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Abstract

The replacement of steel elements, solving the corrosion problem, describes the
primary trend in the structural application of fibre-reinforced polymers (FRP).
However, the relatively low modulus of elasticity of typical FRP materials raises
the structural components’ deformations. A possible solution to these problems is
combining FRP composites with concrete elements. However, this fundamental
improvement requires new design methodologies. Thus, this work introduces the
adaptive design concept when the finite element (FE) modelling outcome defines
the target reference of the design procedure. The iterative modification of the
design solution, numerically identifying the disagreements between the expe-
rimentally verified model and physical test outcomes, stimulates the successive
approach of the physical prototype to the reference numerical solution.
Ultimately, this adaptive design concept diminishes the number of physical trials
as correcting the FE model parameters helps identify the weakness of the physical
prototype (without additional laboratory trials). Exemplifying the proposed
adaptive design idea, this work employs a hybrid beam, which combines a
polymeric fibre-reinforced concrete (PFRC) slab, a pultruded glass fibre-
reinforced polymer (GFRP) profile, and a pultruded carbon fibre-reinforced
polymer strip. The considered structural element utilises an efficient structural
solution, which ensures the synergetic PFRC and pultruded GFRP profile effect
by fixing the profile at the supports. This innovative structural solution contradicts
the traditional concept of local bond improvement, e.g., employing GFRP profile
perforation and mechanical anchorage systems. Furthermore, the proposed
solution simplified the corresponding finite element model, ensuring the perfect
bond assumption between the components. The physical tests proved the viability
of the developed composite structure: the enhancement of the supports doubled
the hybrid beam’s flexural stiffness and load-bearing capacity regarding the
reference bridge with weak supports.

The dissertation includes an introduction, three chapters, general conclusions,
and a list of references. The First Chapter reviews the literature on the FRP
manufacturing process, existing materials, physical characteristics, and structural
design principles. The Second Chapter presents the adaptive design concept,
considering the hybrid beam system’s design example. The Third Chapter
describes the experimental studies, verifying the proposed adaptive design
concept. The author’s list of publications on the topic of the dissertation consists
of four journal articles (three with an Impact Factor from Clarivate Analytics Web
of Science) and three conference presentations.



Reziumeé

Pluostu armuoti polimerai (FRP) vis pla¢iau naudojami statybos inZinerijoje.
Dazniausiai jais keiCiami plieniniai elementai, taip sprendZziant korozijos
problema, taciau dél mazo daugumos FRP medziagy tamprumo modulio padidéja
siy konstrukciniy elementy deformacijos. Galimas §ios problemos sprendimas —
sujungti FRP kompozitus su betoniniais elementais, taCiau §is sprendimas
reikalauja naujy projektavimo biuidy. Siame darbe pateikiama adaptyvaus
prototipavimo koncepcija, kai atsizvelgiant j eksperimentais patvirtinto baigtiniy
elementy (BE) modeliavimo rezultatg apibréziamas kompozitinio elemento
komponavimo tikslas (kai neegzistuoja standartinis sprendimas). Iteracinis
konstrukcinio elemento modifikavimas, atsizvelgiant | BE modelio ir fiziniy
bandymy rezultaty neatitikimus, leidzia fizinj prototipg laipsniskai priartinti prie
etaloninio skaitinio modeliavimo rezultato, t. y. projektinio tikslo. Si adaptyvaus
prototipavimo koncepcija sumazina fiziniy bandymy skai¢iy — BE modelio
parametry koregavimas padeda nustatyti fizinio prototipo trikumus (be
papildomy laboratoriniy bandymy). Iliustruojant pasitlyta adaptyvaus prototi-
pavimo id¢ja, sukurta hibridiné sija, kuri sudaryta i$ polimeriniu pluo§tu armuoto
betono (PFRC) pakloto plokstés, stiklo pluostu armuoto polimero (GFRP) profi-
liuo¢io ir anglies pluostu armuoto polimero juostos. Nagrinéjamai kompozitinei
sijai suvienodintos betoninés plokstés ir GFRP profiliuo¢io deformacijos,
fiksuojant FRP komponentes atramose. Sis inovatyvus konstrukcinis sprendimas
prieStarauja tradicinei kompozitiniy elementy komponavimo metodikai, Kkai
perforacija ar mechaninés tvirtinimo priemonés uztikrino vietinj kompozito
komponenéiy sukibima. Sis sprendimas taip pat supaprastino BE modelj uztik-
rinant komponenciy idealaus sukibimo modelio galiojimo salyga. Fiziniais
bandymais jrodytas sukurtos kompozitinés konstrukcijos (t. y. adaptyvios prototi-
pavimo koncepcijos) efektyvumas — atramy konstrukcijy modifikavimas be
papildomo profilivo¢io sukibimo gerinimo padvigubino kompozitinés sijos
lenkiamajj standj ir laikomaja galig, lyginant su analogu, turin¢iu silpnas atramas.

Disertacijg sudaro jvadas, trys skyriai, iSvados ir literattiros sgrasas. Pirmame
skyriuje apzvelgiama literatiira apie FRP gamyba, medziagy rasis, jy savybes ir
kompozitiniy konstrukcijy projektavimo principus. Antrame skyriuje pristatoma
adaptyvaus prototipavimo koncepcija bei etaloninio BE modelio kirimas.
TreCiame skyriuje pateikiami eksperimentiniai tyrimai, kuriais patikrinama
pasitlyta prototipavimo koncepcija. Autoriaus publikacijy disertacijos tema
sara$a sudaro keturi straipsniai (trys i$ jy zurnaluose su Clarivate Analytics Web
of Science cituojamumo rodikliu) ir 3 pranesimai konferencijose.
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Notations

Abbreviations

BFRP — basalt fibre-reinforced polymer (liet. basalto plausu armuotas polimeras);
CFRP — carbon fibre-reinforced polymer (liet. anglies pluostu armuotas polimeras);

DIC — digital image correlation (liet. skaitmeninio vaizdo koreliacija);

FRP — fibre-reinforced polymer (liet. plausu armuotas polimeras);

FE — finite element (liet. baigtinis elementas);

GFRP — glass fibre-reinforced polymer (liet. stiklo pluostu armuotas polimeras);

LVDT - linear variable displacement transducer (liet. kintamo poslinkio daviklis);

PFRC — polymeric fibre-reinforced concrete (liet. polimeriniu plausu armuotas betonas);
RC — reinforced concrete (liet. gelzZbetonis).
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Introduction

Problem formulation

Notwithstanding the modern industry’s ability to produce composite materials
with a wide range of mechanical properties applicable in medicine, aviation, etc,
conservative design principles are predominant in the building industry. Innova-
tive building technologies require new design concepts for developing materials
with mechanical properties tailored for construction purposes. They oppose the
current practice when standardised solutions are associated with applying existing
materials with physical characteristics that imperfectly suit the structural require-
ments, leading to an inefficient increase in amounts of material for safety’s sake.

Fibre-reinforced polymer (FRP) materials tend to replace steel in bridges and
buildings, solving the corrosion problem. However, anisotropy of the mechanical
performance of FRP complicates the connection problem; long-term effects, e.g.,
creep rupture, substantially reduce the material resistance. In addition, the rela-
tively low deformation modulus of typical FRP materials raises the deformations
of the structural components. Developing hybrid structures comprising compres-
sion-resistant concrete and high-performance in tension FRP profiles is essential.
Although such hybrid systems are applicable for bridge engineering, the uncer-
tainty of the inter-component bonding properties complicates further development
of these innovative structures and design approaches. The typical solution focuses

1



2 INTRODUCTION

on local bond improvement. On the contrary, this research introduces an alterna-
tive solution, which combines the polymeric fibre-reinforced concrete slab and
pultruded FRP profile fixed on the supports.

Relevance of the dissertation

This dissertation presents a novel design concept of the hybrid beam system com-
prising the polymeric fibre-reinforced concrete slab and pultruded FRP profile
fixed on the supports. Connecting the FRP components to the supports solves the
intercomponent bonding issue and simplifies the numerical model. The disserta-
tion exemplifies the design of hybrid systems when the finite element (FE) mod-
elling outcome defines the reference for the design procedure Agreement between
the mechanical test results and predicted capacity reveals the adequacy of the
physical prototype. Considering advanced composite materials, the modelling
outcome determines the desired mechanical performance when the design guide-
lines are absent. The iterative modification of the design solution, numerically
identifying the disagreements between the experimentally verified model and
physical test outcomes (that diminishes the number of physical trials), stimulates
the convergence of the prototype solution to the reference numerical outcome.

The proposed structural solution contradicts the traditional idea of local bond
improvement. This dissertation demonstrates that the solution to the support prob-
lem (resulting from a low resistance of pultruded FRP profiles to transverse loads)
improves the structural performance of the bridge prototype, doubling the struc-
ture’s flexural stiffness and load-bearing capacity regarding the weak concrete
supports’ system.

Research object

The research object is the mechanical characteristics of a hybrid bridge prototype
comprising the synthetic fibre-reinforced concrete slab and pultruded FRP profile
fixed on the supports under a short-term mechanical load.

Aim of the dissertation

This dissertation aims to develop an adaptive design concept by creating an ex-
perimentally verified FE model of a hybrid beam as a reference solution for eval-
uating the prototyping efficiency when a standard solution does not exist. The
design solution is altered to reach the reference numerical response if necessary.
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Tasks of the dissertation

The following objectives helped to achieve the aim of the research:

1.

2.

To connect the beam components on the supports and ensure the com-
posite action between the hybrid beam parts (i.e., concrete and FRP).
To develop the FE model using experimentally verified material laws
and modelling concepts.

To develop a systematic design approach when the experimentally ver-
ified FE model describes the prototyping criteria and required parame-
ters of the designed object, e.g., the load-bearing capacity and stiffness
(which has no reference in the existing design codes).

To illustrate the adaptive design concept by developing a hybrid com-
posite beam prototype.

Research methodology

The following research methods are chosen to investigate the object:

1.

2.

3.

The theoretical analysis of the literature identifies efficient combination
principles of hybrid structural elements.

The research objectives are clarified by summarising the FRP literature
research’s strengths, weaknesses, and gaps.

The literature research, numerical modelling, and physical experiments
describe the solution to applying advanced structural materials and sim-
plifying the theoretical model.

Physical tests of several hybrid beams verify the dissertation hypothesis
and improve the design concept.

A comparative analysis of the literature results, numerical modelling,
and physical tests ensure the formulation of conclusions.

The scientific novelty of the dissertation

The proposed design concept ensures a systematic relationship between materials
engineering, structural engineering, and numerical methods. The possibility of
considering an experimentally verified numerical model as a design reference pro-
vides an adaptive improvement of the prototype solution. Materials and design
solutions are altered to reach the composite system’s required (expected from nu-
merical simulations) physical characteristics.
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Practical value of the research findings

The proposed adaptive design concept includes the experimentally verified finite
element model, which can be applied to different structural cases.

The proposed design methodology helps to develop FRP composites effi-
ciently when the corresponding standard methods do not exist. The possibility of
modifying the solution (regarding the reliable numerical model predictions) re-
duces the physical testing needs.

Fixing the FRP beam components at the supports ensures substantial simpli-
fication of the theoretical concept of the developed hybrid beam, which employs
the perfect bond assumption between the composite components.

Defended statements

1. When an experimentally verified numerical model describes the design
target, the proposed adaptive design concept demonstrates the practical
example of enhancing the hybrid beam’s flexural stiffness and load-
bearing capacity by modifying the design solution.

2. The numerical identification of the disagreements between the experi-
mentally verified model and physical test outcomes diminishes the
number of physical trials as numerical modelling partially replaces the
physical tests. After a reliable FE model is created, physical tests be-
come unnecessary.

3. The experimentally verified FE model is an adequate reference for the
proposed adaptive design of structural systems comprising advanced
composite materials when the standard solution does not exist.

4. The hybrid beam in this research utilises an innovative design solution,
fixing GFRP profiles at the supports, ensuring the bond between its
components and, thus, the composite behaviour.

Approval of the research findings

Four articles were published on this research topic, three in scientific journals in-

dexed in the Clarivate Analytics Web of Science databases with an Impact Factor.
The author has made three presentations at three scientific conferences:

1. The First Olympiad in Engineering Science, 2023. Olympia, Greece. The

presentation Gribniak, V., & Garnevi¢ius, M. Developing an adaptive de-

sign concept for structural composites received the “Olympiad Medal”
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Award  (https://www.uis.no/en/about-uis/olympiad-in-engineering-sci-
ence-summed-up).

2. The 13th fib International PhD Symposium in Civil Engineering, 2020.
Paris, France (the Best Paper Award).

3. The 26th Annual International Conference on Composites/Nano Engi-
neering, (ICCE-26), 2018. Paris, France.

Structure of the dissertation

The dissertation comprises three main chapters and an introduction. The introduc-
tion describes the research object, problem, relevance, aim, and methodology. It
also formulates the research novelty and defended statements.

