2%

Crushed aggregate ([5-8] + [11-16]) 1100£1%
Cement CEM 142.5 N 595+1%

Water 220+5%
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Table 3.3. Shrinkage strains of prism specimens (100x100x400 mm)

Series/Beam Time Predicted by Predicted by Experimental
CEN (2004) B3 model
Series (1) to -1.401x10* -1.412x10* -1.310x10*
CSI-1+4 t -2.090x10* -2.201x10* -1.954x10*
Series (2) to -1.379x10* -1.391x10* -1.292x10*
CSI-5+8 t -2.076x10* -2.093x10* -1.945x10*
Series (3) to -1.425x10* -1.465x10* -1.323x10*
CSI-9+12 t -2.110x10* -2.202x10* -1.961x10*

The proportions of the concrete mixture used for all beam specimens, cubes
(150x150x150 mm), prisms (100x100x400 mm) and cylinders (@150,
h = 300 mm) are provided in detail in Table 3.2. The mechanical properties of
concrete were determined by performing additional tests on cubes, prisms and
cylinders under the rules and recommendations of CEN 2004, prior to prestressing
force transfer to the concrete cross-section and on the day when cyclic testing of
the beams started.

3.4.2. Arrangement of the Test

Cyclic loading tests were performed with two types of arrangements: 1) the min-
imum load Fin and maximum load Fmax levels were fixed for all specimens of the
series; 2) the maximum load F.x was reduced to a certain level for each of the
two specimens of the series.

The cyclic load frequency for all beam series was kept constant at the same
value of 1 Hz, thus making the testing insensitive to cyclic load frequency. Also,
the frequency value was determined based on two main aspects: 1) the testing rate
was set to the “lower” value in order to avoid internal heating (heat dissipation)
in the specimen due to high frequency loading; 2) since the testing was dealing
with high load ranges, which could result to large midspan deflections, this could
have been a problem for the hydraulic actuator to perform at higher speed and for
the linear voltage displacement transducers (LVDT) to record the data properly.
Detailed parameters of the beam specimens and loading conditions are provided
in Table 3.4 and Table 3.5.

The minimum and maximum load levels were determined based on the ulti-
mate flexural capacity (Fui) of the PC beams, which were calculated in accordance
with the codes and standards fib bulletin 40, ACI 440.4R-04, considering static
loading. Having determined the load level at which cracking appears in the tension
zone of the beam (F), the minimum load was set to be a bit higher than F. The
highest level of maximum load was set to be nearly equal to 70% of the ultimate
capacity of the beam.
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Fig. 3.8. Test scheme: a) spanning dimensions and load position; b) cross-sectional
properties in pure bending zone; c¢) arrangement of linear voltage displacement
transducers

Fig. 3.9. Arrangement of the instrumentation: a) before the test; b) arrangement of linear
voltage displacement transducers in the pure bending zone; c) beam specimen prepared
before the test; d) beam specimen during load cycling
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Within Series 1, the prestressing levels of two beam specimens were set at
55% of fi of the BFRP bar. The second ones had a lower initial prestressing level
with a value of 40% of fr. For Series 2 and Series 3 beam specimens, the initial
prestressing stresses were equal to 45% of fr.

The test was performed according to the following steps: 1) pre-loading was
performed up to a total load of 5 kN, and it was transferred to the PC beam through
the loading cell. The purpose of this was to double check if all the equipment were
performing well and whether proper reading of the measurements were recorded
in the data files. The instrumentation that was used allowed to record readings
every 0.1 second. 2) The PC beam specimen was loaded statically till the maxi-
mum load level Fiax and unloaded up to the value of Fiin. 3) The load cycling
stage was performed at a loading speed of 96 kN/s for the the Series 1 beams,
from 74 to 54 kN/s for the Series 2 beams, and from 66 to 40 kN/s for the Series
3 beams, up till the failure of the beam occurred.

Table 3.4. Geometrical and material properties of the beams

Beam h, b, A dp, Siu, &fu Ey, P> Jes
mm mm mm mm MPa GPa % MPa
Control
CS-1 302 152 3200 50 1090 0.0246 45 0.32 46.01
Series 1
CSI-1 303 149
CSI-2 300 148 3200 50 1090 0.0246 45 0.32 44 .47

CSI-3 301 150
CSI-4 299 149

Series 2

CSI-5 300 150

CSI-6 303 152 3200 50 1090 0.0246 45 0.32 40.21
CSI-7 301 148 44.29
CSI-8 303 147

Series 3

CSI-9 301 151

CSI-10 303 153 3200 50 1090 0.0246 45 0.32 46.01

CSI-11 302 150
CSI-12 300 149

3.4.3. Analysis of the Experimental Results

The two main parts of the results are discussed in this section: a) results on the
BFRP prestressed concrete beam fatigue resistance, and b) displacement (deflec-
tion) development of the beams during cyclic loading. All specimens failed due
to rupture of the BFRP bars, except the control beam, which failed in the mode of
concrete crushing in the compression zone.
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Series I specimens were loaded under the same conditions and the same min-
imum and maximum load levels. The difference between the members of Series I
in terms of prestressing level — was a difference of 15 %. From Table 3.5, it is
evident that the aforementioned change in the initial prestressing had significant
influence in the final number of load cycles for the specimens of Series I. The
loading cycles endured differed by more than 3,6 times for specimens CSI-1+CSI-
2 and CSI-3+CSI-4. The stresses in the BFRP reinforcement, including the effect
of stress relaxation, were within the range of 581-656 MPa for specimen CSI-
1+CSI-2 and 478-574 MPa for CSI-3+CSI-4, respectively. Accordingly, R = 0.88
for CSI-1+CSI-2 prestressing BFRP bars and R = 0.83 for CSI-3+CSI-4 BFRP
bars (see Fig. 3.10). It is evident that the ratios between the minimum and maxi-
mum stresses are nearly close for all specimens of Series I, leaving only the pre-
stressing level to be the most important factor having influenced the endurance
limit of the prestressed beams. Regarding the results for this series of specimens,
the higher jacking force resulted in a higher number of load cycles endured.

Table 3.5. Cyclic load test arrangement and fatigue limit results

Beam Level of  Loadlevel Load level Load Load fre- Fatigue

prestress, Frin, KN Fmax, KN range AF, quency f, limt Mim
% kN Hz

Control

CS-1 - 20 48 28 1 328 720

Series 1

CSI-1 55 67 28 031

CSI-2 55 67 28 145

CSI-3 40 20 67 47 ! 7 345

CSI-4 40 67 7 687

Series 2

CSI-5 45 57 37 82348

CSI-6 45 20 57 37 | 86 684

CSI-7 45 47 27 172 244

CSI-8 45 47 27 193 475

Series 3

CSI-9 45 53 33 199 851

CSI-10 45 20 53 33 | 207 451

CSI-11 45 43 23 375263

CSI-12 45 43 23 392 159

Fmin=const. f=const.

Comparing the results of Series II specimens, it is important to mention that
the initial prestressing level for all members were the same. The maximum cyclic
load differed just a bit more than 17.5% within the specimen CSI-5+CSI-6 and
CSI-7+CSI-8. Again, the difference in the final number of load cycles until failure
occurred was obvious, and it was determined to be more than 2.3 times in between
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the beams tested. Regarding stresses in the prestressed BFRP bars during cyclic
loading, the ranges were 480-546 MPa (R = 0.92) for beams CSI-5+CSI-6 and
480-517 MPa (R = 0.93) for beams CSI-7+CSI-8, respectively.

Based on the obtained results, it can be concluded that for Series II beams,
the main factor happened to be the change in the stress range of cyclic load.

Tests on the final specimens, Series I1I, were conducted to confirm the con-
clusions obtained for the previous series (Series II). Evidently, the decrease in
stress range in the prestressing reinforcement caused a significant increase in the
number of load cycles until failure occurred — about 2 times higher number of
cycles endured compared with beams within the series. Beams CSI-9+CSI-10
were tested at the stress variation in the BFRP bars ranging between 480-573 MPa
(R =0.84) and for beams CSI-11+CSI-12, it was — 480-545 MPa (R = 0.88). This
again reflects the one main reason why the increase in the final number of loading
cycles was obtained during the experiment — the decrease in stress range.
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Fig. 3.10. Stress range in basalt fibre reinforced polymer bars
versus number of load cycles
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Fig. 3.11. Load range versus number of load cycles USC — ultimate static capacity

The comparison of the experimental results of the loading cycles endured in
between the three series provides a better understanding of the effect of initial



82 3. ASSESSEMENT OF THEORETICAL AND EXPERIMENTAL RESEARCH RESULTS

prestressing of BFRP bars on the value of Min. The initial prestressing of BFRP
bars varied from 40 to 55 % of the ultimate tensile strength of the bar. The lowest
number of load cycles endured (Mim) Was obtained for the specimens having the
lowest initial prestressing level (40%). The highest Mim was obtained when the
prestressing level was set to be 45% of the UTS of the BFRP bar and the stress
range ratio was equal to 0.88.

Regarding the stress range in the prestressing reinforcement, it is obvious that
the higher maximum cyclic load level (67 kN) and lower prestressing level (40%
of UTS) were the main conditions determining the final number of load cycles
sustained (see Fig. 3.10 and Fig. 3.11).

Considering the obtained deflection development of all the three beam series
during load cycling, the main focus should be on the reasons influencing the
change in flexural stiffness of the beams. For the prestressed beams labelled as
CSI-1 and CSI-2, the maximum deflection determined during the first loading cy-
cles (N = 1-50) were almost the same (5.0 and 5.6 mm, respectively); whereas,
on comparing the deflections of beams CSI-3 and CSI-4, a more noticeable dif-
ference appears — 9.2 and 12.8 mm, respectively. For beams CSI-1 and CSI-2, the
deflection increased more rapidly during the loading period of ##im= 0.1 (here,
tim = Nin/fp). During this period, the difference in deflections of both beams be-
came more visible. With the increase in loading cycles (#/#im = 0.2-0.8), the de-
flection of the beams stabilized, and the value of deflection increment was almost
negligible. The rapid increase in deflection is again observed only at the final
loading cycles: only when #/tiin> 0,9 and the final loading cycles was reached, the
deflection was 9,4 mm and 9,5 mm for beams CSI-1 and CSI-2, respectively. The
same tendency occurred for the deflection of beams at the minimum load level.

In comparison, for beams CSI-3 and CSI-4 of the same series, an identical
description of the development of the midspan deflection could be applied, but
several disparities should be noted: the stabilized state of evolution of the deflec-
tion can be applied only for those determined under minimum cyclic loading — at
the maximum load level, the deflection increased throughout the load cycling pe-
riod (¢/tim= 0—1.0); the difference in deflections for both beams was about 15% at
the maximum load level and about 35% at the minimum load level. Comparing
the beams CSI-1+CSI-2 with CSI-3+CSI-4, it can be noticed that maximum and
minimum midspan deflections were more than 2 times greater at the loading pe-
riod of #/tim= 0.2. Later, the difference only increased. This is because the higher
initial prestressing level had a significant influence on the differences in flexural
stiffness £/ before and after the appearance of the cracks in the tension zone of
the beams (see Fig. 3.12).

Figure 3.13 shows the obtained midspan deflections of the prestressed beams
of Series II. It is obvious that the decrease in the applied load range (of 10 kN) led
to a decrease in the midspan deflection at the maximum load level (more than
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20%), for beams CSI-7 and CSI-8. Again, the stabilization of the development of
the deflection was within the period of #/#im= 0.2—0.8. For all beams of Series II,
the differences in deflection values at the maximum and minimal load levels were
recorded to be not more than 7%.
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Fig. 3.12. Relationship between midspan deflection and increasing number of load
cycles for beams of Series I: a) CSI-1, CSI-2 and b) beams CSI-3, CSI-4
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Fig. 3.13. Relationship between midspan deflection and increasing number of load
cycles for beams of Series II: a) CSI-5, CSI-6 and b) beams CSI-7, CSI-8
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Fig. 3.14. Relationship between midspan deflection and increasing number of load
cycles for beams of Series III: a) CSI-9, CSI-10 and b) beams CSI-11, CSI-12

The deflection results of the last beam series are shown in Figure 3.14. Since
the start of the cyclic load, such a rapid increase in the midspan deflection during
the loading period of ##im= 0—0.1 was not obtained, compared to that in the case
of Series I and Series II beams. When #/fim, reached 0.2, the difference in the max-
imum deflection between specimen CSI-9+CSI-10 and CSI-11+CSI-12 was re-

ported to be not greater than 20%.

Once again, at #/fim= 0.2—0.8 almost negligible degradation of flexural stift-
ness was obtained. Only when the applied load cycles approached the endurance

limit, did the midspan deflection increase significantly.

Pure bending

Fig. 3.15. Failure crack position of pure bending zone for Series I beams
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Pure bending

Fig. 3.16. Failure crack position of pure bending zone for Series /] beams

As mentioned before, all the prestressed beams failed due to rupture of the
BFRP bar in the pure bending zone. Almost all specimens failed at the flexural
crack, positioned in the concentrated load line, except for the beams CSI-3, CSI-
4 and CSI-10 (see Fig. 3.15 and Fig. 3.16). It can be observed that longitudinal
shear cracks were formed above the tip of the flexural crack for these beams. This
was possibly due to the shear deformations in the compression zone.

Experimentally determined changes in average strain at the top of the beam
and at BFRP prestressing level versus increasing load or number of loading cycles
is provided in Figures 3.17 and 3.18. Strain increase due to increasing statically
applied load on the beam specimen CSI-2, is given in Figure 3.17a. Determined
strain values at the 5™ loading cycle is given in Figure 3.17b. Similarly, strain at
the 2800™ and at 28000 (before failure) are provided in Figures 3.18a and 3.18b.
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Fig. 3.17. Changes in strain versus increasing applied load for beam specimen CSI-2:
a) at the moment of statically applied load; b) at the 5" load cycle
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Fig. 3.18. Changes in strain versus increasing applied load for beam specimen CSI-2:
a) at the 2800 load cycle; b) at the 28000 load cycle (before failure)

Based on the data provided in Figures 3.17 and 3.18 it can be concluded that
strain increase of concrete in compression zone was determined to be up to 7 %
due to increasing number of loading cycles, whereas for BFRP prestressing rein-
forcement strain increased up to 25 %. This may indicate that thee creep of con-
crete (static and cyclic) was one of the factors resulting the increment of strain in
concrete; however, the degradation of mechanical properties of BFRP reinforce-
ment can also be named as one of the most important factor of higher strain in-
crease in the reinforcement.

After the tests were completed, the BFRP reinforcement at the main failure
crack was uncovered in order to determine the main cause of failure of the rein-
forcement (Fig. 3.19). In most cases rupture of BFRP reinforcement appeared to
be due to broom-shape tension failure or bending failure, followed by the great
portion of cross-sectional rupture or a mix of the two.

Fig. 3.19. Failure modes of basalt fibre reinforced polymer bars at the failure crack
a) bending failure b) broom-shape tension failure
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Good bond conditions remained between the BFRP bar and the surrounding
concrete at the cross-sections in between the main normal cracks, since no abra-
sion effect due to wearing of the sand coating of the BFRP bar surface was ob-
served. This was also proven by the LVDTs, mounted at the ends of the beams,
where no slippage of BFRP reinforcement was recorded.

3.5. Comparative Analysis of Theoretical and
Experimental Results

Based on the proposed method, a simple example of the advantages of the model
including structural dynamics is provided herein. Clear and transparent results are
provided by the model when the midspan of the prestressed concrete beams, rein-
forced with FRP reinforcement, is analysed. The given excitation or forcing func-
tion can be displayed graphically in the time domain. For example, for prestressed
beam CSI-2, which was tested in the experimental program, knowing the forcing
function F(f) acting on the beam through the four-point bending scheme, we can
determine the force versus discrete time ¢’ (time domain for one loading cycle)
relation at a chosen loading cycle (see Fig. 3.20). In this example, the 5™ and Nin/2
(midlife) loading cycles are compared. Almost no difference in the experimentally
recorded and analytically calculated forcing function F(¢) is observed.
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Fig. 3.20. Forcing function versus discrete time ¢’ at the:
a) 5™; b) at the Mjin/2 loading cycles
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By using the equations provided in Chapter 2 (Eqgs. 2.13-2.18), the displace-

ment of the approximated SDOF system or midspan deflection of the beam can
be calculated. A comparison of the results of the values determined are given in
Figure 3.21. In the first loading cycles, the midspan deflection obtained during the
experimental testing of the beam CSI-2 were higher than the ones calculated based

on the proposed method.
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Fig. 3.21. Midspan deflection versus discrete time ¢’ at the:
a) 5"; b) at the Nim/2 loading cycles
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Fig. 3.22. Velocity versus discrete time ¢ at the: a) 5™; b) at the Njin/2 loading cycles
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Since the number of loading cycles increased from N/Nim= 0.2 up till 0.9, the
calculated deflection values were higher almost every time compared to the ones
obtained by the experimental tests (see Fig. 3.21). This was due to the change
(decrease) in the flexural stiffness of the real scale PC beams, after the cracking
occurred.

The sensitivity measure of equation (2.18), or in other terms the — differenti-
ation of the deflection (displacement) function over time, results in the determi-
nation of the SDOF velocity v = du/d¢ (how quickly the deflection changes with
respect to time). The differences in velocities determined by the experimental tests
and calculated analytically are slightly greater than 35% (see Fig. 3.22).

The second derivative of the displacement function over time d*u/d#* would
lead to determination of the acceleration a of the SDOF system. The difference
between the theoretically determined and experimentally obtained accelerations
of the real PC beam and approximated SDOF is considerable. From a structural
dynamics point of view, these differences could have resulted the fact that the
acceleration in the proposed method is calculated with respect to the equilibrium
of the equation of motion of the SDOF system. These values are determined in a
way that would satisfy the equilibrium between input forces and the response (in-
ertia) of the SDOF system. For the issues detailed above, graphical illustrations
are not provided.
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Fig. 3.23. Comparison of midspan deflection and increasing number of load cycles for
beams of Series I: a) CSI-1, CSI-2; b) beams CSI-3, CSI-4
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For a more detailed discussion on the comparison between the proposed
method (Sections 2.1-2.3), the results obtained by the method derived by Bala-
guru (1981) and experimental deflection results are shown in Figures (3.22)—
(3.24).

The deflections were measured and calculated under the service loading of
the PC beams. In the early stage of load cycling a slight disagreement between the
deflection values calculated by the proposed method and the experimental results
for the beams of Series I (CSI-1 and CSI-2) data was observed (when #/#im< 0.1).
After that, the differences became almost negligible — lower than 6% for deflec-
tions determined under the maximum load level, and lower than 30% for deflec-
tions calculated at the minimum cyclic load level. Such disagreement varies in the
same values during almost all cyclic loading period (up till ##im < 0.9). Higher
differences were obtained when comparing the deflections of the midspan of
beams CSI-3 and CSI-4. At the maximum load level, the deflection and cyclic
loading period relations started to differ once #/#im > 0.4-0.5 was reached, when
comparing the experimental results and the proposed method deflection values.
For the proposed method, the average ratio of ucaic/texp Was determined to be about
1.05 for all the minimum and maximum deflection values, during the entire cyclic
loading period. As for deflection determination method of Balaguru (1981), for
beam of Series I (CSI-1 and CSI-2), the midspan deflection was calculated to be
1.3 times greater than the experimentally determined ones. At the minimum cyclic
load level deflection ratios were about 0.78 throughout the cyclic loading period.
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Fig. 3.24. Comparison of midspan deflection and increasing number of load cycles for:
a) beams of Series II: CSI-5, CSI-6; b) beams CSI-7, CSI-8
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Fig. 3.25. Comparison of midspan deflection and increasing number of load cycles for:
a) beams of Series I1I: CSI-9, CSI-10; b) beams CSI-11, CSI-12

For the beams labelled as CSI-4 and CSI-5, the maximum deflection calcu-
lated by the Balaguru model and the experimentally obtained values was lower
0.65 times, and at the minimum load level — 0.53. The average analytically deter-
mined and experimental deflection ratios were equal to 0.88 for all the minimum
and maximum deflection values of the PC beam Series I (see Fig. 3.23).
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Fig. 3.26. Comparison of midspan deflection and increasing number of load cycles for:
a) beams of Series I1I: CSI-9, CSI-10; b) beams CSI-11, CSI-12
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For the beams of Series Il (CSI-5+CSI-8), based on the proposed method pre-
sented in Chapter 2, the deflection ratios varied from 1.33—1.43 for beams CSI-
5+CSI-6 and CSI-7+CSI-8, respectively. As for Balaguru’s method, it was 1.66—
1.74 for beams CSI-5+CSI-6 and CSI-7+CSI-8, respectively (see Fig. 3.25).