The First Chapter reviews the literature on FRP manufacturing, materials,
physical characteristics, and structural design principles. An emphasis is put on
the test procedures developed for these elements and corresponding modelling
principles. The literature review revealed the efficient combination of composite
materials of the hybrid beam prototype in this dissertation. The First Chapter con-
cludes by formulating the main objective and tasks of the present investigation.

The Second Chapter presents an adaptive design concept when an experi-
mentally verified FE model describes the design target. A nonlinear FE model of
the hybrid concrete-FRP beam was created using the commercial software
ATENA. The perfect connection between the components of the hybrid beam is
assumed to simplify the model. The test results verified the reference model.

The Third Chapter describes the test results, verifying the adaptive design
concept and four-point bending tests of the developed hybrid beam prototype. The
disagreement between the experiment and modelling results raises the hypothesis
of the insufficient capacity of the beam’s support zones. The agreement results of
the modified prototype proved the adaptive design concept.

General conclusions summarise the present dissertation, followed by a list of
the literature references and publications by the author on the dissertation topic.
The dissertation also features a reference list of the author’s related publications.
The dissertation comprises 113 pages, 65 figures, 8 tables and 83 references..

Acknowledgements
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Fibre-Reinforced Polymer
Composites in Construction

This chapter analyses fibre-reinforced polymer (FRP) materials and manufactur-
ing techniques. It focuses on new construction opportunities and determines the
advanced materials and those combinations to create an efficient hybrid beam
structural prototype. The literature review describes test and simulation methods,
design standards, and calculation principles of FRP-composing structures. The
main research results of this chapter are published in the author’s publications
(Garnevi¢ius & Gribniak, 2022; Garnevicius, Plioplys, Ng, Chu & Gribniak,
2020; Garnevicius, Plioplys, & Gribniak 2021a, 2021b; Gribniak et al., 2021;
Sokolov et al., 2018).

1.1. Composite structures with fibre-reinforced
polymer components

The materials engineering trends proposed developing efficient structural solu-
tions (Gribniak, Sultani, Rimkus, Sokolov & Torres, 2021; Hou, Wang & Shi,
2022). As a result, there is a tendency to create new structural materials to change
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traditionally used concrete and steel (Gribniak, 2020). Many fibre-reinforced pol-
ymers have been developed, and different manufacturing methods have been in-
vented (Kim, 2018; Potyrala, 2011). These materials have distinct mechanical
properties (tensile strength, modulus of elasticity, etc.), resistances, and weak-
nesses (Liu, Liu & Feng 2020), and each of them need to be investigated to de-
velop a reliable design methodology. All these different materials are easily
mouldable and can take different geometric shapes. For this reason, the elements
formed can be used in various ways, including the construction of bridges
(Ghafoori et al., 2019; Siwowski, Piatek, Siwowska & Wiater, 2020; Siwowski,
Rajchel & Kulpa, 2019). FRP composites are new materials made up of two or
more different materials, using a polymer resin (matrix) and fibres (reinforcement)
arranged in the element profile, thus creating a new material and an element anal-
ogous to reinforced concrete. New materials and new ways of producing FRP pro-
files are developed. These profiles can be combined with a wide range of other
materials. Alternatives to traditional reinforced concrete and metal bridges are
sought.

Nowadays, FRP composites are increasingly used in buildings and bridges:
bridge beams, concrete and steel are strengthened with carbon fibre strips
(Ghafoori et al., 2019; Issa & Kmeid, 2005; Keller, 2018; Siwowski et al., 2020;
Thorhallsson, Hinriksson & Snabjérnsson, 2017). Columns can also be retrofitted
with FRP reinforcement (Modak, Sivasankar, Sounthararajan, Gunaselvi, 2020).
Glass fibre-reinforced (GFRP) profiles replace metal beams of composite bridges
(Koaik, Bel & Jurkiewiez, 2017; Mendes et al., 2011).

FRP can completely replace various bridge elements: bridge decks can be
made from GFRP, replacing timber, steel, and concrete slabs (Keller, 2018; Lee,
Hong & Park, 2010). Bridge deck steel reinforcement can be replaced with FRP
grids, avoiding corrosion (Brunton, Bank & Oliva, 2016). FRP decks are easily
assembled and disassembled, requiring no adhesive bonding or welding in poor
conditions (Ali et al., 2020; Lee et al., 2010). FRP cables can also replace metal
cables of cable-stayed bridges, reducing maintenance costs (Liu, Gu, Liu &
Tafsirojjaman, 2022; Yang, Wang & Wu, 2020). Hybrid structures are also cre-
ated by combining different materials with FRP: wood (Thorhallsson et al., 2017),
steel (Ghafooriet et al., 2019), and concrete (Koaik et al., 2017; Muc, Stawiarski
& Chwal, 2020; Siwowski, Kulpa, Rajchel & Poneta, 2018; Zou, Lin, Feng, Bao
& Wang, 2020).

Steel corrosion is a problem for bridges worldwide because of design errors or
inadequate maintenance. It affects structural performance and reduces the service
life of bridges. Annually, maintenance, rehabilitation, and replacement of corro-
sion-damaged elements require tremendous investments (Ali etal., 2020; Zou
etal., 2020). Especially vulnerable are reinforced and prestressed concrete
bridges. Their deterioration was accelerated by the use of deicing salts (Hollaway
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& Head, 2000). On top of that, the increasing cost of maintenance work, heavy
use, and a more frequent need for infrastructure renewal in aggressive environ-
ments have forced engineers to look for more durable bridge materials (Bakis
et al., 2002). That is why fibre-reinforced polymers were researched and applied
in bridge structures. They are durable and resistant to corrosion and marine and
industrial environments (Ali et al., 2020; Hollaway & Head, 2000).

The literature focuses on researching FRP elements combined with concrete.
This synergetic combination gives the additional composite value regarding the
sum of the contribution of the separate counterparts. For instance, pultruded com-
ponents often face transverse loads regarding the pultrusion pathway; moreover,
the pultruded details must resist bolt removal-induced local stresses (Naito, 2022;
Preinstorfer, Huber, Reichenbach, Lees & Kromoser, 2022). Therefore, the
smooth unidirectional roving and mats protect the longitudinal filaments, compli-
cating the internal reinforcement structure of the FRP material (Correia, 2013). At
the same time, this additional protection can be insufficient for developing FRP
structures (Malakhov, Polilov, Li & Tian, 2021; Mosallam, 2011; Zhu, Zhu &
Gribniak, 2022). In addition, the relatively low deformation modulus of typical
FRP materials raises the deformations of the structural components. Together with
the self-weight reduction increasing the kinematic displacements (Kim, 2018), the
latter issue necessitates developing hybrid structures comprising compression-re-
sistant concrete and high-performance in tension FRP profiles. Although hybrid
composite systems are applicable for bridge engineering (Ali et al., 2020; Juoza-
paitis, Sandovi¢, Jakubovskis & Gribniak, 2021; Kim, 2018), the uncertainty of
the intercomponent bonding properties complicates the development of these in-
novative structures. The typical solution focuses on local bond improvement, em-
ploying FRP profile perforation and mechanical anchorage systems, e.g., Mendes
et al. (2011) and Zhang et al. (2021).

After thoroughly investigating available articles, it was decided to adapt the
idea of a stress-ribbon structural system (Gribniak, Arnautov & Rimkus, 2021;
Juozapaitis et al., 2021) in this dissertation to develop an efficient hybrid beam
structure. A PFRC slab and FRP beam will be combined. The FRP beam will
transfer the stresses to massive foundations, while the PFRC slab will be a light-
weight deck. The combined FRP-PFRC will increase the hybrid beams’ shear re-
sistance and lower kinematic displacements. The FRP beam will be fixed in these
concrete foundations to help avoid stress concentration in the profile

v —
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1.1.1. Fibre-reinforced polymer materials and testing
approaches

This section reviews the literature on the structural application of FRP materials
and common FRP types, their properties, and the experimental characterisation of
FRP structural elements with particular attention to bridge structures. The litera-
ture (Bakis et al., 2002; Naito, 2022; Potyrala, 2011; Preinstorfer et al., 2022;
Salzano et al., 2019) specified the most common FRP components of glass, basalt,
and aramid fibres. These FRP composites have many subtypes with matrices of
different materials, fibre orientation, and fibre content.

Glass fibre is a particular form of processed glass that consists of several ox-
ides (silica) and other purified materials (limestone, fluorine, clay). It is com-
monly used in structures as single filaments or fabrics. This material has a low
modulus of elasticity, low resistance to alkalis, low moisture resistance, and a
lower long-term strength than other FRP materials (Hollaway & Head, 2000; Po-
tyrala, 2011). A so-called alkali-resistant (AR) fibre (also known as CemFil fibre)
with a higher zirconium oxide content has been developed to make it suitable for
use with concrete (Potyrala, 2011). Long-term effects, e.g., creep rupture, sub-
stantially reduce the material resistance. In addition, the relatively low defor-
mation modulus of GFRP raises the deformations of the structural components.
At the same time, most other disadvantages have been overcome by changing the
constituent materials of the glass fibres and can easily be used to form differently
shaped profiles. Glass fibre is most commonly used to make decking (Lee et al.,
2010) and beams (Dongdong, Yaru, Qilin & Feng, 2019), and it can also be used
for composite bridges (Siwowski & Rajchel, 2019).

Another widely used FRP material is carbon fibre. It is produced by controlled
pyrolysis. The properties and cost-effectiveness of the reinforcement filament will
depend on the type of material used to crystallise the carbon during pyrolysis. This
type of fibre has a high elastic modulus, is resistant to fatigue, and can have a very
high material strength (Potyrala, 2011).

Due to its high cost, carbon fibre is less commonly used to make individual
profiles but can be shaped similarly to glass fibre products if required. It is widely
used to reinforce existing structures, and prestressed carbon fibre can reduce ten-
sile stresses in bridge girders by up to 50% (Ghafoori et al., 2019). The most com-
monly used carbon fibre is carbon fibre strips and sheets. Due to its high material
strength, carbon fibres can be used to make cables for cable-stayed or suspension
bridges (Keller, 2018). These elements are fixed on existing bridge structures us-
ing various fixing devices (Li, Li, Lu & Shen, 2019; Siwowski et al., 2020). Car-
bon fibre elements can also be prestressed, further strengthening the system and
reducing buckling. This technique can reinforce timber beams with basalt or glass
fibre (Thorhallsson et al., 2017). A disadvantage of carbon fibres is that the level
of reinforcement depends on the geometry of the bridge itself. In addition, there
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must be sufficient space to install carbon fibre strips and fixings on the bridge
elements. Another major disadvantage of carbon fibre elements is that it takes
much energy to generate the high temperatures needed to form the material, mak-
ing it very expensive and uneconomical to produce profiles. However, the mainte-
nance and repair of carbon fibre-reinforced polymer (CFRP) elements are cheaper
than traditional materials (Ali et al., 2020). The advantages of carbon fibre are its
high elastic modulus, strength, and fatigue resistance compared to glass fibre. Re-
garding service life, studies show that carbon fibre-reinforced polymers have
more potential than aramid and glass fibres (Potyrala, 2011).

Aramid fibre is the second typical material for fibre-reinforced polymers. It
is obtained by extruding an aromatic polyamide material between 50 °C and —
80 °C into a cylinder heated to 200 °C. The fibres remaining after this process are
stretched for strength and stiffness. Still, aramid fibres are also difficult to cut and
otherwise machine (Potyrala, 2011). The disadvantages of aramid fibre are low
compressive strength (500-1000 MPa), low long-term strength, and sensitivity to
ultraviolet radiation. On the other hand, like carbon fibre, it has high strength and
resistance to static and dynamic fatigue (Potyrala, 2011). However, aramid mate-
rial is less widely used for economic reasons. Like carbon fibre, aramid materials
in sheets and strips are used in bridge structures for refurbishment and strength-
ening (Ghafoori et al., 2019; Modak et al., 2020; Siwowski et al., 2020).

After analysing the researched articles, a chart was created representing the
distribution of publications depending on the FRP reinforcement material
(Fig. 1.1). About half of the works research GFRP elements.