Regarding the comparison between the methods for the PC beams Series 111,
the highest disagreements were obtained. For the beams noted as CSI-9 and CSI-
10, the deflection ratios were 1.86 and 2.16 for the proposed method and Bala-
guru’s method, respectively. These differences were obtained for the minimum
values (umin) of the deflections (when F(¢) = Fmin). For prestressed concrete beams
labelled as CSI-11 and CSI-12, the deflection ratios were determined to be lower
than the previous ones within Series III: 1.40 and 1.66 for the proposed method
and Balaguru’s method, accordingly (Fig. 3.26).

A brief review on the statistical analysis of the determined results are pro-
vided below. Firstly, the relative error A of the deflection ratios between the the-
oretical and experimental values were determined for both methods. Then, by us-
ing the mean values of all data m,, standard deviation s>, was determined for the
proposed method and Balaguru’s (1981) method.

Graphs of all data sets, mean value and standard deviation of the methods are
provided in Figure 3.27 and 3.28.

It can be observed that the proposed methodology provides less disparity for
the expected values of the deflections. The mean and standard deviation values of
the deflection ratios for the proposed method were determined to be 1.36 and 0.14,
respectively. Regarding the method of Balagruru (1981), the deflection prediction
method for flexural members under cyclic load application were calculated to
have values of 1.49 and 0.28, for mean and standard deviation, respectively. The
later ones are slightly higher than those for the proposed method (about 8.2%
higher mean values and about 50% in the data spread values).
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Fig. 3.27. Comparison of the ratios of deflection determined
by the proposed method and obtained experimentally for all beam series
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Fig. 3.28. Comparison of the ratios of deflection determined
by Balaguru’s method and obtained experimentally for all beam series

If the maximum values of the experimentally obtained and calculated deflec-
tion (#max) values are compared, the average ratio of ucac/ttexp 1S €qual to 1.17 for
the proposed method and 1.20 for the Balaguru’s (1981) method (with proposed
modification).

3.6. Conclusions of Chapter 3

This chapter presented the main discoveries obtained during the fusion of the the-
oretical and experimental data sets. Together with the comparative and statistical
analysis between the proposed method and the method developed by another au-
thor, general conclusions on the accuracy of the deflection prediction values are
provided herein.

1.

From the first part of the experimental program one of the major discov-
eries was that with a minimum and maximum cyclic load ratio of
R = 0.88, BFRP bars were able to endure more than 1 million loading
cycles, while the maximum load level caused maximum stresses in the
bar not higher than 65% of UTS of the bar. These results were interpreted
as a safe zone for fatigue loading of BFRP bars.

The changes in the stress range for BFRP bars under cyclic loading con-
ditions have a significant influence on the final number of loading cycles
until failure occurs. When the stress range is doubled, the endurance limit
(Niim) for BFRP bars decreases by more than 73 times. This tendency in-
creases considerably if the stress range is raised again by 1.8 times.

The loading frequency has a certain level of influence on the final number
of loading cycles endured. Comparing the number of load cycles up till
the failure of BFRP bars, the frequency increase from 2 to 4 Hz reduced
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the number of cycles endured by 30%. At higher loading frequencies, Mim
tends to decrease even more rapidly.

The experimental test on the change in the modulus of elasticity of BFRP
bars under cyclic loading provided the following results: After 1 million
loading cycles, the decrease of the modulus of elasticity of BFRP bars
was obtained to be not more than 4%. An increase in the damage variable
D(N) was obtained only after the midlife (Mim/2) of the test specimens.
Based on the experimental data a power law equation was proposed for
the determination of modulus of elasticity decrease for BFRP bars.

Regarding the fatigue resistance of BFRP prestressed concrete beams it
was observed that, the highest number of maintained load cycles was
reached for the beams having the lowest load range (also the lowest S; in
the prestressing reinforcement) and medium initial prestressing level (out
of free: 40%, 45% and 55%). The optimal minimum and maximum stress
ratio R was determined to be varying from 0.84 to 0.88. Higher R values
are followed by lower Niim.

Experimental tests on the PC beams under cyclic loading showed fatigue
failure of the beams in the tension zone (by rupture of the BFRP bar),
except for the control beam (crushing of concrete in the compression
zone). All the specimens failed in the major flexural crack, positioned in
the concentrated load line (in the pure bending zone). Several specimens
failed in between the concentrated load points. It was observed that in
those specimen, major flexural crack had longitudinal shear cracks,
formed above the tip of the major crack. This was possibly due to the
concrete resistance of the propagation of crack towards the neutral axis,
followed by the development of shear deformations.

After the comparison of the proposed method with the experimental data
it was determined that the proposed method provides greater accuracy for
midspan deflection values than the ones calculated by the other method
available in the literature (Balaguru 1981). The mean and standard devi-
ation values of the deflection ratios for the proposed method were deter-
mined to be 1.36 and 0.14, respectively.



General Conclusions

Conclusions of most important findings can be drawn:

1. The literature review showed that in order to properly evaluate deflection
of the PC flexural members under repetitive or cyclic loading, accurate
evaluation of the degradation processes in both the concrete and the pre-
stressing reinforcement must be considered. In addition to static creep,
cyclic creep of concrete should be assessed throughout the loading period.
In order to use BFRP reinforcement as a prestressing for concrete flexural
members, extensive theoretical and experimental tests should be per-
formed. In order to obtain greater knowledge and understanding of the
inner processes and response of FRP reinforcement (in this case — BFRP)
undergoing cyclic loading, new investigations should be performed.

2. Based on the obtained extensive experimental results, an alternative
model is proposed for the cyclic creep strain determination in cases where
prestressing reinforcement, which has a relatively low modulus of elas-
ticity (i.e., BFRP), is used. The model is proposed with reference to the
exciting cyclic creep of concrete evaluation model.

3. Time-dependent concrete properties such as creep could be re-evaluated
by the addition of creep increment due to cyclic loading in the existing
design codes and recommendations for concrete members reinforced or
prestressed with FRP bars. Evaluation of the effect of cyclic loading on

95
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the properties of FRP reinforcement should also include the changes in
the elasticity modulus.

. An analytical model based on structural dynamics for evaluating the de-

flection evolution during cyclic loading is proposed. Unlike the other
methods reviewed in this thesis, the proposed method is advantageous due
to the ability to involve structural dynamic principles in the deflection
determination processes, such as determination of the natural angular fre-
quency (wy) of BFRP prestressed concrete beams, sensitivity of a flexural
member to the excitation force (cyclic loading) and load frequency. The
proposed method evaluates FRP (in this case — BFRP) prestress losses
due to its relaxation, static and cyclic creep, and shrinkage of concrete,
throughout the cyclic loading period (loading duration). Basically, the
method enables engineers to analyse the structural members (i.e., PC
sleepers, PC girders, PC bridge decks, etc.) in the early stages of the de-
signing process (i.e., prestress level, stress-strain evaluation, natural an-
gular frequency of the structural member, etc.) and make easier decisions
in the final stages.

. It was experimentally found that for BFRP bars, mechanical properties

such as modulus of elasticity are almost non-degradable. After 1 million
loading cycles (tension-tension cyclic tests), it was determined that the
total degradation was less than 5%, leading to a conclusion that BFRP
bars can be highly recommended for use in flexural PC structures under-
going cyclic loading. Nevertheless, based on these results, a new change
in the BFRP elasticity modulus determining equation Evnsp(2V), based on
damage variable, was proposed, which allows to extrapolate the degrada-
tion values for even higher loading cycles (>1 million). However, it is
recommended to perform additional experimental investigation to ensure
the adequacy of the proposed equation.

. Based on the experimental results, it was found that the fatigue life of

BFRP prestressed concrete beams had greater values in situations where
the load range was the lowest (S: in the BFRP prestressing reinforcement
was also lowest) of all tested specimen. The most effective initial pre-
stressing level was found to be 45% of the ultimate tensile strength of
BFRP bar. The tested specimens were able to undergo the highest number
of loading cycles in situations where the minimum and maximum stress
ratios in the BFRP reinforcement was found to vary from 0.84 to 0.88.

. After the completion of statistical analysis, it was determined that the pro-

posed method for calculating the deflection of PC beams provides greater
accuracy of the determined deflection values at any given time step of the
forcing function, compared to the experimental test results and the method
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proposed by another author (Balaguru 1981). The mean and standard de-
viation values of the minimum and maximum deflection ratios for the
proposed method were 1.36 and 0.14, respectively. The mean value for
maximum deflection ratio values only were determined to be equal to 1.17
for the proposed method, leading to a conclusion that proposed method
provides more accurate results comparing to other method.

. Considering the above conclusions, it is highly recommended to extend
the research on the findings presented in this study through additional ex-
perimental tests and numerical simulations with FEM to be able to apply
the methodology and proposed calculation technique to the existing de-
sign codes and recommendations for structures reinforced with BFRP re-
inforcement.
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Summary in Lithuanian

Jvadas
Problemos formulavimas

I§ anksto jtemptojo gelzbetonio konstrukcijos yra placiai naudojamos tokiuose statiniuose
kaip tiltai, viadukai, naftos gavybos platformos, biriy medziagy talpyklos ir daugelyje kity.
ISankstinio armatiiros jtempimo principas $iuose statiniuose naudojamas ne tik dél pa-
didéjusio konstrukcijos standumo, sumazeéjusio pleisé¢jimo, padidéjusio konstrukcijos il-
gaamziSkumo, taciau ir dél ekonominiy aspekty. IS anksto jtempiant pliening armattira
galima sutaupyti net iki 30% naudojamy medziagy kiekio.