Flexural tests are the most common (Ascione et al., 2015; Aydin & Saribiyik,
2013; Koaik et al., 2017; Muttashar, Manalo, Karunasena & Lokuge, 2016), but
shear tests are also carried out since FRP materials are susceptible (Siwowski
etal., 2018). There is a smaller amount of other various tests done with FRPs
ranging from tensile (EI-Wazery, El-Elamy & Zoalfakar, 2017; Naito, 2022),
compression (Yuana, Yao, Niu, Liu & Wuyun, 2019), heat resistance (Ghadimi,
Russo & Rosano, 2017) to dynamic (Chroscielewski et al., 2018; Votsis, Strat-
ford, Chryssanthopoulos & Tantele, 2017) and seismic testing (Mahboubi & Shi-
ravand, 2019). They are carried out on structural elements (composite bridge deck
slabs, beams) (Hollaway & Head, 2000; Lee et al., 2010; Li, Zhang, Zhao & Deng,
2015; Zhang, Li, Shao & Fan, 2018). In some cases, tests are carried out on exist-
ing structures (Ghafoori etal., 2019; Li etal., 2019; Rossini, Spadea & Nanni,
2019; Siwowski et al., 2019; Votsis et al., 2017) to assess how closely they match
the design calculations and numerical models, but they are never carried out to
failure. Loads may be added in various ways, but the most common are using
compression apparatus or weights in laboratory conditions and loaded vehicles on
sites.
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Researched material types (63 articles)

Carbon Glass
fibres; 36; 58
o fibres; 47,
33% o,
Other Aramid
fibres; 1; fibres - 0-
1% 8%’ o
Hybrid Basalt
fibres; 9; fibres; 9;
8% 8%

Fig. 1.1. Article distribution depending on the reinforcement material
(data from 63 literature sources) (made by the author)

Tests on FRP bridges or bridges built, including FRP elements, can also be
carried out after they have been constructed to verify the agreement between the
numerical models and design calculations (Ghafoori et al., 2019; Li et al., 2019;
Rossini et al., 2019; Siwowski et al., 2019; Votsis et al., 2017). Testing of these
bridges is usually carried out immediately after construction. An example is test-
ing a new hybrid FRP/concrete car bridge in Poland (Siwowski et al., 2018); test-
ing is completed using trucks (Siwowski et al., 2019). It is a 22 m bridge with
composite beams of glass and carbon fibre FRPs (Siwowski et al., 2018).

This test determined the deflections and stiffness of the bridge, evaluated the
overall performance of the hybrid bridge elements, and performed a dynamic anal-
ysis. The analysis showed that the bridge serves better than the finite element
model, meaning the design and modelling methodology must be improved
(Siwowski et al., 2019).

Laboratory tests are usually carried out on bridge sections or separate elements,
such as beams, decking, and columns (Hollaway & Head, 2000; Lee et al., 2010;
Li et al., 2015; Zhang et al., 2018). They are carried out to ascertain these ele-
ments’ stiffness, load-bearing capacity, and structural behaviour. The most com-
mon test is four-point bending (Aydin & Saribiyik, 2013; Fahmy, Sayed, Farghal
& Ahmed, 2019; Keller, Schaumann & Vallee, 2007; Koaik et al., 2017; Mut-
tashar et al., 2016; Siwowski et al., 2018); sometimes, three-point bending is used
(Tuwair, Drury, & Volz, 2019) to determine the bending strength and load-bearing
capacity. Shear tests are also conducted (Koaik etal., 2017; Siwowski etal.,
2018). A relevant laboratory test example is Siwowski et al. (2018). This work
conducts four-point bending and shear tests of a composite beam.

After collecting and analysing all the articles, a chart plot was created, which
presents the distribution of lab and field tests and the type of tests usually carried
out regarding FRP composites (Fig. 1.2a, b).
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Test types by location (48 articles)

Field tests;
6; 12%

Laboratory
tests; 43;
88%
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Shear lab
tests; 8;
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lab' tesf}s; Dynamic
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experiments; field tests;
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Fig. 1.2. Distribution of testing (data from 48 sources): (a) lab and field tests;
(b) conducted test types (made by the author)

1.1.2. Manufacturing methods

Various methods of producing profiles from FRP materials are described in this
section. The profiled section’s mechanical properties depend on the manufactur-
ing method (Liu et al., 2020; Potyrala, 2011). The profiles can also be easily dam-
aged if they need additional machining to be adapted to the specific structure (Shi,
Cui & Li, 2019), so they must be produced to the most accurate parameters pos-
sible. The most precise and cheapest method is mechanical pultrusion (Correia
et al., 2013). Still, there are other methods of making FRP elements: hand form-
ing, fibre wrapping, resin transfer forming, vacuum-assisted resin transfer mould-
ing, and spray forming (Potyrala, 2011; Tamakuwala, 2020). Production methods
are actively being developed and studied (Tackitt & Walsh, 2005; Tamakuwala,
2020).

The pultrusion method is fully automated and reliable. It produces FRP profiles
with the most precise dimensions and consistent mechanical properties (Bakis
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etal., 2002). The pultruded elements also have the highest fibre volume ratio
(Goh, Yap, Agarwala & Yeong, 2018). The process involves drawing the rein-
forcing fibre without stopping, distributing it accurately over the area of the pro-
file to be produced via a distributor, injecting a resin matrix to impregnate the
fibre using a processing machine, and then heating the shape in a heater until it
hardens and forms its final geometry. Ultimately, the profile is cut with a saw to
the required length (Correia, 2013; Potyrala, 2011).

A good fibre distribution is critical, as the quality and performance of the pro-
file depend on its arrangement across the profile cross-section. The fibres used in
this process are aramid, carbon, or glass fibre, and the resin matrix is usually pol-
yester. The profiles produced by this method do not require any further pro-
cessing. Any components and elements can be made this way (Ali et al., 2020;
Potyrala, 2011). The pultrusion direction and reinforcement filament distribution
coincide, ensuring the mechanical performance of the structural FRP (Correia,
2013; Dang & Phan, 2021; Obaidat, 2020) and can be virtually moulded into any
shape (Liu et al., 2020). Pultruded objects have a high fabrication rate, fibre con-
tent, and large volume at a low operating cost (Correia, 2013).

After analysing all the articles, a chart plot was drawn to show the distribution,
depending on the manufacturing method used to produce the researched elements
(Fig. 1.3). The articles found and analysed included the most common FRP man-
ufacturing processes. The cheapest and most efficient method is the pultrusion
method, an automated method that is the most widely used and the most accurate
(Bakis et al., 2002; Potyrala, 2011). All other methods are either more expensive
or less cost-effective.

Manufacturing method types (38 articles)

Other
automated
methods; 9;

20% .

Manual FRP
application
methods; 5;

11%

Pultrusion;
31;69%

Fig. 1.3. Articles’ distribution considering the FRP manufacturing method
(data from 38 sources) (made by the author)
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1.1.3. Design principles

This section reviews the articles and literature on the existing codes and standards
for FRP structures and materials. One of the problems encountered in the research
and application of this relatively new material is that there are not enough stand-
ards and design codes (Canning & Luke, 2016). Strengthening bridges with FRPs
describes the typical literature analysis object. However, there is little information
about the bridge design and practically nothing about hybrid bridge design. The
profiles made from FRP have different material properties in the respective direc-
tions depending on how the fibres are oriented in the composite material. For the
same reason, there are also various problems in joining these elements with other
FRPs or different materials (concrete, steel, etc.). A common cause of failure in
hybrid bridges using FRP composites is the disintegration of the bonding material
and the separation of the FRP from the rest of the structure. This occurs because
FRP joints are designed the same way as steel joints, even though the mechanical
properties of these materials differ significantly.

FRP bridges cannot be safely and confidently designed using methods and
standards used for traditional materials; the design of such structures lies beyond
the standard regulation field. Bridges with FRP elements are often wastefully de-
signed due to their different material properties (lower modulus of elasticity,
lower ductility, and orthotropic material) and different failure mechanisms (Bakis
et al., 2002; Potyrala, 2011). Elements made of FRP materials have been reliably
used to reinforce or renovate existing structures for more than ten years (Ghafoori
et al., 2019; Siwowski et al., 2020). However, no widely accepted guidelines exist
for designing FRP elements except for retrofitting (Ali et al., 2020).

To make this structure more attractive to designers, new design methods,
codes, and standards must be developed, or existing ones must be modified to
quickly adapt to this relatively new material. The area where most of the current
codes and standards are concentrated is the retrofitting and repairing structures
with CFRP and AFRP; they are also used to improve the seismic performance of
bridges. Most of the strengthening standards are developed in Canada, The United
States, Japan, and Europe (Bakis et al., 2002).

These standards and codes still need to be improved because many types of
FRP with different fibres and matrices (Keller, 2018) react differently when ex-
posed to various environmental influences or loads. Furthermore, element prop-
erties from these materials can even be influenced by the methods used to manu-
facture them (Liu et al., 2020) and the additional machining applied to them (Shi
et al., 2019). Therefore, no universally accepted design norms or procedures exist
(Potyrala, 2011). Many companies producing all-FRP structures ensure their use
on the market by issuing specific recommendations and design guidelines (FI-
BERLINE, 2003), as exemplified by the Fiberline company, which adapts itself
to the German DIN norms and European standards and obtains certificates for the
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materials they use, which ensure the reliability of the elements they produce, ac-
cording to the given minimum requirements for the quality, tolerances, strength,
stiffness, and surface of structural profiles for load-bearing purposes (Table 1.1).

Table 1.1. Minimum FRP material properties to ensure class

Minimum
properties
Property Units Test method
E23 E17
Grade Grade
. Annex D, EN 13706-
Full section test GPa 2:2002 23 17
Tension modulus-axial GPa EN I1SO 527-4 23 17
Tension modulus-trans- GPa EN ISO 527-4 7 5
verse
Tension strength-axial MPa EN ISO 527-4 240 170
Tension strength-trans- MPa EN ISO 527-4 50 30
verse
. . . Annex D, EN 13706-

Pin-bearing strength-axial MPa 2:2002 150 90
Pin-bearing strength-trans- MPa Annex D EN 13706- 70 50
verse 2:2002
Flexural strength - axial MPa EN ISO 14125 240 170
Flexural strength - trans- MPa EN 1SO 14125 100 70
verse
Interlaminar shear MPa |  ENISO 14130 25 15
strength-axial

Most of the literature discusses specific design methods (Rossini et al., 2019;
Zhang et al., 2018) for the particular structures considered in those articles. The
papers apply old calculation methods to FRP composite structures, modify exist-
ing calculations, simplify them, and apply them to new systems, such as the spatial
decking trusses composed of the orthotropic plate, aluminium, and glass fibre
tubes (Zhang et al., 2018). The stiffness of this complex structure could be calcu-
lated using the proposed method for hybrid deck-truss systems, which is based on
the rules of classical structural mechanics (Li et al., 2015). Still, it would be very
complex and unsuitable for the design application. Therefore, a simplified version
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is proposed, simplifying this complex structure and modifying the formulae ac-
cordingly, resulting in a more acceptable design for engineers for this type of
structure.

More research has to be completed with FRPs and their elements because, so
far, a portion of these bridges designed with FRPs can resist up to 18 times their
design strength, which makes their design uneconomical and very conservative.
In addition, very little has been done on the shear transfer mechanisms of hybrid
bridges made of FRP and concrete, how they are affected by dynamic effects, and
the effect temperature has on these connections between concrete and FRP ele-
ments (Zou et al., 2020). This work is focused on short-term loading conditions.

There are some design guides for all FRP elements. Examples are the ASCE
design guides for plastics and FRP elements (American Society of Civil Engi-
neers, 1984; American Society of Civil Engineers, 1985; Mosallam, 2011). First,
a manual describing the properties of plastic materials has been developed (ASCE,
1984), and then a guide to assist the engineer in selecting the appropriate combi-
nations of plastic materials that will have the required material properties for the
required structures and the calculation of these structures (ASCE, 1985). More
detailed design guides are now developed to describe the design of FRP joints and
elements. Their most recent principle covers the design of pultruded FRP joints
and components, the calculation and design of various joints, the code suitable for
modelling these joints, and the studies carried out on them (Mosallam, 2011).
However, these manuals are only applicable to all FRP elements and structures.
Guidance is lacking for hybrid components and structures.

The distribution of articles depending on the design methods and standards
mentioned is presented below (Fig. 1.4). Standards and design guides are devel-
oped and updated based on research, but this slow process takes years. Most of
the existing standards are currently produced by the companies involved in pro-
ducing FRP composites, such as Fiberline or Strongwell, and all current standards
belong to local manufacturers. Most national design standards have been devel-
oped for bridge repairs and retrofitting (Bakis et al., 2002). However, none of
these current guidelines or standards are accepted universally (Potyrala, 2011).
Many new design guides are still being developed (Canning & Luke, 2016; Bakis
et al., 2002). As there is very little design guidance and many different types of
FRP hybrid beams, only the material parameters of the FRP elements will be taken
from the company FIBERLINE provided certificates.