Nepaisant daugybés jprasto ir i§ anksto jtemptojo gelzbetonio privalumy, pagrindinis
$iy konstrukcijy trukumas iSlieka armatiiros korozija. Korozijos pazeisty konstrukcijy ar
statiniy remontui pasaulyje kas met iSleidziami milijardai eury. Prie§ keleta deSimtmeciy
pasirodé galimas §ios problemos sprendimas — polimerinés kompozitinés medziagos.
Salyginai nauja tokio tipo medziaga gali biiti laikoma bazalto pluo$tu armuoti kompozitai.
Bazalto pluostu armuota kompozitiné armatira (BFRP) pasizyminti geresnémis fizi-
kinémis ir mechaninémis savybémis (pvz., Sarminei aplinkai ir temperattiros poveikiams)
lyginant su stiklo pluosto armatiira, o lyginant su anglies pluosto armatiira — turi pa-
kankamai gera atsparuma nuovargiui ir yra pigesné. Nepaisant to, BFRP armatiiros ek-
sploatacinés savybés veikiant ciklinéms apkrovoms yra iki $iol tiriamos eksperimentiskai
deél tyrimy rezultaty trakumo.

Literatiiroje galima rasti nemazai i§ anksto jtemptaja plienine armatiira armuoty kon-
strukcijy, veikiamy ciklinémis apkrovomis tyrimy. PrieSinga situacija yra su konstrukcijy
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tyrimais, kai plieniné armatiira yra pakei¢iama nemetaliné armatiira. Tam tikro tipo (sti-
klo, aramido, anglies pluosto) nemetalinés armatiiros nuovargio tyrimy rezultaty lit-
eratiroje randama pakankamai nemazai, taciau vis dar iSlieka didelis bazalto pluosto ar-
mattros tyrimy trikumas.

Kompozitine armatiira armuoty konstrukcijy projektavimui normy, tokiy kaip JSCE
(1997), fib bulletin 40 (FIB), CSA-S806 ir ACI 440.4R, rekomendacijose randami nu-
rodymai nuovargio efekto vertinimui, konstrukcijoms, armuotoms aramido, anglies arba
stiklo pluosto armatiira. Bazalto pluoSto armatiira armuoty konstrukcijy projektavimui
rekomendacijy ir nurodymy néra pateikiama. Todél Siuo darbu siekiama i$plésti supratima
apie cikliniy (dinaminiy) apkrovy veikiamy lenkiamyjy betoniniy konstrukcijy, armuoty
bazalto pluosto armatiira, elgseng. Be to, ypatingas démesys skiriamas tokiy konstrukcijy
tinkamumo ribiniam biiviui — jlinkio poky¢iams ciklinés apkrovos veikimo laikotarpiu.

Darbo aktualumas

Betoniniy konstrukeijy, armuoty plienine ar nemetaline armatiira ir veikiamy cikliniy apk-
rovy elgsena skiriasi nuo statinémis apkrovomis veikiamy konstrukcijy. Be to, tradicine
plienine armatiira armuoty konstrukeijy eksploatacinéms savybés didelg jtaka daro aplin-
kos poveikis. D¢l atsivérusiy plySiy galimas tokiy konstrukeijy ilgaamzisSkumo sumazéji-
mas dél plieninés armatiiros korozijos. Kompozitinés armattiros panaudojimas gali padeéti
i§spresti korozijos problema, taciau atskiras démesys turéty biti skiriamas ciklinés apkro-
vos konstrukcijai sukeliamiems poveikiams jvertinti. Cikliskas jtempiy ir deformacijy ki-
timas skerspjiivyje sukelia betono ir armatiiros pazaidas. Sie veiksniai turi jtakos konst-
rukcijos saugos ir tinkamumo ribiniams bliviams, bei iki Siol néra galutinai iStirti. Todél
tik atliekant papildomus, kompleksiskus tyrimus galima nustatyti tiek atskiry medziagy
(betono ir BFRP armatiiros), tick bendros jy elgsenos ypatumus veikiant ciklinei apkrovai.
Vertinant i§ anksto jtemptyjy lenkiamyjy konstrukcijy, armuoty neplienine armatiira stan-
dumo pokytj, svarbu jvertinti ciklinés apkrovos jtaka betono bei neplieninés armatiiros
mechaniniy savybiy pokyciui. Tik esant tiksliems medziagy fizikiniams modeliams ga-
lima reikiamu patikimumu prognozuoti minéty konstrukcijy elgseng visa jy eksploatacijos
laikotarpi.

Tyrimo objektas

Darbe nagrinéjama ciklinés apkrovos jtaka betono ir bazalto pluosto armattiros mechani-
néms savybéms bei Sia armatiira armuoty, i§ anksto jtemptyjy betoniniy sijy standumo
poky¢iui.

Darbo tikslas

Disertacijos tikslas yra pasitilyti bazalto pluosto armatiiros, veikiamos cikliniy apkrovy,
mechaniniy savybiy vertinimo ir §ia armattira armuoty i$ anksto jtemptyjy sijy analitinj
ilinkio apskaic¢iavimo modelius.
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Darbo uzdaviniai
Darbo tikslui pasiekti sprendziami Sie uzdaviniai:

1. Atlikti esamy cikliniy apkrovy veikiamo betono mechaniniy savybiy kitimo nus-
tatymo metody literattiros analize, placiau apzvelgiant betono valksnumga dél cik-
liniy apkrovy poveikio.

2. Apzvelgti esamus analitinius modelius, cikliniy apkrovy veikiamos BFRP arma-
tiros mechaniniy savybiy pokyc¢iui nustatyti.

3. Pasitlyti analitinj metodg BFRP armattira armuoty i§ anksto jtemptyjy lenkia-
myjy elementy, veikiamy cikliniy apkrovy, jlinkio nustatymui.

4. Atlikti BFRP armatiiros nuovargio bei mechaniniy savybiy pokycio dél ciklinio
apkrovos veikimo eksperimenting analize.

5. Atlikti BFRP armattira armuoty i§ anksto jtemptyjy sijy nuovargio bei jlinkio ki-
timo dél ciklinés apkrovos veikimo eksperimentinius tyrimus, veikiant skirtin-
giems iSankstiniams armatiiros jtempiams bei ciklinés apkrovos amplitudéms.

6. Atlikti pasiiilyto analitinio metodo tikslumo analizge, lyginant eksperimentinius ir
apskaiciuotus sijy jlinkio kitimo rezultatus.

Tyrimy metodika

Darbe taikomi statybinés mechanikos bei konstrukcijy dinamikos principai. Tiriamos
betonings sijos, armuotos i§ anksto jtempta bazalto pluosto armatiira. Tiriamieji elementai
aproksimuojami j vieno laisvumo laipsnio (VLL) dinaming sistema, keiCiant jy tikraja
mase bei lenkiamajj standumg | apibendrintasias vertes. Pasitelkiant dinamikos lygtis
aprasoma VLL sistemos pusiausvyra tarp vidiniy, inercijos bei judesj zadinanciy jégy.
Pateikiamas nehomogeninés diferencialinés lygties sprendinys, susidedantis i§ dviejy de-
damyjy — dalinio ir papildomo sprendinio. Papildomai atlickama literatiiros analize,
siekiant apzvelgti betono ir BFRP armattiros mechaniniy savybiy pokycius veikiant ci-
klinei apkrovai. Betono ir BFRP armatiiros mechaniniy savybiy pokyciai jvertinami
siilomame jlinkiy skai¢iavimo metode. Sitilomo metodo tikslumui jvertinti atlickami ba-
zato pluosto armatiiros, bei 1§ anksto jtemptyjuy sijy, veikiamy cikliniy apkrovy, eksperi-
mentiniai tyrimai. Metodo adekvatumas jvertinamas atliekant teoriniy ir eksperimentiniy
rezultaty statisting analize.

Darbo mokslinis naujumas
1. Remiantis eksperimentiniais tyrimais pasitilyta BFRP armattiros jtempiy ampli-
tudes — atlaikomy apkrovos cikly skaiCiaus (Si-N) priklausomybe nusakanti
lygtis.
2. Pasililytas naujas BFRP armatiira armuoty i§ anksto jtempty sijy, veikiamy ci-
klinés apkrovos bei paremtas konstrukcijy dinamika, jlinkio vertinimo metodas.

3. Gauti nauji BFRP armatiiros tamprumo modulio kitimo dél ciklinés apkrovos
poveikio eksperimentiniai rezultatai bei pasitlyta §j pokytj nusakanti lygtis.
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4. Gauti nauji BFRP armatiira armuoty i$ anksto jtempty sijy, veikiamy ciklinés
apkrovos, eksperimentiniy tyrimy rezultatai.

Darbo rezultaty praktiné reikSmé

Disertacijos rezultatai yra svarbiis vertinant kompozitais armuotos polimerinés armatiiros
nuovargio efekta dél ciklinés apkrovos veikimo bei Sio tipo armatiiros tinkamumg i§
anksto jtempty konstrukcijy armavimui. Gauti nauji ir aktuallis bazalto pluoSto armatiiros
veikiamos ciklinés apkrovos eksperimentiniy tyrimy rezultatai. Remiantis gautais tyrimy
rezultatais galima papildyti konstrukcijy armuoty FRP armatiira galiojanciy projektavimo
normy ir rekomendacijy nuostatas. Pasitlytas gniuzdomo betono, veikiamo cikliniy apk-
rovy deformacijy prieaugio vertinimo, taip pat BFRP armattiros mechaniniy savybiy po-
ky¢io vertinimo modeliai dél cikliniy apkrovy poveikio. Pasitilytas jlinkio vertinimo me-
todas, kuriame jvertinami prie$ tai minéti modeliai gali biiti naudojamas projektuotojy
nustatant i$ anksto jtemptyjy lenkiamyjy konstrukcijy jlinkius, esant situacijoms, kai jie
atsiranda dél dinaminiy poveikiy ir jlinkiy kitimo laike nustatymas yra ypa¢ aktualus.

Ginamieji teiginiai
1. Bazalto pluosto armatiiros atsparumas nuovargiui gali biiti laikomas pakankamu,
kai ciklinés apkrovos sukeliamy maksimaliy jtempiy dydis nevir§ija 65 % ar-
matiiros tempiamojo stiprio ribos.

2.  BRRP armatiira armuoty i$ anksto jtempty sijy atsparumas nuovargiui priklauso
nuo Sios armatiiros iSankstinio jtempimo dydzio bei ciklinés apkrovos ampli-
tudes. Remiantis gautais tyrimy rezultatais nustatyta, kad optimalus iSankstinio
itempimo lygis BFRP armatiiroje lygus 45 % Sios armatiiros tempiamojo stiprio
ribos.

3. I8 anksto jtemptyjy lenkiamyjy betoniniy konstrukcijy, armuoty BFRP armatiira,
minimaliy ir maksimaliy jtempiy tempiamoje armatiiroje santykis (R) turéty biti
didesnis nei 0,88.

4. Pasitlyta apibendrintojo standumo k. iSraiSka leidzia pakankamai tiksliai
nustatyti lenkiamyjy elementy, armuoty i§ anksto jtempta BFRP armattira jlinkj,
kaip vieno laisvumo laipsnio sistemos poslinkj. Be to, pasitelkiant apibendrintojo
standumo iSraiSka k. galima nustatyti sijos savyjy svyravimy daznj.

5. Pasiiilytas BFRP armatiira armuoty i§ anksto jtempty sijy ilinkio nustatymo
metodas, vertinantis betono ciklinj valk§numg bei galima BFRP armattros
mechaniniy savybiy (tamprumo modulio) pokytj dél ciklinio apkrovos pobiidzio
yra pakankamai tikslus.

Darbo rezultaty aprobavimas

Disertacijos tema paskelbti 8 moksliniai straipsniai, i§ kuriy 5 — Zurnaluose turin¢iuose
cituojamumo rodiklj, 1 —konferencijy rinkiniuose referuojamuose Clarivate Analysis Web
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of Science duomeny bazéje ir 1 — kity tarptautiniy duomeny baziy leidiniuose. Disertaci-
joje atlikty tyrimy rezultatai buvo paskelbti 5 praneSimuose 5 konferencijose Lietuvoje ir
uzsienyje:

— 17-0ji Jaunyjy mokslininky konferencijoje Lietuva be mokslo — Lietuva be atei-
ties, Vilnius, Lietuva, 2014;
18-0ji tarptautiné konferencija /8th International Conference on Composite
Structures, Lisabona, Portugalija, 2015;

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

— 19-0ji tarptautiné konferencija 19th International Conference on Composite
Structures, Porto, Portugalija, 2016;

— 5-0ji tarptautiné konferencija 5th International Conference on Mechanics of
Composites, Lisabona, Portugalija, 2019.

Disertacijos struktira

Disertacijg sudaro jvadas, 3 skyriai, bendrosios iSvados, autoriaus moksliniy publikacijy
disertacijos tema sarasas (8 publikacijos), santrauka lietuviy kalba ir 3 priedai.

Disertacijos apimtis — 124 puslapiai. Tekste panaudoti 44 paveikslai, 10 lenteliy,
164 formulés ir 100 literatiiros Saltiniy.

Padéka

Autorius nori iSreiksti nuoSirdzig padéka savo mokslinio darbo vadovui, Gelzbetoniniy
konstrukcijy ir geotechnikos katedros vedéjui prof. dr. Juozui Valivoniui uz puikia
lyderyste, vertingas zinias ir patarimus bei motyvacija visu disertacinio darbo rengimo
metu. Disertacijos autorius taip pat dékoja doc. dr. Robertui Balevi¢iui, doc. dr. Broniui
Jonaiciui, uz id¢jas ir patarimus, taip pat kolegai dr. Aidui Joktibaiciui uz geranoriska pa-
galba atliekant eksperimentinius tyrimus. Uz reik§mingas pastabas ir rekomendacijas, ku-
rios padéjo pagerinti disertacinio darbo kokybe, autorius dékoja doc. dr. Dariui Bacinskui,
prof. dr. Romualdui Kliukui ir dr. Rimvydui Stoniui.

Taip pat, autorius Sirdingai dékoja, téveliams Petrui ir Audrutei, broliui Mantui uz jy
visokeriopa pagalba rengiant §j darba. Labiausiai autorius dékoja savo mylimai zmonai
Simonai bei vaikams Medeinai ir Margiriui.

1. Neplienine armatura armuoty iS anksto jtempty konstrukcijy
elgsenos bei suirimo dél nuovargio literatiros apzvalga

Pirmajame disertacijos skyriuje apraSomi nemetaline armattira armuoty i§ anksto jtempto
gelzbetonio konstrukcijy elgsenos tyrimai veikiant ciklinéms apkrovoms. Analizuojamas
minétos apkrovos poveikis tiek bendram konstrukcijos darbui tiek betonui bei FRP ar-
matirai atskirai. Nagrinéjami FRP armatiiros suirimg dél nuovargio lemiantys veiksniai.
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Apzvelgiami esami eksperimentiniy tyrimy rezultatai susij¢ su FRP armatiiros atsparumu
nuovargiui, vertinant jvairius veiksnius: aplinkos temperatiira, ciklinés apkrovos veikimo
daznj ar sukeliamy jtempiy amplitude. Pateikiama jvairiy tipy FRP armatiiros veikiamos
ciklinés apkrovos tyrimy rezultaty santrauka (eksperimentiskai gautos jtempiy amplitudés
bei atlaikomy apkrovos cikly skaiciaus priklausomybiy lygtys). Detalesné informacija
pateikiama disertacijos 1-ojo skyriaus 1.3 lentel¢je. Tarp tiriamy FRP armatiiros tipy
vyrauja stiklo (GFRP) bei anglies (CFRP) pluostai (Adimi 2000, El-Refai et al., 2007,
El-Refai et al., 2013, Zhao et al. 2016). Daugumoje atlikty tyrimy autoriai pastebi, kad
kompozitinés armattiros mechaniniy savybiy pokyciai dél ciklinés apkrovos poveikio néra
zymus (po 1 milijono apkrovos cikly), taciau ciklinés apkrovos kompozitinéje armatiiroje
sukeliamy jtempiy amplitudé yra vienas svarbiausiy faktoriy, lemianciy galutinj atlaikomy
apkrovos cikly skai¢iy. Taip pat pazymimas biitinumas papildomy kompozitinés ar-
matiiros eksperimentiniy tyrimy, susijusiy su ciklinés apkrovos poveikio vertinimu. Ba-
zalto pluosto armatiira literatiiroje S§iuo metu vertinama kaip puiki alternatyva tradicinei
plieninei armatiirai.

El-Refai et al. (2007, 2013) atliko anglies ir bazalto pluoSto armattiros eksperi-
mentinius bandymus, kuriuose buvo tiriama veikiancios ciklinés apkrovos jtaka armatiiros
mechaniniy savybiy pokyc¢iui didéjant apkrovos cikly skai¢iui. Tyrimy rezultatai parode,
kad anglies pluoSto armatiiros tamprumo modulis £, po 1 milijjono apkrovos cikly
sumazg¢jo iki 4 %, lyginant su pradiniu tamprumo moduliu En;. Panasiis rezultatai gauti ir
tiriant bazalto pluoSto armattira: didziausias tamprumo modulio pokytis nevirsijo 3 %.
Autoriy teigimu, anglies ir bazalto pluo$to armatiira pasizymi geru atsparumu nuovargiui.

Kompozitinés armatiiros mechaniniy savybiy poky¢iai gali biiti jvertinami pazaidy
sumavimo principu D(N). Zinant tai, jog jtempiai ir deformacijos kompozitingje ar-
matiiroje iki pat suirimo Kkinta tiesiSkai, armatiiros deformacijos dél cikliniy apkrovy
poveikio gali biiti iSreiSkiamos taip:

c

8el = Em(l—D(N)) H (Sll)

¢ia o — jtempiai armattroje dél cikliniy apkrovy poveikio; Ewn — pradinis kompozitinés
armatiiros tamprumo modulis.

Pazaidos armatiiroje priklausomai nuo apkrovos cikly skaiCiaus N jvertinamos
remiantis tokia iSraiSka:

E.(N
D(N):I—L, (S1.2)
Eq

Remiantis literatiiroje randamy ekperimentiniy tyrimy rezultatais kompozitinés ar-

mattiros tamprumo modulio pokytj sitiloma aprasyti laipsniska funkcija:

d( £ ()

M_K[i]n, (S1.3)

dN Eq

¢ia K ir n — laipsninés funkcijos koeficientai.
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Integruojant S1.3 formule gaunama tokia kompozitinés armatiiros tamprumo mod-
ulio pokyc¢io priklausomybé didéjant apkrovos cikly skaiéiui:

M:1—K(ij N. (S1.4)
E;(N=1) Ep

Darbe taip pat aptariami jvairiy autoriy pasitlyti bei galiojanciy projektavimo
normy betono ilgalaikiy savybiy, tokiy kaip statinis ir ciklinis valk§snumas, nustatymo
metodai (Gaede 1962, Wittmann 1971, Hirst ir Neville 1977, Balaguru 1981, Bazant ir
Hubler 2014, Jiang et al. 2017). Remiantis dauguma sitiloma metody, betono
gniuzdomiesiems jtempiams nevirSijant 45 % gniuzdomojo stiprio ribos, gaunami pa-
kankamai tiksliis betono deformacijy nustatymo rezultatai. Esant didesniems gniuzdo-
mojo betono jtempiams sitilomy metody tikslumas Zenkliai sumazéja. Atlikus analiting
analiz¢ apraSomi skirtumai tarp anks¢iau paminéty siilomy metody. Pastebéta, kad Bazant
ir Baweja (dar vadinamu B3) modelyje betono traukumo deformacijos nustatomos labai
artimos Model Code 2010 modeliui, taciau statinio valkSnumo vertés iSsiskiria. Bazant ir
Hubler (2014) pasitlé metoda ciklinio valkSnumo jvertinimui naudojant ciklinio
valksnumo funkcijg AJy, kaip statinio valk$numo funkcijos J(z,t) prieaugj. Panasiu prin-
cipu gristi ir kiti metodai (Balaguru 1981, Jiang et al. 2017). Skirtingai nuo kity metody,
autoriy Bazant ir Hubler (2014) pasiilytame jlinkio apskai¢iavimo metode ciklinis
valk$numas yra iSreiSkiamas tiesine priklausomybe nuo laiko (ciklinés apkrovos veikimo
trukmés). Remiantis Jiang et at. (2017) sillomu metodu betono valksnigsias deformacijas,
veikiant ciklinei apkrovai, galima nustatyti ir atvejais, kai gniuzdomojo betono jtempiai
vir§ija 45 % gniuzdomojo stiprio ribos. Eksperimentiniuose tyrimuose, betono
gniuzdomyjy jtempiy reikSmes sieké net 60%, 70% ir net 80% betono gniuzdomojo
stiprio.