The absence of the design reference complicates the development of innova-
tive structures. Therefore, this dissertational work extends the adaptive design
concept (Rong, Zhao, Feng & Xie, 2022). This concept is typical for theoretical
analysis (Rong et al., 2022) and architectural design (Xie, 2022). However, to the
best of the author’s knowledge, it was not used for structural problems.
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Codes and standards (19 articles)

Design Experimental
manuals; Design
5:21% methods; 8;
' 33%
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8: 339 created
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Fig. 1.4. Distribution of articles regarding design methods and standards
(data from 19 sources) (made by the author)

1.1.4. Development perspective

Even though FRP composites have been used for decades, they still have several
disadvantages. Unfortunately, these disadvantages stop FRP composites from re-
placing traditional materials even more and taking their place alongside them.

For this type of composite to become more widely accepted, more research
has to be done into the material itself; because material properties depend on the
orientation of the fibre reinforcement and the fibre quantity, it is hard to separate
the material from the structure, so the manufacturer trying to design the material
has to create the system as well (Potyrala, 2011).

There is a vast variety of FRP composites with different mechanical and ma-
terial properties (Potyrala, 2011). Thus, the structural application of these compo-
sites requires experimental investigation with particular attention to developing
reliable constitutive models (Ali et al., 2020). More research still needs to be done
to determine long-term behaviour, fire resistance, sustainability, recycling, and
life cycle costs (Bakis et al., 2002; Keller, 2018; Kim, 2018). The main reason for
FRP structure failures is their connections, either joint between elements or bond
failure, which is why they are the most overdesigned parts of the bridges. In gen-
eral, there is still much unnecessary overdesigning of FRP-concrete structures,
sometimes increasing the load-bearing capacity up to 18 times the required
amount (Zou et al., 2020).

The analysed literature shows that more research is still required on FRP com-
posites (Ali etal., 2020). In addition, more research on the material itself is
needed. Because of this lack of research, there are not enough design norms. With
no design norms, there is little trust in the material, and even the built bridges are
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highly conservative. These problems can only be solved by conducting more re-
search and applying FRP composites more widely. They are already being used
in many bridges; more testing and modelling are needed for more efficient use,
creating better design methodology and profile geometry. The challenges faced
by FRP composites are the same as those faced by traditional materials in the past,
like steel (Ali et al., 2020).

1.2. Numerical modelling

This section reviews research publications dealing with the numerical modelling
of FRP structural components; it analyses the modelling problems, software, and
the choice of material models. Furthermore, the papers dealing with the bond be-
tween FRP and concrete are examined in detail, as this connection is typical for
the structural application of FRP composites. Besides, it governs simulation re-
sults adequacy (Sun, Peng & Yu, 2017).

Numerical modelling works reported in the literature focus on two general pur-
poses: (1) verification of constitutive models, using test results of laboratory spec-
imens (Chen, Sun, Meng, Jin & Li, 2019; Dongdong et al., 2019; Eskandaria et al.,
2019; Li etal., 2015; Siwowski etal., 2018; Thorhallsson et al., 2017; Zhang
et al., 2018); (2) analysis of full-scale structural elements (He, Liu, Chen & Dali,
2012; Mahboubi & Shiravand, 2019; Muc et al., 2020; Votsis et al., 2017; Yang
et al., 2020). Fig. 1.5a describes the selected papers’ distribution structure regard-
ing the simulation object. It can be observed that 24 out of 29 articles dealt with
experimental specimens. These simulations account for load-bearing capacity, de-
formations (Dongdong et al., 2019; Keller & Schollmayer, 2004; Siwowski et al.,
2018), dynamics (Siwowski et al., 2019; Votsis et al., 2017; Yang et al., 2020),
accidental effects (e.g., fire resistance), long-term degradation of mechanical per-
formance, and other aspects (Eskandaria et al., 2019; Mahboubi & Shiravand,
2019; Yuana et al., 2019). The literature analysis identified the following simula-
tion targets: failure of FRP composites (Eskandaria et al., 2019), debonding of
FRP components (Cai, Pan, & Zhou, 2017; Muc et al., 2020), and elastic simpli-
fication of structural behaviour (He etal., 2012; Keller & Schollmayer, 2004;
Mahboubi & Shiravand, 2019; Mandal & Chakrabarti, 2017; Votsis et al., 2017;
Yang et al., 2020; Yuana et al., 2019). The first two aspects are typical for analys-
ing laboratory samples (Cai et al., 2017; Eskandaria et al., 2019; Muc et al., 2020).
On the contrary, the elastic (or elastic—plastic) simplifications are characteristic of
full-scale structural models (He et al., 2012; Mahboubi & Shiravand, 2019; Votsis
etal., 2017; Yang et al., 2020). Reference (Siwowski et al., 2019) proves the elas-
tic material assumption, highlighting relatively low stresses in structural compo-
nents under the service load.
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Modelling types (31 articles)
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Fig. 1.5. Literature distribution (data from 31 sources): (a) by modelling object;
(b) by modelling type; (c) by application (made by the author)

In some cases, shear failure (Eskandaria et al., 2019), bond behaviour of the
composite components, and interlaminar slippage are among the modelling pa-
rameters (Cai et al., 2017; Chen et al., 2019; Eskandaria et al., 2019; Muc et al.,
2020; Robinson & Melby, 2015;). The mentioned problems cause the essential
difference between the simulation strategies of FRP composites and other struc-
tural materials, like steel or concrete. Nevertheless, the FRP modelling has simi-
larities to the analysis of timber structures. Several studies investigated FRP-tim-
ber composites, revealing the structural efficiency of such a hybrid system (Issa
& Kmeid, 2005; Thorhallsson et al., 2017). However, that is a rare exception as
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the typical simulation objects are the concrete reinforced with FRP bars, near sur-
face-mounted strips, and external sheets (Cai et al., 2017; Mahboubi & Shiravand,
2019; Yuana et al., 2019). Fig. 1.5b describes the distribution of the articles de-
pending on the modelling object test type. Bending tests are typically used to ver-
ify the numerical models (Dongdong et al., 2019; Papapetrou, Tamijani, Brown,
& Kim, 2018). The references (Mahboubi & Shiravand, 2019; Yang et al., 2020)
present examples of seismic analysis; references (Chroscielewski et al., 2018;
Siwowski et al., 2019; Votsis et al., 2017) are current dynamic analysis examples.
The appropriate software must be chosen to simulate dynamic and seismic loads
and their structural response (Table 1.2).

Table 1.2. Capabilities of software used in the literature

Bond . .
Material parameter . . Dynamic
Program | model- . Seismic analysis .
ling modelling analysis
linear/nonlinear for . .
ANSYS Contact metals, rubber, foam, Simple asmstgnt pro- +
elements gram ANSeismic
concrete
Contact . . —_
ropert linear/nonlinear, Abaqus/Standard Implicit in
PrOPETY | UMAT, and VUMAT qusrStanaard, - 1 A paqus/stand-
ABA- | assign- : Abaqus/Explicit seismic L
subroutines to create . A ard, explicit in
QUS | mentor . analysis by subjecting
. complex material Abaqus/Ex-
adhesive model to accelerogram L
. models plicit
joints
. Perfect linear/nonlinear for
Sofistik + +
bond steel, concrete
Open- | A bond linear/uniaxial fqr Subjecting a structural
steel, concrete, rein- | model to one (or more) -
Sees model . .
forcing steel ground motion records
Surface | linear/nonlinear for FEMAP + NX NAS-
NAS- contact | metals. rubber. user- TRAN seismic analysis | FEMAP + NX
TRAN - o ' by subjecting the model | NASTRAN
function |  specified materials
to accelerogram
A bond linear/nonlinear for +
ATENA model concrete, user-specified | AmQuake for masonry +
materials buildings
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Fig. 1.5c shows the percentage distribution of the modelling software used in
the literature for simulating FRP components. The most widely used software
packages are ANSYS (Dongdong etal., 2019; He etal.,, 2012; Keller &
Schollmayer, 2004; Li et al., 2015; Muc et al., 2020; Votsis et al., 2017; Yang
etal., 2020; Zhang et al., 2018) and ABAQUS (Chen et al., 2019; Eskandaria
etal., 2019; Mandal & Chakrabarti, 2017; Robinson & Melby, 2015; Yuana et al.,
2019;), and the rarer software is ATENA (Cai et al., 2017; Chaiyasarn et al., 2021,
Juozapaitis et al., 2021). Other packages are rarely applied (Mahboubi & Shi-
ravand, 2019; Mendes etal., 2011; Papapetrou etal., 2018; Siwowski et al.,
2019).

The analysed research shows a tendency to model FRP structures in a labora-
tory environment (Chen etal., 2019; Dongdong et al., 2019; Eskandaria et al.,
2019; Li etal., 2015; Siwowski etal., 2018; Thorhallsson et al., 2017; Zhang
et al., 2018) because most testing is also completed in such conditions. The most
common modelled test is four-point bending (Fig. 1.5b) because the results can
be easily compared to the experimental results. However, more research is re-
quired on modelling the bonding of FRP elements, especially its material proper-
ties, with a limited number of articles considering the heterogeneity of the me-
chanical properties intrinsic to FRP composites. Also, few literature publications
about the support joints of such structures can be found.

1.2.1. Material models

The material models chosen for the FE modelling are essential for the modelling.
In addition, various problems require a different complexity of the constitutive
models, with specific research requiring exact definitions for adequate modelling
results. Laboratory tests (He et al., 2012; Muc et al., 2020; Siwowski et al., 2019)
and manufacturers’ certificates (FIBERLINE, 2021; Votsis et al., 2017; Yang
et al., 2020) define the material properties; these material properties are typically
modelled as elastic (Fig. 1.6a). Table 1.3 summarises the mechanical properties
assumed in the selected literature sources. In this table, E determines the modulus
of elasticity, and Vs is the fibre content. A considerable variation of material prop-
erties (moduli of elasticity and tensile/compression strength) is observed. Further-
more, various filament materials, e.g., CFRP, BFRP, GFRP, or combinations of
these fibres, are used in the literature.

The advanced simulations attempt to represent the heterogeneity of the me-
chanical properties of FRP. Typically, the difference in the elasticity moduli spec-
ified in different directions simulates the material parameters’ anisotropy (Chen
etal., 2019; Eskandaria et al., 2019; Muc et al., 2020; Papapetrou et al., 2018;
Robinson & Melby, 2015;).
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The material model problem relates to the limited ability of software to de-
scribe anisotropic material properties. Still, often, there is no need to use advanced
calculations to solve deformation problems and analyse the beams or bridge struc-
tures under service conditions. Table 1.2 specifies the programs considered in the
literature and their capabilities, specifying nonlinear material models.

Fig. 1.5 shows that numerical models typically simulate pedestrian, vehicular,
and dead loads (Dongdong et al., 2019; He et al., 2012; Keller & Schollmayer,
2004; Muc et al., 2020; Siwowski et al., 2019; Votsis et al., 2017), assessing FRP
parts’ load-bearing capacity and deformations; other loads, such as seismicity or
dynamics, are less frequent (Siwowski et al., 2019; Yang et al., 2020). Most se-
lected papers used concentrated and uniformly distributed loads to simulate the
loading conditions. Distributed loads simulated pedestrians; point-loads model
vehicular effects (Muc et al., 2020).

References (Eskandaria etal., 2019; Yuana etal, 2019; Mandal &
Chakrabarti, 2017; Zhu et al., 2022) describe the specific examples of numerical
analyses. The research article (Yuana et al., 2019) investigated the stability of FRP
specimens under compressive load: articles (Eskandaria et al., 2019; Mandal &
Chakrabarti, 2017; Zhu et al., 2022) analysed failure mechanisms of FRP struc-
tural elements and their connections. Rare literature sources considered modelling
the effects of wind loads or temperature (Ghadimi et al., 2017) on FRP elements.

Dynamic parameters, such as the oscillation shape, damping coefficients, and
accelerations of the structure, are essential for modelling FRP elements because
of such structures’ high deformability and low self-weight. The dynamic bridge
assessment is much more complex than static calculations and requires a more
sophisticated model (Chroscielewski et al., 2018; Siwowski et al., 2019). There-
fore, such simulations require ensuring adequate determination of the bridge ge-
ometry and material parameters (Siwowski et al., 2019; Votsis et al., 2017). More-
over, the bridge parameters can change over time (Votsis etal., 2017). Even
parapets, sidewalks, or ballast influence the dynamic response (Siwowski et al.,
2019; Votsis et al., 2017) and alter the structure’s stiffness (Chroscielewski et al.,
2018).

The analysed research papers choose the material model based on the research
objectives. For example, suppose modelling is done with FRP components in the
service load state (He et al., 2012; Siwowksi et al., 2019) or for solving defor-
mation problems (Chroscielewski et al., 2018; Siwowski et al., 2019; Votsis et al.,
2017). In that case, the anisotropy is not considered. Still, for dynamic assess-
ments (Chroscielewski et al., 2018; Siwowksi et al., 2019) and advanced material
simulations (Chen et al., 2019; Eskandaria et al., 2019; Muc et al., 2020; Pa-
papetrou et al., 2018; Robinson & Melby, 2015), the material model has to de-
scribe FRP materials’ heterogeneity and be as accurate as possible to be in good
agreement with the experimental results.
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Table 1.3. Mechanical properties of FRP materials reported in the literature

. Strength,

Reference Material E, GPa tf.. MPa Element type Vi
(Dongdong 0
etal., 2019) GFRP 59.2 1320/560 | Tubes 80%
(Siwowski Girder from lam-
etal,, 2019) CRFRP 115.8 1150/464 inates X

. . GFRP 24.0 a50/280 | Hbrid girder X
(Siwowski from laminates
etal., 2018) CFRP 195 1270/360 Hybrid gl.rder .

from laminates
(Lietal,
2015) GFRP 315 1000/560 | Tubes X
(Yang et al., CFRP 153 1950 Hybrid cable X
2020) BFRP 52.0 1521 Hybrid cable X
GFRP 453 g3o | Hybrid girder X
(Papetrou from laminates
etal., 2018) CERP 114 1370 Hybrid gl_rder X
from laminates
(Robinson &
Melby, 2015) GFRP 27.6 378 Tubes X
(Chen et al GFRP 40.0 500 Laminate 68%
2019) N CFRP 120 2200 Laminate 68%
BFRP 33.1 560 Laminate 68%
(Eskandaria .
et al., 2019) GFRP 150 2323 Laminate X
(Yuanaetal., . 0
2019) CFRP 200 1831 Laminate 50%
(Mahboubi &
Shiravand, CFRP 241 3710 CFRP strip X
2019)
(Mandal &
Chakrabarti, CFRP 140 2200/1600 | Joint X
2017)
(Caietal.,
2017) BFRP 45.0 1090 Rebar X

The description of the bonding parameters in the models also depends on the
research target. For service loads and deformation behaviour, the bond parameters
in the models are described as perfect. Specific bond parameters are usually pro-
vided for advanced simulations and articles researching bond properties. Research
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on FRP elements is ongoing; the number of publications is equally distributed
between those with and without specified bonding parameters (Fig. 1.6b).

1.2.2. Engineering problems

A few problems occur while modelling FE models with FRP components. As-
sumptions are made to simplify these models, but these assumptions can be unac-
ceptable, depending on the research object.

The bond problem complicates structural analysis and numerical modelling
(Zou, Feng, Bao, Wang & Xin, 2020; Zou et al., 2020). Still, studies (He et al.,
2012; Obaidat, 2020; Papapetrou et al., 2018; Siwowski et al., 2018, 2019) de-
scribe the typical analysis examples, neglecting the bond problem. References
(Cai etal., 2017; Chen etal., 2019; Malakhov et al., 2021; Muc et al., 2020;
Nerilli &Vairo, 2018; Robinson & Melby, 2015) defined the cases when the bond
parameters were among the research subjects. For instance, Chen et al. (2019) fo-
cused the research on the FRP laminate bonding properties. Four remaining works
consider the FRP-concrete bond performance of the hybrid structural systems,
which describe the research object of this dissertation. Dang and Phan (2021) and
Cai et al. (2017) investigated concrete’s FRP bar bonding performance. Robinson
and Melby (2015) studied the mechanical resistance of the concrete-filled GFRP
tube, and Muc et al. (2020) simulated the composite deck slab. However, a rare
publication considers the support joint’s resistance of the FRP profiles, e.g., Zhang
et al. (2020).

A few different functions can affect the bond modelling results: by creating a
surface-to-surface interaction, assigning it to the appropriate surfaces and choos-
ing the required contact properties, or by creating an adhesive joint, connecting
two components with a glue-like material with a finite thickness (ABAQUS)
(Chen et al., 2019; Robinson & Melby, 2015) and using contact elements (AN-
SYS) (Muc et al., 2020). An empirical bond model determines the mechanical
contact in ATENA (Cai etal., 2017). Of the 29 articles about modelling, only
fourteen of them consider bond modelling problems (Fig. 1.6b).

FRP elements are classified as “shell” elements for bridge deck panels in the
references (He et al., 2012; Votsis et al., 2017), and beam elements in the article
(Dongdong et al., 2019), no unified methodology exists yet. Modelling with FRP
elements is carried out in the same way as with conventional materials. There is
practically no difference in modelling this type of structure at low loads. However,
when modelling these structures at high stresses, particular care must be taken in
describing their connections with other elements and specifying the appropriate
bond parameters, as these structures often fail at their joints (Eskandaria et al.,
2019; Mandal & Chakrabarti, 2017; Zhu et al., 2022). It is also necessary to iden-
tify these materials as anisotropic in the software due to their different nature of
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disintegration compared to conventional materials to assess the exact failure mode
of the modelled element. However, most articles apply linear material parameters
(Fig. 1.6a). The perfect connection assumption and linear-elastic material param-
eters will be used in the hybrid beam structure modelling to determine whether
these assumptions for deformation problem solving are correct and how well they
correspond with the composite beam experimental results. The smeared reinforce-
ment model, developed for concrete mesh reinforcement (Cervenka, 2002)
adapted to FRP (Gribniak et al., 2021), will be applied in the modelling. The fibre
volume fraction must also be determined to evaluate the amount of fibre reinforce-
ment area in the cross-section (Gribniak, Kaklauskas, Kwan, Badinskas &
Ulbinas, 2012). This will allow the creation of a reliable FE model, a reliable ref-
erence for the physical experiments. A moment-curvature diagram can evaluate
hybrid beam deformations (Gribniak, 2009).

Material parameters (30 articles)

Linear Non linear
material parameters
. . 0

parameters used; 8; 27%

used; 22; 73%

a)
Bonding parameter types ( 14 articles)
Defined bond
parameters; 7;
50%
Perfect
bond ; 7;
50%
b)

Fig. 1.6. Literature distribution (data from 30 and 14 sources):
(a) by material parameters; (b) by adhesion parameters (made by the author)
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1.3. Conclusions of the First Chapter and formulation
of the dissertation’s tasks

Based on the literature analysis, FRP elements are increasingly developed and
characterised, making these materials acceptable for various structural applica-
tions. Regarding bridges, many such structures have been built or repaired in the
Czech Republic, Switzerland, the United States of America, Poland, South Korea,
with the main load-bearing and secondary elements made of FRP materials. FRP
materials (typically carbon fibre sheets, cables, and strips) are widely used to ret-
rofit existing structures. This material type is low in weight and has a similar or
higher strength than traditional materials, making them attractive for constructing
temporary bridges.

1.

2.

3.

4.

The market is dominated by the three most common FRP components:
glass, carbon, and aramid fibres. These materials are also used in combi-
nation, producing hybrid elements. The cement-based composite materi-
als have also been developed with glass, polymer, and carbon fibres to
improve cracking resistance and deformation ductility. These materials
are typically used for bridge deck slabs, cables, and load-bearing compo-
nents.

Pultrusion is the most frequent manufacturing method, ensuring precise
dimensions of FRP components, fast industrial manufacturing, and a high
fibre content in the matrix (about 75%) compared to other manufacturing
methods (hand moulding, fibre wrapping, resin transfer moulding, injec-
tion moulding).

Various numerical simulations have been conducted with different FRP ma-
terials and components, including beam, truss, cable-stayed, and suspension
bridges. However, problems arise when describing the material and connec-
tion (bond) models, accounting for the anisotropy of FRP materials.
Application of FRP components in relatively long-span structures (e.g.,
10—15 m long bridges) faces a significant challenge because of exces-
sive deflections and vulnerability to dynamic loads. The research must
focus on the shear resistance of FRP components and their bonding per-
formance with concrete. In addition, there is a gap in knowledge about
the dynamics of FRP components, fatigue, and fire resistance. Conse-
quently, tests on existing bridges demonstrate unreasonably high safety
reserve, with some structures withstanding up to 18 times higher loads
than the design requirement.
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5.

Due to the lack of globally accepted design norms and manufacturing
standards, FRP elements are used more exclusively in constructing pe-
destrian bridges, platforms, architectural details, facades, pipelines, and
chemical containers.

6. The four-point bending is the most widespread test and modelling deter-

mining mechanical performance. Physical beam prototypes must be pro-
duced after completing the model to verify the finite element (FE) mod-
elling results.

Therefore, this dissertation aims to develop an adaptive design concept

when the experimentally verified numerical model describes the design ref-
erence. Based on the analysed articles, the following research objectives are
formulated:

1. The hybrid beam structure describes the adaptive design object. It com-

2.

poses a pultruded GFRP 1 profile and CFRP strip in the tension zone to
increase the beam tension resistance and limit deformations and polymer
fibre-reinforced concrete (PFRC) slab. The polymeric fibres enhance the
ductility and cracking resistance of the concrete. In addition, the PFRC
deck slab could withstand the excessive deformations of the bridge, en-
suring the overall stiffness of the hybrid system. For the development of
this hybrid beam, the FRP components should be fixed in relatively rigid
supports.

Material laws were experimentally determined for the development of the
FE model. However, the models typically assume the perfect bond model
between the composite components.

A literature gap exists in the systematic computer-aided design approach
for FRP-composing structures when the experimentally verified FE
model describes the design target. Moreover, the existing design ap-
proaches are far too conservative because of a lack of reliable models and
design standards. Therefore, the produced constitutive models and proto-
types determine the efficiency of the proposed adaptive design concept.
A hybrid beam for a pedestrian bridge was created to exemplify the pro-
posed adaptive design concept. The beam was compared to the verified
FE model. If necessary, the beam modification ensures agreement with
the model predictions.



Adaptive Design of Hybrid
Structural Systems

This chapter introduces the adaptive design concept, employing a hybrid beam
prototype (Fig. 2.1) to exemplify the design principles. This structural element
combines the polymeric fibre-reinforced concrete (PFRC) slab, pultruded glass
fibre-reinforced polymer (GFRP) profile, and pultruded carbon fibre-reinforced
polymer strip distributed in the tensile zone of the profile; the reasoning for the
combination is provided in the literature review. The main research results of the
chapter are published in the author’s publications (Gribniak et al., 2021; Garne-
vicius et al., 2020, 2021a; Garnevicius & Gribniak, 2022) and conference presen-
tations (Sokolov et al., 2018; Garnevicius et al., 2021b). The chapter describes the
adaptive design concept, assuming existing experimentally verified material mod-
els and modelling principles. The Third Chapter experimentally proves the mod-
elling assumptions.

2.1. Adaptive design concept

This section describes the adaptive design concept when the finite element (FE)
modelling outcome determines the reference result, describing the system’s effi-
ciency and, hence, the modification reference of the developed prototype. Alt-
hough such hybrid designs apply to bridge engineering and replacing steel with

29
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GFRP components is the key to the corrosion problem, the uncertainty of the
GFRP bonding performance with concrete complicates the hybrid system
(Mendes et al., 2011; Zhang et al., 2021).

The designed beam comprises the polymeric fibre-reinforced concrete
(PFRC) slab, resisting the compression force from the support joints and fixing
the glass-fibre-reinforced profile (GFRP, 120x60/6/6 mm I-profile by FIBERLINE,
Denmark). The preliminary simulations determined the support block’s geometry
10 x 1.4 mm by S&P C-Laminate, UK) strip strengthens the most tensioned face
of the GFRP profile. Fig. 2.2 demonstrates the composite beam’s schematic and
anticipated cross-sections. This structural scheme (Fig. 2.1) employs the stress-
ribbon bridge concept (Gribniak et al., 2021; Juozapaitis et al., 2021) to develop
the hybrid element. This way, the concrete provides a reliable connection with the
GFRP profile on the supports. In addition, FE modelling checks the proposed con-
cept’s viability when the smeared reinforcement approach (Gribniak et al., 2021)
describes the mechanical performance of FRP components, the physically nonlin-
ear material model (Garnevicius et al., 2020) defines the PFRC behaviour, and the
perfect bond model represents the contact problem. After the hybrid beam geom-
etry was decided, it was modelled in the commercial software ATENA.

As shown in the interaction between the concept (“1”) and the verified FE
model (“2”), it produces the preliminary solution under the assumed design con-
straints. The predicted output determines the objective reference for further phys-
ical tests (“3”), verifying the efficiency of the concept “1” (i.e., “Verification 17).
Under-performing the referenced outcome, an engineer modifies the design con-
cept (“4”). The iterative adaptation continues until an acceptable agreement be-
tween the results of physical tests and numerical simulations (i.e., “Verifica-
tion 2”).
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Fig. 2.1. Adaptive design concept (made by the author)
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Fig. 2.2. Hybrid beam schematic and anticipated cross-sections (made by the author)

Advanced computational procedures can replace expert opinion-based opti-
misation, making the proposed concept efficient for adaptive computer-aided de-
sign. Moreover, the FE outcomes can provide excessive information for optimis-
ing the materials parameters and structural solutions. The analysis consists of
three steps: verifying material models and modelling procedures, developing the
reference numerical model of the composite system, and adapting the physical
prototype design and manufacturing technology. Thus, the experimental verifica-
tion at the first stage guarantees the adequacy of the reference model. This section
assumes the numerical models that are verified to simplify the presentation struc-
ture. The Third Chapter proves this assumption.