Taip pat trumpai apzvelgti sitilomi betono atsparumo nuovargiui vertinimo
metodai pagal Eurokodas 2, Model Code 2010 ir ACI215R-74 metodikas. Detaliau
aprasyti ir esami i§ anksto jtempty sijy jlinkio, veikiant ciklinéms apkrovoms, nustatymo
metodai, taciau jie visi skirti elementams armuotiems plienine armatiira (Balaguru 1981,
Bazant ir Hubler 2014, Jiang et al. 2017). Jiang et al. (2017) sitilomame jlinkio nustatymo
metode priimama prielaida, kad po tam tikro apkrovos cikly skaiciaus kirstinis betono
tamprumo modulis i§licka nepakites, lyginant su pradiniu betono tamprumo moduliu.
Bazant ir Hubler (2014) pasiiilytame metode lenkiamy elementy kreivio pokytis dél bet-
ono ciklinio valk§numo sukeliamo deformacijy poky¢io jvertinamas papildomai jvedant
fiktyvig jéga bei fiktyvy lenkimo momenta. Sis principas yra panasus j literatiiroje sutinka-
mus sitilymus betono traukumo deformacijy jvertinimui, bei deformacijy kitimo dél tem-
peratiiry poveikio vertinime.

Apzvelgti metodai gristi prielaida, kad cikliniy apkrovy sukeliamas jlinkis gali
biti nustatomas metodais, skirtais statiniy apkrovy sukeliamy ilinkiy skai¢iavimui su tam
tikromis prielaidomis. Kadangi sitilomi metodai skirti i§ anksto jtemptyjy lenkiamyjy el-
ementy, armuoty plienine armatiira bei veikiamy cikliniy apkrovy jlinkio nustatymui, ne-
galima vienareikSmiskai teigti, kad jie gali buti tinkami kompozitine armatiira armuoty
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lenkiamyjy elementy jlinkio nustatymui. Dél to reikalinga atlikti papildomus tyrimus, ku-
rie apimty betono, kompozitinés armatiiros bei bendros jy elgsenos veikiant ciklinéms ap-
krovoms analizg.

2. IS anksto jtempta kompozitine armatira armuoty lenkiamyjy
betoniniy sijy deformacijy analizé

Antrajame skyriuje pateikiamas pasiiilyto FRP armatiira armuoty i§ anksto jtempty sijy
jlinkio skaic¢iavimo analitinio metodo aprasymas. Konstrukcijy jlinkis tiksliau gali biiti
nustatomas remiantis konstrukcijy dinamikos prielaida — analizuojant konstrukcija kaip
dinaming sistemg. Reali konstrukcija yra pakeiiama j n laisvumo laipsniy turincia
mechaning sistema su tam tikra mase m ir standumu . Tokios aproksimacijos tikslas gauti
nuo laiko priklausancia dinaminés sistemos, atitinkancios realig konstrukcija, poslinkio
i8raiska u(f).

S2.1 paveiksle pateikiamas realios konstrukcijos pakeitimo » laisvumo laipsniy
turinia sistemg pavyzdys. Nagrinéjama dviatramé sija su koncentruota sijos mase ties
sijos viduriu ir prie jos pridéta Zadinanciaja jéga F(f) (S2.1a pav.). Sija kei¢iama ] vieno
laisvumo laipsnio (VLL) sistema, nes nagrinéjamu atveju mus dominantis sistemos
poslinkis atitinka sijos vidurio jlinkj. Sijos masé m atitinka VLL sistemos masg, taip pat
sijos lenkiamasis standumas pakei¢iamas j sistemos standuma & (S2.1b pav.). Sistema gali
biiti idealizuojama nevertinant sijos virpesiy slopinimo (S2.1c—d pav.) arba jj vertinant
(S2.1e—f pav.).

Dinaminés sistemos poslinkis gali biiti iSreiSkiamas kaip be galo trumpy impulsy
seka laiko atkarpoje ¢t = 0 ir T = ¢. [linkio funkcija gali buti uzraSoma Duhamel’io inte-
graline forma:

u=u(0)cos(aw,t)+ @sin(a)nt) + usta)njt'f(r)sin w,(t-7)dr. (S2.1)
@, 0

¢ia w, — sistemos savyjy svyravimy daznis.

Esant situacijai  kai zadinanioji jéga apibidinama laiko funkcija
F(f) = Faicoswt+Fuans (esant jégos funkcijos transliacijai vertikalia asimi), sistemos
poslinkis vertikalia kryptimi u(¢) gali biiti iSreiSkiamas tokia lygtimi:

u(t) = u(O)cos(a)nt) + Vc(uO) sin(a)nt)

h " . (S2.2)
+—= : [cos(at) - Beos(m,t)]+—=25 .
5 k

k1-

Cia F, — jégos amplitudé; Fians — iSoriné jéga lygi jégos funkcijos transliacijos vertikalia
aSimi reikSmei. Siuo atveju jéga kinta ne simetriskai, o yra visada teigiama ir kinta pagal
kosinuso désnj.
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©) d) e) f)

S2.1 pav. Lenkiama sija turinti: a) koncentruota masg sijos viduryje, pakeic¢iama b) vieno lais-
vumo laipsnio sistema; ¢) uzraSoma pusiausvyros lygtis vieno laisvumo laipsnio sistemai; d)
nesuvarzant poslinkio vertikalia kryptimi, ir e)—f) jvedant slopinima ¢

Realios konstrukcijos masé m(x) nagrinéjamu atveju yra i§skirstyta per visg elemento
ilgj. Tokia konstrukcija turi be galo daug laisvumo laipsniy ir gali deformuotis begaliniu
skaic¢iumi skirtingy formy. Sistema turi begalinj skai¢iy savyjy svyravimy dazniy bei kie-
kvieng jy atitinkanc¢iy svyravimy mody. Todél aproksimuojant sistemos mas¢ m. galima
skaiciuoti tik pagrindinius (Zemiausius) svyravimy daznius taip apribojant poslinkius vi-
ena svyravimy forma w(x). Tokiu bidu lenkiamo elemento poslinkius galime iSreiksti
koordinate f{x).

Tokia pati situacija yra ir su realios konstrukcijos standumu. Tik keiCiant ja § VLL
sistema ir aproksimuojant realy standumg k j sistemos apibendrintajj standuma k. galima
gauti pakankamai tikslius rezultatus.

Keiciant realig konstrukcijg j VLL sistema taip pat labai svarbu atsizvelgti ir ] betono
mechaniniy savybiy pokyc¢ius augant ciklinés apkrovos cikly skaiciui. Ciklinés apkrovos
reik§mé F,, sukelia betono valk§numa, atitinkantj statiniy apkrovy sukeliamam valk$nu-
mui. Taciau apkrovos cikliskumas lemia papildoma $iy deformacijy prieaugj, dar vadi-
namu cikliniu valkSnumu. Pasiiilytame jlinkio skai¢iavimo metode ciklinis betono
valk§numas vertinamas jvedant statinio valk§numo funkcijos prieaugi AJn:

bl
ATy =b, [Ej N, (S2.3)
/.

Cc

¢ia by, b ir b, — empiriniai modelio koeficientai; Ac — jtempiy amplitudé; N — apkrovos
cikly skaicius; fc — gniuzdomo betono cilindrinis stiprumas.

Sitiloma prie pastoviy jtempiy sukeliamy betono valk$niyjy deformacijy prideéti ci-
klinés apkrovos sukeliamg betono deformacijy prieaugi dél apkrovos cikliskumo. Betono
valk§numo deformacijos nustatomos remiantis tokia iSraiska:
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bl
£ (1) =, (1) + A% (1) = ay0,. 1% + byo,, % NE L (S2.4)

Cia () — pastoviy jtempiy sukeliamos betono valk§numo deformacijos; Agl* (t) — be-

tono valk§numo deformacijy prieaugis dél cikliSsko apkrovos pobiidzio; om — vidutiniai

gniuzdomo betono jtempiai.

Jvesties duomenys

Skerspjtvio parametrai: b, A, lef, dsi dpi Asi, Api

Betono, plieno ir FRP armatiiros mechaninés savybes: fom, foui» foi» Ecms Ep.i» Esi
Duomenys reikalingi nustatyti nuo laiko priklausancias betono savybes: f, t4, RH
Isankstinio jtempimo parametrai: P;jyit, ,

ﬁl

1.1. Jtempiai ir deformacijos laiku 7, 1.2. Itempiai ir deformacijos laiku 7
e Rap, Rso, Rig Eqgs. (1.68-1.69), o RA(f), Rs(f), Ri(?) Egs. (1.68-1.69),
(1.71) (1.71) naudojant  Ec.eir (1,1,) —
e Defromacijy vektorius &: Eq. (1.77) o Defromacijy vektorius &(7): Eq. (1.88)}«
o Jtempiai skerspjivyje 6.0, G, Op.i: Jtempiai skerspjivyje o.(f), o(7), o,(?)
Egs. (1.79-1.81) Egs. (1.83-1.85)

Salyga 1
L— Ne W Taip
———

44 1.3. VLL sistemos Zadinancioji jéga F(f)=F coswt — M(f) |

Pradiniy parametry perziiira

1.4. Iteracijomis randamas y,
o Ra(f), Rs(f), Ri(¢) Egs. (1.68-1.69)
(1.71) imant y, ir Ecy; (¢) [Taip Salyea2 Ne
e Defromacijy vektorius &(t): Eq. My(t)2Mer
(1.88)
o [tempiai skerspjavyje o.(t), os(?),
{sp(t)?Eqs. (l.gfl?gS) 2.1. VLL sistemos m, ir k. aproksimacija
| (zidr. 2.1.2 ir 2.2 poskyrius)
» e Apibendrintasis standumas k. Eq. (2.24) l€—
e Apibendrintoji mase m. Eq. (2.25)
2.3. Rezultatai 2.2. VLL sistemos o,
o [linkis u(f) Eq. (2.18) » (ziur. 2.1.2 poskyriuje)
D ®  Savyjy svyravimy daznis w,(f) Eq. (2.23)

Salyga 3

S2.2 pav. Sitlomo metodo jlinkio apskai¢iavimo algoritmas

Remiantis auk$c¢iau pateikta betono valk$niyjy deformacijy prieaugio jvertinimo
iSraiSka, betono tamprumo modulis gali biiti perskai¢iuojamas kiekvieno apkrovos ciklo
metu:
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B (1) = -

o n — (S2.5)
6 ! Ecerr (1) +by0,, (Ac/f,)" N

Cia &q(f) — betono tampriosios deformacijos; Ec,eﬂ‘ (t) — efektyvusis betono tamprumo

modulis.