2.2. Stage 1: Verifying material models for numerical
analysis

This Section presents the research and tests to determine the material parameters
of PFRC and GFRP. The parameters were applied to the FE modelling to verify
the model, which will be used as a reference for evaluating the results of the pro-
totype beam tests. The PFRC mixture proportions are also provided in this Sec-
tion.

2.2.1. Pultruded glass fibre-reinforced polymer profile
modelling

A GFRP square hollow section (SHS) profile in the market (FIBERLINE, Denmark)
was chosen and investigated to obtain material parameters and verify the FE
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model. After receiving the material parameters, a verified material model was cre-
ated that can be applied to any geometrical shape. Section 3.2.1 describes the ex-
perimental part of this investigation.

This section introduces the finite element (FE) modelling approach to the me-
chanical analysis of GFRP pultruded profiles. The modelling ensures acceptable
adequacy with the maximal allowable mesh size. This principle complies with the
current structural modelling trends when the finite element numbers’ limitation
determines the model optimisation objective. Furthermore, the proposed model-
ling concept allows for estimating the fibre reinforcement efficiency, understood
as the ability to resist mechanical load proportional to the dry filaments’ content
and experimental elastic moduli of the GFRP constituents.

A three-point bending test determines the mechanical performance of the pro-
files. The experiment is discussed in the Third Chapter in more detail. The FE
model is developed based on the smeared reinforcement concept (Fig. 2.3) to pre-
dict the stiffness and load-bearing capacity of the profiles. An efficient balance
between the prediction accuracy and computation time characterises the devel-
oped FE approach that does not require specific descriptions of reinforcement ge-
ometry and refined meshes necessary for modelling the discrete fibres. The pro-
posed FE approach also analyses the fibre efficiency in reinforcing the polymer
matrix. The efficiency is understood as the model’s ability to resist mechanical
load proportional to the dry filaments’ content and experimental elastic modulus
value.

The straight fibres have no specific geometry as the volume percentage and
orientation (regarding the global coordinate system) describe the mechanical
properties of the reinforcement having perfect contact with the matrix (i.e., no slip
between the filament and finite elements is allowed). The fibres are not resistant
to axial compression. The solid finite elements can include several reinforcement
systems (layers) smeared in different directions to represent a complex filament
architecture characteristic of particular FRP pultruded components.

In this research, the 3D solid finite elements describe the polymer matrix,
assuming the fracture mechanic principles for tensile failure and the plasticity ap-
proach to compressive failure. Fig. 2.4 shows the softening law in compression
related to a linear descending branch of the diagram. In this figure, f; is the com-
pressive strength; feo is the onset of nonlinear compressive behaviour; &g is the
plastic strain at the compressive strength; gq is the compressive ductility. The plas-
tic displacement and crack band size ratio define the strain &. The crack band
determines a fictitious crushing zone related to the finite element size. The prin-
cipal compressive stresses describe the failure plane normal to the stress direction;
the post-peak compressive strain localises in this plane. Such formulation reduces
the FE mesh dependency of the model (Cervenka, 2002).
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A layer of the smeared reinforcement models the glass filaments. In such a
way, a separate 1D material model, coinciding with the pultrusion direction, de-
scribes the reinforcement. A perfectly elastic-brittle constitutive law defines the
tension failure of the fibres, which do not resist the compression stresses.

The absence of material tests (Table 2.1) essential for the proposed FE ap-
proach makes the FIBERLINE profile analysis only illustrative. Fig. 2.4 shows the
corresponding numerical model built using 3D isoparametric brick eight-node fi-
nite elements with eight integration points and an average size of 5 mm. The mod-
elled steel plates preserve the GFRP SHS profile from stress concentration at the
supports and load application point. Figs. 2.5b and 2.5¢ show that the FIBERLINE
profile model has no geometry imperfections and ignores the corner roundness of
the SHS profile (Fig. 2.5b) because of the engineering simplification. The 3D
solid finite elements describe the polymer matrix; smeared reinforcement repre-
sents the glass filaments (Fig. 2.3). The respective constitutive model of the GFRP
material employs the polyester resin and E-glass fibre properties obtained from
the literature (El-Wazery etal., 2017; FIBERLINE, 2021) and presented in
Table 2.1.

Table. 2.1. Material properties of the GFRP composite constituents

Property Resin (Isophthalic polyester)! E-glass filament*
Tensile strength [MPa] 90 3445

Elastic modulus [GPa] 3.23 73.0

Poisson’s ratio — —

Density [g/cm®] 1.35 2.58

Properties adapted from the literature (EI-Wazery et al., 2017; FIBERLINE, 2021)

< >
0P

Solid body Smeared bars Smeared reinforcement
(polymer matrix) (glass filaments) (GFRP composite)

Fig. 2.3. Adopting the smeared reinforcement concept (Cervenka, 2002)

Table 2.2 provides experimental values of all material parameters necessary
for the numerical modelling of the FIBERLINE profile. Therefore, simulations of
this profile illustrate the proposed fibre efficiency concept and the limitations of
the standard testing procedures. The material parameters in Table 2.1 describe the
elastic constitutive models of the isophthalic polyester resin and smeared rein-
forcement in all simulations. Equal compressive and tensile strength values were
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assumed for the polymer. Several FE simulations were conducted, varying only
the supposed fibre content V:. Table 2.3 summarises the parameters of the numer-
ical models.

Two FE simulations were carried out, assuming different fibre volume frac-
tions. Model 1 considers a profile with the 56.2% filament content estimated from
the mass fraction obtained in the burning tests (a detailed description of this test
is in the Third Chapter) to determine the fibre content. Model 2 assumes the fibre
volume fraction of 44.0%, which corresponds to the manufacturer-specified nom-
inal mass fraction (60%) transformed by Equation (2.1) and the constituent mate-
rial densities pm and pr defined by FIBERLINE (2021):

_ Wr * Pm

Wy - pm + (1= wp) - pf
where pr and pm are the fibre and matrix densities (Table 2.1), and ws is the mass
percentage of fibres determined in the heating tests. The above parameter is nec-

essary for the numerical modelling to describe the fibre reinforcement area in the
cross-section (Gribniak et al., 2012, 2021).

Vs (2.1)

Table. 2.2. Material properties of the FIBERLINE GFRP composite

Property FIBERLINE!

Tensile strength [MPa] 250

Elastic modulus [GPa] 22

Poisson’s ratio 0.29

!Properties adapted from the literature source (FIBERLINE, 2021)
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Fig. 2.4. Constitutive model of the polymer matrix in compression
(Gribniak et al., 2021)
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Fig. 2.5. Flexural FIBERLINE profile: (a) FE model; (b) the modelled cross-section;
(c) Actual cross-section imperfection (Gribniak et al., 2021)

Fig. 2.6 compares the numerical prediction and the experimentally measured
vertical displacements at the mid-span. The FE simulations consider the load in-
crements applied in small (0.4 mm) steps.

Table 2.4 describes the accuracy of numerical predictions in the flexural stiff-
ness El and ultimate load P, terms. The first three models represent the Ugira
profile, and the FIBERLINE SHS sample was the modelling object of the remain-
ing two simulations. The identical profile models had the same geometry, FE
mesh, and material parameters; the volumetric fibre content was only the differ-
ence. The elastic analysis defines the flexural stiffness as follows:

B P-3
48
where P and u define the load and corresponding vertical displacement; | is the
loading span (= 0.9 m, Figs. 2.7 and 2.5a). The elastic behaviour of the flexural
profiles (Fig. 2.8) makes the above simplification possible: the stiffness El was
calculated for the experimentally determined P-u pairs at all ascending load
stages. Table 2.4 shows the EI and P, values averaged for the identical profiles.

The difference between the predicted and experimental outcomes divided by the
test value defines the prediction error.

EI (2.2)
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Table. 2.3. Parameters of the numerical models

Parameter FIBERLINE
Model 1 Model 2
Fibre content V¢ [%] 56.2 44.0
Tensile strength of fibre f; [MPa] 3445
Elastic modulus of fibre E; [GPa] 73.0
The ultimate strain of fibre & 0.047
Compressive strength of polymer 90
matrix fc [MPa]
Nonlinear behaviour onset of the
polymer matrix in compression feo 85.7
[MPa]
Elastic modulus of polymer matrix 393
Em [GPa] '
Plastic strain at compressive strength
; 0.027

of polymer matrix &
Compressive ductility of polymer

) 0.10
matrixX &
Finite element size [mm] 5

25 7Load P, kN
20

15

10

0 5 10 15 20 25 30 35 40

Fig. 2.6. Comparison of measured and numerically predicted load-vertical displacement
diagrams at the FIBERLINE profile mid-span (Gribniak et al., 2021)
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Fig. 2.7. Three-point bending test loading scheme (Gribniak et al., 2021)
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Fig. 2.8. Three-point bending test results of the FIBERLINE profiles
(Gribniak et al., 2021)

Table. 2.4. Accuracy analysis of numerical models

Flexural stiffness EI [KN-m?] Ultimate load Py [kN]
| Vi
Analysis
[%] Error Error

Test Model [%] Test Model [%]

Model 1 | 56.2 1049 | 21.8 22.16 | 25
8.62£0.29 21.61+1.04

Model 2 | 44.0 8.92 35 2042 | -55

The modelling results (Table 2.4) demonstrate that the assumed fibre volume
V; affects the predictions. The analysis of the FIBERLINE predictions identifies
that an inadequate V: assumption increases the EI prediction error from 3.5%
(Model 2) to 21.8% (Model 1). However, the opposite tendency in the ultimate
load prediction exists as the fibre content increase remedies the P, predictions.
This can result from the additional fibres identified during the heating tests re-
garding the manufacturer’s specified content.

An efficient balance between the prediction accuracy and computation time
characterises the developed FE approach that does not require specific descrip-
tions of reinforcement geometry and refined meshes necessary for modelling the
discrete fibres (Garnevicius et al., 2020). The ATENA software also allows smear-
ing the reinforcement in different directions to represent the complex fibre archi-
tecture in GFRP profiles (Correia, 2013). The testing procedure is detailed in Sec-
tion 3.2.1 of this dissertation.
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2.2.2. Fibre-reinforced concrete

The proposed design concept requires verifying the FE model because of its fun-
damental role in developing an adequate design solution. In other words, a pre-
liminary modelling result can make the optimisation process impossible under
wrong assumptions. In the considered case (Fig. 2.1), the three essential parts
compose the physically nonlinear FE model: the PFRC deck and supports, the
fibre-reinforced polymer (FRP) profile and strip, and the bond between the com-
ponents. So, a punching-shear test was completed to verify the FE model. Sec-
tion 3.2.2 describes the physical test procedures. Juozapaitis et al. (2021) devel-
oped the considered PFRC to withstand substantial deformations in the stress-
ribbon deck. The polymeric fibres make possible crack closure after removing the
load. This dissertation adopts this concrete mixture to develop the beam prototype.

This section also includes the punching-shear test results using the 550 x
550 x 40 mm PFRC plates and the fibre pull-out test results and modelling. The
following mix proportions for an m® were used: 356 kg of cement CEM | 42.5 R,
201 | of water, 177 kg of limestone powder, 890 kg of 0/4 mm sand, and 801 kg
of 4/16 mm crushed aggregates. The concrete included a superplasticiser (2.6%
of the cement weight) and 3.5 kg of the admixture SCP 1000 OPTIMIZER. The
mixture also had 4.2 kg of Durus EasyFinish synthetic macro-fibres (40 x
0.7 mm, tensile strength = 500 MPa; modulus of elasticity = 6.0 GPa) and
0.6 kg of synthetic micro-fibres (13 mm x &322 um, tensile strength = 380 MPa).

The plate samples simply supported through the perimeter were subjected to
the vertical load localised at 100 x 100 mm in the centre. One part of the support
line was modelled as pinned. The steel plate was divided into 3 mm finite ele-
ments, and the concrete plate was divided into 15 mm FE elements. In every mod-
elling step, the load increased by 0.5 kN. Fig. 2.9 shows the loading scheme and
setup; Fig. 2.10 shows the FE model and simulated and experimental cracking
results, demonstrating good agreement. In addition, the load-bearing capacity pre-
diction error did not reach 10%. So, together with the previous verification results
in Section 2.2.1, these outcomes make the developed FE model (Fig. 2.1) reliable.

The previous studies (Garnevicius, 2020, 2021a, 2021b) developed and opti-
mised the proportions of polymeric fibre-reinforced concrete (PFRC) used for
producing the hybrid beam. This section verifies the material model of PFRC.
Two tests are used for this purpose: synthetic fibre pull-out and PFRC slab punch-
ing shear. Section 3.2.2 describes the experimental details; this section focuses on
the numerical modelling aspects.

Strength and stiffness are the key parameters characterising the bond perfor-
mance of fibres in concrete. This research employs pull-out tests to investigate the
bond behaviour of synthetic macro-fibres. Garnevicius et al. (2020) investigated
two types of macro-fibres, but this section considers only one polymeric fibre type
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(DURus EAsYFINISH) used for producing PFRC. The pull-out tests (Section 3.2.2)
deemed two embedment lengths (i.e., 10 mm or 20 mm). The load-displacement
diagrams from pull-out tests (Fig. 2.11) demonstrate the bond performance char-
acterised by the strength and deformation modulus. In the second stage, further
experimentation of the feasibility of improving the bond performance of the cho-

sen fibre was explored.

PFRC Slab

Support line

550

550 -
Load

25 200 iJ,O,TiZOO*

| ~Steel plate

e Pinned support
Support that allows longitudinal movement/

Fig. 2.10. Punching-shear test: (a) FE model, (b) simulated, and
(c) experimental results (made by the author)

To verify different numerical modelling aspects, this section also describes
the development of the numerical model suitable to predict the deformation re-
sponse of a synthetic macro-fibre. The continuous pulling-out behaviour of the
fibres is considered (i.e., failure of fibres was not modelled). The deformation
problem is solved in the 3D formulation. Isoparametric tetrahedral elements with
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10 degrees of freedom and four integration points are used. A rectangular shape
replaced the round cross-section of the fibre, simplifying the FE model’s devel-
opment. The producer specified the 0.9 mm equivalent diameter of the fibre. The
simplified geometry was calculated to represent the area and perimeter of the rec-
tangle identical to the original dimensions. The 0.25%2.58 mm equivalent cross-
section was obtained.

The pull-out tests of the synthetic fibres were a part of the research project
that developed PFRC for the stress-ribbon bridge prototype (Juozapaitis et al.,
2021). The 100 mm concrete cube represents the test sample. After testing the
concrete specimens, the concrete compressive strength was determined to be from
48.0 MPa to 57.7 MPa. A detailed discussion of the results is given in the pub-
lished article (Garneviéius et al., 2020). The 10 mm and 150 mm global sizes of
finite elements with 100 times refinement at the bond contact satisfying the mesh
comparability condition were assumed for the fibre and concrete. The resultant
number of FE was approximately equal to 4000. Fig. 2.12 shows the FE models
of different embedment lengths.

250 71 Load P [N] 250 g1 Load P [N]

50 50
Displacement # [mm]

0 I LI I e e e 0 ¥FHr—r—rT1TTr"TTF T T Tt T T T T T
0 2 4 6 8 10 0 4 8 12 16 20
Type-A fibres Type-B fibres Type-A fibres Type-B fibres
— Average — Average Sl Average il Average
= Part(ch.ilar responses == Part‘xcxlﬂar responses = Particular responses—— Particular responses
___. Variation area ___. Variation area [_7 Variation area 777 Variation area

a) b)

Fig. 2.11. Load-displacement diagrams of the pull-out tests (Considered fibre: Type-A):
(a) fibres with embedment length 10 mm; (b) 20 mm (made by the author)

a)

Fig. 2.12. FE models of different bonding lengths: (a) 1 cm embedded fibre;
(b) 2 cm embedded fibre (made by the author)
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The prescribed deformations were applied to the free end of the fibre in a
step-wise manner. The loading step = 0.25 mm was chosen. Thus, the 10 mm and
20 mm embedment lengths simulations included 50 and 100 loading steps. The
movements of the bottom surface of the specimen (Fig. 2.12) were fixed in all
directions. The solution to the deformation problem employed the Newton-
Raphson iteration procedure, assuming 40 iterations at each loading step.

The pull-out test results of the fibres having a 20 mm embedment length were
used to verify the adequacy of the identified parameters of the bond model
(Table 2.5). Fig. 2.13 demonstrates the results of this modelling. The specified
bond model was found suitable to represent the deformation behaviour of syn-
thetic macro-fibres. The prediction errors corresponding to the 10 mm and 20 mm
simulation results do not exceed 4%. The developed model is suitable for simu-
lating the averaged deformation behaviour of synthetic fibres characteristic of ad-
vanced mesoscopic models. A more detailed analysis of the modelling is provided
in the published article (Garnevicius et al., 2021a).

Table. 2.5. Parameters of the concrete and bond models

Bond model
Normal stiffness Knn 1500 [GN/m?]
Tangential stiffness Ky 1500 [GN/m?]
Tensile strength f; 15.0 [MPa]
Cohesion factor C 7.0 [MPa]
Friction coefficient p 0.20 []

250

Load, N

200

150

100

50

0 Displacement, mm
0 2 4 6 8 10

Successful attempt

Fig. 2.13. Load-displacement diagrams of the 1 cm bonding length, the results (grey),
and predictions (red) using the bond parameters described in Table 2.8
(made by the author)
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2.3. Stage 2: Development of the finite element model

The ATENA software helps analyse deformation response and predict the load-
bearing capacity of the hybrid beam by simulating a four-point bending test. The
material models verified in the previous works (Gribniak et al., 2021; Garneviéius
et al., 2020) describe the mechanical behaviour of PFRC and FRP components.
The tetrahedral mesh generates the finite element (FE) model, shown in Fig. 2.14.
The plates of perfectly elastic material protect the concrete on the load application
points (Fig. 2.14a) and have a 15 mm FE mesh size. The monolithic concrete part
of the beam (Fig. 2.14b) has a 30 mm mesh size; the CFRP strip and GFRP profile
have a 7.5 mm finite element size. This mesh was dense enough to ensure the
accuracy of the calculations. The model monitoring results are vertical displace-
ments at the midspan and load application points.

The Nonlinear Cementitious material model (Garnevicius et al., 2020) with
55 MPa compressive strength, established in Section 2.2.2, determines the defor-
mation behaviour and failure mechanism of PFRC. An elastic-plastic model (elas-
ticity modulus = 170 GPa and tensile strength = 2.8 GPa) determines the material
behaviour of the 10 x 1.4 mm CFRP strip (Gribniak et al., 2021).

The 3D solid finite elements describe the polymer matrix of the GFRP profile,
assuming the fracture mechanic principles for tensile failure and the plasticity ap-
proach to compressive failure. Gribniak et al. (2021) adapted the smeared rein-
forcement model, which is described in Section 2.2.1, initially developed for re-
inforced concrete elements with structural mesh reinforcement (Cervenka, 2002),
to represent the glass filaments and verified this numerically efficient solution,
simulating the three-point-bending tests of FRP profile fabricated by the same
manufacturer as in this dissertation. The verification (Gribniak etal., 2021)
demonstrated the FE model’s ability to predict the profile’s load-bearing capacity
and deformation response. An elastic-brittle constitutive law defines tension fail-
ure of the fibres oriented in the pultrusion direction. The same burning tests, de-
tailed in the Third Chapter, were completed with the FIBERLINE | profile used
in the hybrid beam prototypes. Similarly, as mentioned in Section 2.2.1, the V;
was determined to be 63.4%. The polymer matrix has an elastic modulus of
3.23 GPa and a tensile strength of 90 MPa. The E-glass fibres (smeared reinforce-
ment) have a 73 GPa elastic modulus and a 3445 MPa tensile strength; the fila-
ments do not resist compression stresses. The perfect connection was assumed
between all the model components.

The first loading stage considers the self-weight of the beam. Two concen-
trated loads were applied in succeeding increments, resulting in a 0.125 kNm mo-
ment increase at each successive increment on the 600 mm pure bending zone
(Fig. 2.2). The model was then calculated, and results were obtained.
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Fig. 2.14. Finite element model of the hybrid beam: (a) FE discretisation; (b) support
view (made by author)
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Fig. 2.15. Compression stress prediction results of the first series beam (in MPa)
(made by the author)
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Fig. 2.16. Normal stresses in the preliminary hybrid beam model (in MPa)
(made by the author)
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Fig. 2.15 shows the compression stresses in the PFRC part of the beam and
the supports. The failure occurred in the compressed concrete near the support at
the 17.25 KNm bending moment or 138 kN load; the calculated vertical displace-
ment at the mid-span was equal to 10.4 mm. This was the most considerable de-
flection of the beam. Fig. 2.16 shows the stresses in the beam in the longitudinal
direction. The CFRP strip is the most affected component, bearing the maximum
tension stresses (713 MPa).

After gaining the results from the monitoring points selected during the FE
modelling, the moment-curvature diagram was formed. The moment-curvature
response describes the adequate measure of the global deformation behaviour of
the composite beams (Gribniak, 2009; Gribniak et al., 2021, 2021). The curvature
was calculated in the pure bending zone from the deflections, assuming the circu-
lar deformation shape of the beam:

8-6
K=—5——,
IZ+4- 682

where |y, is the length of the pure bending zone (= 600 mm); Li, L, and Ls are the
monitoring point readings.

After calculating the curvature, a graph was created with the results
(Fig. 2.17). This graph will be compared to the physical test results and used as a
reference point. The physical tests in Sections 3.3 and 3.4 verify the model’s ad-
equacy.

§=1L,— (L, +L3)/2, (2.3)
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Curvature, 1/km
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Fig. 2.17. Modelled moment-curvature diagram sets the design reference
(the perfect FRP connection to the supports) (made by the author)
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2.4. Stage 3: Design adaptation

Following the proposed adaptive design concept (Fig. 2.1) and using the FE model
verified in Section 2.3, the reference design solution is calculated for the hybrid
beam prototype, shown in Fig. 2.2. The design adaptation refers to physical tests
of the corresponding beam prototype. This section presents the physical test re-
sults, while Section 3.3 describes the testing procedure.

The moment and curvature diagrams were created using Eqn. 2.3 presented
in the previous chapter. Instead of monitoring point readings, during the physical
tests, linear variable displacement transducers (LVDTSs) were used to capture the
vertical displacements at the beam mid-span and below the load application
points. A detailed description of the preparations, concrete casting, and the phys-

ical tests themselves is given in the Third Chapter.
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Fig. 2.18. Comparison of the FE modelling and the first series testing
moment-curvature relationships (made by the author)

The diagrams from the modelling and the first series of physical tests are
compared in Fig. 2.18. This figure shows the corresponding moment—curvature
diagrams from the first test series results and numerical simulations. In this re-
search, the FE modelling outcomes define the reference for developing an effi-
cient hybrid beam system. As described in Section 1.3, efficiency is understood
as the ability of the physical prototype to outperform the numerical prediction
results.

The first design stage considers the results shown in Fig. 2.18. The insuffi-
cient strength and stiffness of the beam (Fig. 2.2) are evident. It was hypothesised
that disagreement between the test and modelling outcomes results from an inad-
equate resistance of the support joints. Therefore, it was arbitrarily decided to re-
duce the bond strength (10 Pa) between the FRP components (GFRP profiles and
CFRP strips) and concrete supports to predict the same beam stiffness, as observed
experimentally. Fig. 2.19 shows the compression stresses in the PFRC part of the
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beam and the supports. The failure of the concrete supports occurred at the
5.75 kNm bending moment or 46 kN load; the calculated vertical displacement at
the mid-span was equal to 7 mm. This was the most significant deflection of the
beam, with a weak connection in the supports between the concrete and the GFRP
and CFRP. Fig. 2.20 shows the normal stress distribution. The CFRP strip is still
the most affected component, bearing the maximum tension stresses (205 MPa)
just like in the perfectly connected model before. Fig. 2.21 shows the correspond-
ing simulation results and the test outcomes. This figure shows the experimental
results of nominally identical beam samples in red lines. The observed diversity
could result from the geometry differences, which significantly affect the defor-
mation performance of the test samples. On the contrary, the numerical model
(green line) assumes the averaged geometry characteristics.
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Fig. 2.19. Compression stress prediction results of the first beam series
with a weak connection at supports (in MPa) (made by author)
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Fig. 2.20. Normal stresses in the preliminary hybrid beam model
with a weak connection at supports (in MPa) (made by author)
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Fig. 2.21. Comparison of the moment—curvature from the FE modelling with a weak
contact between the GFRP profile and concrete supports and the first series test results
(made by the author)
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Fig. 2.22. Updated hybrid beam schematic and modified cross-sections
(made by the author)

A modification of the support blocks was needed, so our beam schematic was
redesigned (Fig. 2.22), and a second beam series was produced and tested. This
section presents only the physical test results to simplify the comparative analysis,
while Section 3.4 describes the testing procedure. The blue lines in Fig. 2.23 il-
lustrate the deformation response of the second beam series. The test outcomes
reveal noticeable agreement with the FE model, considered an efficient reference,
assuming the perfect bond between all composite parts of the hybrid beam and an
increase in the 107.5% load-bearing capacity regarding the first series of hybrid
beams. Moreover, the second series of beams had no perforation of the GFRP
profile.