Toliau pateikiamas pasitilyto metodo skaic¢iavimo algoritmas (S2.2 pav). Remiantis
siilomu metodu galima apskaiciuoti lenkiamyjy elementy jlinkj bet kuriuo apkrovos
veikimo laiko momentu.

Taip pat antrajame disertacijos skyriuje yra pateikiamas pasiiilymas Balaguru
(1981) modelio patikslinimui. Sis metodas yra grindziamas efektyviojo inercijos momento
nustatymu ir jo perskaiciavimu kiekvieno apkrovos ciklo metu. Remiantis autoriaus pub-
likacijoje (Atutis ef al. 2015) pateiktais rezultatais originaliag Bransono I i$raiska sitiloma
modifikuoti ja iSvedant remiantis Eurokodas 2 taikomu vidutiniy kreiviy principu
(supleiséjusio skerspjiivio ir skerspjiivio be plySiy):

_ L(N) _ |
Ig(N)= l_ﬂ(l - Icrj(ON)]\j(ML(N)JZ <l (S2.6)

a

¢ia Iy ir I — nesupleiséjusio ir supleiséjusio skerspjivio inercijos momentai (/. priklauso-
mas nuo apkrovos cikly skaiciaus).

3. Eksperimentiniy ir teoriniy tyrimy rezultaty vertinimas

Trecéiajame skyriuje aprasomi atlikti BFRP armatiiros strypy nuovargio ir tamprumo mod-
ulio pokyc¢io dél ciklinés apkrovos poveikio bei natiiralaus dydzio BFRP armatiira
armuoty i§ anksto jtemptyjy sijy eksperimentiniai tyrimai ir jy rezultatai.

Pirmoji dalis tyrimy buvo skirta BFRP armatiiros nuovargio tyrimams. Bandiniai
buvo suskirstyti i dvi grupes priklausomai nuo ciklinés apkrovos kitimo daznio. Bandymai
atlikti remiantis ACI 440.3R-04 normy rekomendacijomis. Sesi BFRP armatiiros bandin-
iai, kuriy f, = 1089,9 MPa, Er = 45 GPa ir @12,45 mm ir ilgis 1000 mm, buvo bandomi
fiksuota minimalia jéga Fumin bei keiCiant maksimaly ciklinés apkrovos dydj nuo 65 iki
90 % BFRP armatiiros tempiamojo stiprio ribos. Armatliros inkaravimui ir tinkamo
griebty apspaudimo bandymo metu uztikrinimui BFRP armatiiros strypai buvo inkaru-
ojami plieniniuose inkaruose, kuriy ilgis 375 mm panaudojant epoksidine derva. Visy ban-
dyty BFRP armatiiros strypy suirimas jvyko nesuvarzytoje bandinio zonoje (iSvengta sui-
rimo inkare). Eksperimentiskai nustatyta, kad esant minimaliy ir maksimaliy jtempiy
BFRP armatiiroje santykiui R = 0,88 bandiniai atlaiké daugiau nei 1 milijong apkrovos
cikly. Tik pakitus R santykiui iki 0,75 arba 0,62 reik§miy atlaikomy cikly skaicius buvo
gautas drastiskai mazesnis. Akivaizdu, kad tai lémé daugiau nei 2 kartus padidéjusi BFRP
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armatiiros jtempiy amplitudé. Ciklinés apkrovos daznio pasikeitimas nuo 2 iki 4 Hz 1émé
ne daugiau kaip 30 procenty mazesnj nustatytg atlaikomy apkrovos cikly skaiéiy N.

46 71 Egp(N), GPa 0,050 7 D(N) |
] 0 ]
45 4“::3“ & 0,040 7 J;*
45 7 R N 0,030 —
44 Ny 0,020 —
44 % 0,010 3
; [N ] ;é N
83— 0,000 S===mrm =
0 5x105 106 100 102 10* 106
-=0---D-4-2  =-=0---D-5:2
Ef0 ~--&-- Sijiloma iSaiska "o D42 oo D52
a) b)

S3.1 pav. Bazalto pluosto armatiiros mechaniniy savybiy pokyc¢io nustatymas:
a) tamprumo modulio pokytis didéjant apkrovos cikly skaiiui; b) pazaidy lygis
bazalto pluosto armatiiroje didéjant apkrovos cikly skaiiui

K
Paskirstymo sija o

Apsauginis rémas LVDT i3déstymas

LVDTY i R LVDT10
4 k=4 =
i i * e g i
D1 D2 D3 S 5
] ] 0,=12,45
840 960 840 dy=507] 2
2640 b=150
a) b)
LVDT1 BHf=d—% 75
60
LVDT2
L=180
LVDT3 LVDT4 LVDTS LVDT6 LVDT7  LVDTS
e I S @@

L=180 L=180 | L=180 | L=180 | L=180 L=180
¢)
S3.2 pav. I§ anksto jtemptyjy sijy bandymo ir matavimy schema:

a) tarpatramio matmenys bei jégos prid¢jimo vieta; b) sijos skerspjlivio matmenys;
¢) deformacijy matavimo davikliy padétis

Remiantis gautais eksperimentiniais rezultatais buvo pasitilyta jtempiy amplitudés ir
atlaikomy cikly skaiéiaus (dar vadinama Violerio) kreivés priklausomybés lygtis:

S. =444,48-25,95In N . (83.1)

Tamprumo modulio pokytis Esp(N) po daugiau nei 1 milijono apkrovos cikly nevir-
Sijo 4 procenty lyginant su prie$ ciklinj bandyma nustatytu tamprumo moduliu Eg
(S3.1 pav.).
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Antrajame eksperimentiniy tyrimy etape buvo tiriamos BFRP armatiira armuotos i$
anksto jtemptosios sijos, veikiamos ciklinés apkrovos. Bandymo shcema pateikta S3.2
paveiksle. Bandymai buvo atliekami su skirtingg iSankstinio jtempimo lygj turinciomis
sijomis. Ciklinés apkrovos maksimali jéga ir jégos amplitudé taip pat buvo kintami
dydziai, siekiant nustatyti jy jtaka sijy atlaikomy cikly skaiciui Nim.

CSI-1 ir CSI-2 sijy vidurio jlinkiai pirmaisiais apkrovos ciklais (N = 1-50) buvo gauti
labai panasiis. Sijos CSI-1 jlinkis buvo lygus 5,0 mm, o sijos CSI-2 — 5,6 mm. Tuo tarpu,
sijy CSI-3 ir CSI4 jlinkiai skyrési labiau: CSI-3 sijos jlinkis lygus 9,2 mm, o sijos
CSI-4 - 12,8 mm.

Pirminiame ciklinés apkrovos veikimo etape (#/fim < 0,1) visy pirmosios grupés
sijy jlinkiai didéjo sparciau, lyginant su vélesniais etapais. Ciklinés apkrovos veikimo
etape nuo 20 % ir 80 % visy sijos atlaikomy apkrovos cikly, sijy jlinkiy pokytis beveik
nekito. Tik artéjant prie suirimo ribos (##im > 0,9) atitinkamai sijy CSI-1 ir CSI-2 jlinkiy
reik§més padidéjo iki 9,4 mm ir 9,5 mm (S3.3 pav.). Panasi situacija gauta ir lyginant kity
serijy sijy jlinkius. CSI-3 ir CSI-4 sijy jlinkiy kitimas gali taip pat buti skirstomas ] tris
etapus: apkrovos cikly skai¢ius < 10 % visy sijos atlaikomy apkrovos cikly; kinta nuo 20
iki 80 % ir nuo 90 % visy sijos atlaikomy apkrovos cikly iki suirimo.

20,0 E Uiy Umay, MM CSI'ls CSI-2 39=0 1 Umins ¥maxs MM CSI'3, CSI-4
] ---- ‘ 4 ====--- (avg)
17,0 o _ (ave)
1 === Siilomas metodas 31.0 4 ==S= Sitlomas metodas
{ ==&— Sillomas metodas > | ==&= Silllomas metodas
14,0 E ......... Balaguru 1981 1 e Balaguru 1981
11,0 3 23,0
0¥ 15,0
5,0 1 ]
] Q 4 707
20 oo i = T ST PRI AP :
_1’() _1,0 T
00 02 04 06 08 1,0 00 02 04 06 08 1,0
a) b)

S3.3 pav. Sijy jlinkio kitimo augant apkrovos cikly skaiciui priklausomybés (Serija I):
a) sijoms CSI-1, CSI-2; b) sijoms CSI-3, CSI-4

Antrosios serijos sijy sitilomo metodo ir eksperimentiny jlinkiy santykio vidurkis kito
nuo 1,33 iki 1,43 sijoms CSI-5+CSI-6 ir CSI-7+CSI-8, atitinkamai. Tuo tarpu Balaguru
(1981) nuo 1,74 sijoms CSI-5+CSI-6 iki 1,66 sijoms CSI-7+CSI-8, atitinkamai
(S3.4 pav.). Didziausi ilinkiy skirtumai nustatyti trec¢iosios grupés sijoms. Sijoms CSI-9 ir
CSI-10 sitilomo metodo, Balaguru (1981) ir eksperimentiskai nustatyty jlinkiy prie mini-
malios ciklinés apkrovos reik§més santykiai kito nuo 1,86 iki 2,16, atitinkamai. Tuo tarpu,
sijoms CSI-11 ir CSI-12 — 1,40 ir 1,66 (S3.5 pav.).
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20.0 7wy thpgomm | SIS, CSI-6 | 290 1 iy ey mm | CSI-7, CSI-8
J T T T __ __ T
170 3 2228 17,0 (ve
1 ==2— Siillomas metodas ] === Siilomas metodas
14.0 1 === Siilomas metodas 14.0 1 ==6— Sitilomas metodas
> E -------- Balaguru 1981 (A IEETTTITIN Balaguru 1981
11,0 .
8.0 1 e \)‘- .....
5,0 Usnin
20 PR
¢~
-1,0
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0

a) b)

S3.4 pav. Sijy jlinkio kitimo augant apkrovos cikly skai¢iui priklausomybés (Serija 11):
a) sijoms CSI-5, CSI-6; b) sijoms CSI-7, CSI-8

170[ iy tpgyo mm [{ CSE9, CSI-10 | 17.0 | sy, t,00 mm || CSI-11, CSI-12 |
' ] \

=== (avg)

140 1 (ave) 1401 oo
1 — giﬁiomas metogas 1 === Siiillomas metodas
] ==6= Siiilomas metodas =
1,0 3 coeerenee Balaguru 1981 1,0 3 oo Bl 1o
8,0 8,0
50 g 5,0 1
2,0 47 2,0 %
aqo L 1,0
00 02 04 06 08 1,0 00 02 04 06 08 1,0
a) b)

S3.5 pav. Sijy jlinkio kitimo augant apkrovos cikly skaiciui priklausomybés (Serija 111):
a) sijoms CSI-9, CSI-10; b) sijoms CSI-11, CSI-12

Sitilomu metodu (S3.6a pav.) nustatyty jlinkiy reikSmiy sklaida yra mazesné,
lyginant su Balaguru (1981) metodu (S3.6b pav.). Visy serijy sijy sitilomo metodo jlinkiy
reikSmiy vidurkis siekia 1,36, o standartinis nuokrypis — 0,14. Tuo tarpu Balaguru (1981)
metodu nustatytos jlinkiy reik§més yra 1,49 didesnés nei eksperimentiSkai nustatytos ir
§io metodo standartinis nuokrypis (su 2.4 poskyryje siiiloma modifikacija) yra 0,28.
Lyginant abu metodus tarpusavyje gaunama, kad Balaguru (1981) metodu apskaiciuotos
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ilinkiy reik§més yra 8,2 procento didesnés, o standartinis nuokrypis 50 procenty didesnis
nei siilomo metodo.

ot/ my=136  s,=0,14 Uty | My=1,49 52,=0,28
3,0 30 [ATAT AT AT a0a PSS
(6} A
A A b A
° e 0 4 6 A f A, : f A
2,0 g o ©i0 ol 20 A A A A,
‘_ e 8888 i g 8 t 8 A diaiaiaiaiai,
-3 2 A
w98 88sgggss:  fetifaarilyg
SUEEHUUET R v
0,0  tim, 0.0 | - ltlﬂﬁ
0.0 0,1 0.2 0.3 04 0,5 0,6 0,7 0,8 0.9 1,0 0,0 0,1 0.2 0,3 04 0,5 0,6 0,7 0.8 0.9 1,0
a) b)

S3.6 pav. Apskaiciuoty ir eksperimentiskai nustatyty jlinkiy santykiniy reik§miy palyginimas:
a) siilomo metodo; b) Balaguru (1981) metodo

Remiantis siilomu metodu apskai¢iuoty ir eksperimentiskai nustatyty jlinkiy
reik§miy santykis daugumai tirty sijy (3.8a pav.) yra didesnis ties pradiniais ciklinés ap-
krovos ciklais (kai #/#im < 0,2). Tokia pati situacija gauta ir etape prie$ pat sijoms suyrant
(kai 0,9 < t/tiim < 1,0). Ciklinés apkrovos veikimo etape, kai 0,3 < t/tim < 0,8, ilinkiy san-
tykiy reik§més gautos artimesnés 1,0 dél to, kad tirty sijy betono mikroplei$éjimo procesas
bei BFRP armatiiros pazaidy kiekis stabilizavosi. Tai lémé santykinai maza sijy len-
kiamojo standumo pokytj, tuo paciu ir labai maza jlinkio didéjima. Tuo tarpu, Balaguru
(1981) metodu apskaiciuoty ir eksperimentiskai nustatyty jlinkiy santykio reikSmeés visu
ciklinés apkrovos veikimo metu kinta jvairiai t. y., nepriklauso nuo nagrinéjamo ciklinés
apkrovos veikimo etapo (S3.6b pav.).

Bendrosios iSvados

Apibendrinus atlikty tyrimy rezultatus galima teigti, kad:

1. Literatiiros apzvalga parodé, jog siekiant tiksliau nustatyti cikliniy apkrovy
veikiamy i§ anksto jtemptyjy sijy, armuoty kompozitine armatira, jlinkio pokytj
augant apkrovos cikly skaiciui, reikalinga atsizvelgti j betono ir kompozitinés
armatiiros savybiy pokycius dél apkrovos cikliSkumo. Be statiniy apkrovy
sukeliamo betono valk§numo, valk$numo prieaugis dél cikliniy apkrovy povei-
kio taip pat turi buti vertinamas. Siekiant tiksliau jvertinti bazalto pluosto ar-
matlira armuoty i§ anksto jtemptuyjy sijy elgsena reikalinga atlikti naujus teorinius
ir eksperimentinius tyrimus. Dél bazalto pluosto armatiiros, veikiamos cikliniy
apkrovy, tyrimy trikumo reikalinga atlikti naujus eksperimentinius tyrimus
siekiant tiksliau prognozuoti tokio tipo armatiiros elgseng ir savybiy pokycius.

2. Remiantis atliktais eksperimentiniais tyrimais pasiiilytas teorinis modelis betono
cikliniam valk$numui jvertinti, gristas autoriaus Jiang et al. (2017) metodu.
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Modelio parametrai pritaikyti kompozitine armatiira (turincia mazesnj tamprumo
modulj nei plieno) armuoty, i$ anksto jtemptyjy sijy jlinkio prognozavimui.

. Ciklinis valk§numas turéty baiti vertinamas nemetaline armattira armuoty beto-

niniy konstrukcijy projektavimo normose ir rekomendacijose sumuojant statiniy
apkrovy sukeliamas betono valksnumo deformacijas bei Siy deformacijy prieaugj
atsirandant] dél apkrovos cikliSkumo. Nemetalinés armatiiros mechaniniy
savybiy pokytis (tamprumo modulio) dél cikliniy apkrovy poveikio taip pat
turéty biti vertinamas.

. Pasitlytas analitinis konstrukcijos ilinkio kitimo, veikiant ciklinéms apkrovoms,

vertinimo metodas. Siilomas metodas grindziamas konstrukcijy dinamika. Tai
leidzia nustatyti i§ anksto jtemptyjy sijy, armuoty BFRP armatiira savyjy
svyravimy daznj, analizuojant sijas jvertinti veikiancios ciklinés apkrovos, bei
apkrovos daznio jtaka sijos deformacijoms (jlinkiui). Metodas leidzia detaliau
analizuoti lenkiamyjy elementy elgseng projektavimo stadijoje (pvz., iSankstinio
itempimo jtaka standumui, jtempiy biivi skerspjivyje, savyjy svyravimy daznio
nustatymas).

. Eksperimentiskai nustatyta, kad bazalto pluosto armatfiros strypai turi pa-

kankamg atsparuma nuovargiui. Sios armatiiros tamprumo modulis po 1 milijono
(ciklinio tempimo) apkrovos cikly sumazéjo iki 5 % lyginant su pradiniu
tamprumo moduliu. Dél to, bazalto pluosto armatiira gali biti puiki alternatyva
plieninei armatiirai i§ anksto jtemptosiose konstrukcijose. Be to, pasiiilytas ba-
zalto pluosto armatiiros tamprumo modulio kitimo vertinimo modelis gali biiti
panaudojamas pokyCio prognozavimui esant didesniems apkrovos ciklams
(N>1 mln. apkrovos cikly). Rezultaty patikimumui jvertinti reikalinga atlikti
papildomus BFRP armatiiros tyrimus esant didesniam apkrovos cikly skai¢iui N.

. EksperimentisSkai nustatyta, jog bazalto pluosto armatiira armuotos i$ anksto

jtemptosios sijos geb¢jo atlaikyti daugiausiai apkrovos cikly tada, kai apkrovos
amplitudé buvo maziausia (jtempiy amplitudé bazalto pluosto armatiiroje taip pat
maziausia). Efektyviausias iSankstinio jtempimo lygis — 45 % bazalto pluosto
armatiiros tempiamojo stiprio ribos. Sijy, kuriy bazalto pluosto armatiiros mini-
maliy ir maksimaliy jtempiy santykis kito nuo 0,84 iki 0,88 atlaikyty apkrovos
cikly skaicius buvo gautas didziausias.

. Pasitlyto jlinkiy nustatymo metodo tikslumas buvo gautas didesnis nei kity au-

toriy (Balaguru 1981). Atlikus sitilomo metodo rezultaty statisting analiz¢ gauta,
jog minimaliy ir maksimaliy jlinkiy santykiy vidurkis yra lygus 1,36, o
standartiné deviacija 0,14. Siiilomo metodo jlinkiy santykio vidurkis prie maksi-
maliy ciklinés apkrovos reikSmiy gautas lygus 1,17.

. Atsizvelgiant | prie§ tai pateiktas bendrgsias iSvadas rekomenduojama testi at-

liktus mokslinius tyrimus atliekant papildomus i§ anksto jtemptyjy sijy eksperi-
mentinius tyrimus, taip pat baigtiniy elementy (BE) skaitinj modeliavima.
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