Fig. 2.23 exemplifies the proposed design philosophy when an experimen-
tally verified numerical model describes the target reference. In this figure
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(Fig. 2.23), blue lines show the second test series experimental outcomes of two
nominally identical beam samples.
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Fig. 2.23. Experimental moment—curvature relationships of the hybrid beams
(both series) compared with the numerical prediction (made by the author)

The detailed analysis requires additional tests (to ensure the reliability of the
numerical estimations). However, the differences between the alternative solu-
tions shown in Figs. 2.18 and 2.21 are apparent, illustrating the concept’s effi-
ciency. Thus, the results of the second beam series (Fig. 2.23) allow for a relation-
ship between the improvement of the structural performance and the proposed
modification of the support joints, anchoring the GFRP profile. In addition, this
solution simplifies the numerical model as the perfect bond assumption solves the
modelling problems reported in the literature (Muc et al., 2020), making the FE
approach acceptable for designing the hybrid systems considered in this disserta-
tion.

After the preliminary tests (Series 1 and 2), the mechanical performances of
the PFRC and FRP hybrid, reinforced concrete (RC), and steel-concrete compo-
site beams were compared. These elements had the same flexural stiffness (EI =
0.310 MPa-m#). The steel-concrete beam included the 50 x 25 mm S355 steel |-
profile with 3 mm thickness, and the RC beam was reinforced with three 16 mm
bars of B500 steel. The concrete strength was identical (C55) for all samples. All
the beams were modelled using the FE software ATENA. A four-point bending
simulation was carried out, adding two 0.5 kN loads per step. All elements had
the 600 mm pure bending zone and 250 mm shear spans. Table 2.6 compares the
load-bearing capacity, relative weight, and deflections of the beams. The cross-
sections of the steel-concrete composite and RC beams are provided in Fig. 2.24.
The hybrid beam was 25.8% lighter than the RC beam, as shown in Table 2.6.
However, the steel-composite beam was of similar weight (Steel-concrete =
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17.93 kg, FRP-PFRC = 18,44 kg) but had only half of the load-bearing capacity
of the hybrid FRP-PFRC beam (Steel-concrete = 67 KN, FRP-PFRC=138 kN).
Thus, the efficiency of the proposed hybrid beam system is apparent compared to
other composites.

Composite steel-concrete beam

100
L

Concrete Concrete —

| 6906

Steel profile— 2

a) b) 125

Fig. 2.24. Composite beam cross-sections: (a) RC beam;
(b) steel-concrete composite beam (made by the author)

Table. 2.6. Beam load-bearing capacity and weight comparison

Beam type Load-bearing capacity/max displacement | Relative weight, kg/m
FRP-PFRC 138 kN/10.4 mm 18.44
Steel-concrete 67 kN/52.0 mm 17.93
Reinforced concrete 106 kN/56.0 mm 24.85

2.5. Large-scale beam design

This section extends the proposed prototyping concept (Fig. 2.1) to the large-scale
hybrid beam. The preparations and testing details are provided in Section 3.5.
Fig. 2.25 shows the preliminary solution of the 3 m long prototype accounting for
the modified design of the support joints (Fig. 2.22). As Fig. 2.25 shows, the
GFRP profile height increased from 120 mm to 200 mm (l-profile by FIBER-
LINE, Denmark) regarding the prototype in Fig. 2.22. This increment increases
the size of the concrete part and supports. Simultaneously, the CFRP strip dimen-
sions (10 mm x 1.4 mm by S&P C-LAMINATE, UK) and concrete proportions
remained the same. As in the previous cases, the simulation employs the software
ATENA and the same material models as for the preliminary tests (Section 2.3).
The load increment was two 0.5 kN loads per step.
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Figs. 2.26 and 2.27 show the FE model and the normal stress distribution
corresponding to the ultimate load. The predicted load-bearing capacity is 105 kN,
and this load induces the 29.4 mm displacement at the mid-span. The failure was
due to the crushing of the concrete in the pure bending zone (the red-filled area in
Fig. 2.27).

Beam loading scheme
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Fig. 2.25. Hybrid beam schematic and cross-sections of the support and mid-span zones
(dimensions in mm) (made by the author)
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Fig. 2.26. Finite element model of the large-scale hybrid beam (made by the author)

The developed beam’s deformation performance was expected to correspond
to the predicted one. However, that was not the case for this beam. For example,
Fig. 2.28 compared the vertical displacements measured at the mid-span (the
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black line) and predicted numerically (the red diagram). The difference between
these graphs is evident.
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Fig. 2.27. Compressive stress distribution (MPa) in the large-scale beam FE model)
(made by the author)
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Fig. 2.28. Comparison of experimentally measured and modelled deformation results
(made by the author)

Analysis of the modelling results identified the substantial stresses localised
in the CFRP strip (distributed on the tension surface of the GFRP profile). There-
fore, to overcome the apparent difference between the mechanical performance of
the physical object and the numerical model, Fig. 2.28 includes the prediction re-
sults of the beam, excluding the mechanical contact between the CFRP strip and
concrete on the supports (the green graph).

Remarkably, the typical monitoring devices did not capture the integrity loss
of the hybrid system. Still, modifying the numerical reference model defined the
manufacturing hybrid beam’s technological drawback (i.e., insufficient bonding
performance of the supports). The previous research (Garnevic¢ius & Gribniak,
2022) obtained a similar outcome at the first production stage, proclaiming the
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vital role of the quality of the supports for the proposed structural system, which
increases with increasing the hybrid beam dimensions. This result defines the fur-
ther improvement object.

After the last beam (S-6) was tested with larger support joints and low pre-
stress in the CFRP, the load-bearing capacity of this beam was close to that of the
modelled beam, with perfect connections between the CFRP and GFRP. The dif-
ference was lower than 14%. The failure mode and location were similar to the
model predictions (Fig. 2.29).

Failure of concrete

Fig. 2.29. Comparison of FE model and S-6 beam: (a) failure of FE model with perfect
connection with the CFRP, (b) failure that occurred during testing (made by the author)

2.6. Conclusions of the Second Chapter

This chapter determines an adaptive design concept when the numerically pre-
dicted outcome modifies the design target. Considering advanced composite ma-
terials, the modelling outcome determines the desired mechanical performance
because of a lack of design guidelines. Physical tests verified the FE model (GFRP
and PFRC materials and bond models). The pilot tests checked the viability of the
developed composite structure, providing the engineer with an apparent solution
to the support problem resulting from a low resistance of pultruded FRP profiles
to transverse loads regarding the pultrusion direction. Thus, the supports’ quality
controls the hybrid beam stiffness and load-bearing capacity without the addi-
tional FRP bond improvement with concrete. Although the formal solution re-
quires further tests to ensure the result’s reliability, the apparent difference be-
tween the alternative solutions and the ability to control the design outcome
proves the proposed adaptive design concept.
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1. The adaptive design modification improved the test outcomes of the sec-
ond beam series, revealing noticeable agreement with the FE model and
doubling the stiffness and load-bearing capacity of the hybrid beam sys-
tem regarding the first series results. The physical prototype change
moved the hybrid beams’ mechanical properties to the predicted FE mod-
elling results, diminishing the need for additional physical tests. There-
fore, the numerical model can be regarded as an efficient reference: the
supports’ enhancement doubled the beam’s flexural stiffness and load-
bearing capacity regarding the reference bridge with typical weak sup-
ports without the additional GFRP bond improvements.

2. By fixing the FRP components in the rigid supports, the numerical model
is simplified, i.e., the perfect bond assumption solves the modelling prob-
lems reported in the literature, making the FE approach acceptable for
designing the hybrid systems considered in this dissertation. The longitu-
dinal strain distribution was observed during the physical testing to verify
the correctness of the perfect bond assumption between the model com-
ponents, identifying no noticeable slip. This result proves the ideal bond
modelling assumption.

3. An adaptive design concept can be considered for practical applications
when an experimentally verified numerical model describes the desired
structural design of an FRP-concrete hybrid beam. This concept can in-
clude advanced optimising algorithms that can double the structure’s
flexural stiffness and load-bearing capacity, even if the concrete support
system is weak. Nevertheless, it is imperative to conduct further tests to
ensure the results’ reliability and optimise the support blocks’ geometry.

4. The verified model was also compared to other composite beams (steel-
concrete, reinforced concrete). It was found that the hybrid FRP-PFRC
beam was 25.8% lighter than the RC beam. However, the steel-composite
beam was of similar weight but had only half of the load-bearing capacity
of the hybrid beam.






Experimental Programme
of the Adaptive Design Concept

The chapter discusses the experimental programme completed to acquire material
parameters of the glass and carbon fibre-reinforced polymer (GFRP and CFRC)
materials, the physical tests of the prototype hybrid beams, and the large-scale
beams. Longitudinal strain distribution in the hybrid beams is also discussed in
this chapter, revealing strain compatibility of the hybrid cross-section compo-
nents. The results of this chapter were published in journal articles (Gribniak et al.,
2021; Garnevicius et al., 2020, 2021a; Garnevicius & Gribniak, 2022) and con-
ference presentations (Sokolov et al., 2018; Garnevicius et al., 2021b).

3.1. Experimental programme

This section describes the proposed design concept when the verified finite ele-
ment (FE) model describes the adaptive design reference. The physical tests were
carried out in three stages, and two nominally identical beams were produced for
each series. First, the specimens were poured using the same mix proportions with
a target 55 MPa compressive strength, as considered in the previous studies (Grib-
niak et al., 2021; Garnevicius et al., 2020). The Second Chapter specifies the con-
crete mix proportions and structural schemes for all three series of tests (Figs. 2.2,
2.22, and 2.25).

55
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The physical testing was conducted after the adaptive design concept was
devised, and a preliminary design scheme of the hybrid beam sample was created.
The first series of tests showed that the initial design concept required modifica-
tion. Analysing the numerical model outcomes, i.e., modifying the FE model to
represent the test’s outcome, revealed the concrete supports’ insufficient strength.
The second test series was conducted after changing the design solution of the
hybrid beam’s supports. The second series of test results agreed with the reference
FE modelling results, proving the adaptive design concept. Lastly, a large-scale
beam test was conducted to verify the proposed adaptive design concept with a
larger beam span.

3.2. Verifying material models

As mentioned in Section 2.2.2, the proposed design concept requires verification
of the FE model. The fibre-reinforced polymer (FRP) profile verification tests
have been described in Section 3.2.1. In addition, Section 3.2.2 describes the
punching-shear slab test and fibre pull-out test for verifying the polymeric fibre-
reinforced concrete (PFRC) constitutive model.

3.2.1. Pultruded glass fibre-reinforced polymer profile tests

This section employs the results of the GFRP profiles tested by Gribniak et al.
(2021). It describes the internal structure analysis results of the 1-shaped profile
(FIBERLINE, Denmark) employed in the hybrid beam prototype. This analysis is
necessary to quantify the fibre content and develop the finite element (FE) model
(Section 2.3). In addition, the mechanical (bending) test of a square hollow section
(SHS) profile verifies the adequacy of the FE model in Section 2.2.1. The geo-
metrical shape of the profile is irrelevant to the determination of the material prop-
erties; the results can be easily applied to any profile shape, including | profiles.
Polyester and vinyl ester resins reinforced with continuous E-glass filaments com-
pose the FIBERLINE profile; the manufacturers’ provided fibre mass percentages
were 60 + 5% (FIBERLINE, 2021).

The SEM analysis identified that the GFRP samples have a visually dense
structure, few tiny pores, and good adhesion between the fibre and the matrix
(Fig. 3.1a). The filaments have a diameter of approximately 21-25 pum. In addi-
tion, several layers have been identified in the GFRP material, showing a complex
fibre alignment (Fig. 3.1b). The profiles manufactured by FIBERLINE employ a
more sophisticated pultrusion method, ensuring higher mechanical properties.
However, Fig. 3.2 shows a microstructure corresponding to the cut-side surface
consistent with the pultrusion direction of the FIBERLINE profile. Numerous



3. EXPERIMENTAL PROGRAMME OF THE ADAPTIVE DESIGN CONCEPT 57

damaged filaments result from such a cut. This figure also demonstrates the bond
damages of the separate fibres (Fig. 3.2b). Similar surfaces define the boundaries
of the specimens for determining the effective fibre fraction V; The filament dam-
ages (Fig. 3.2a) explain the reinforcing efficiency losses in the material verifica-
tion testing phase. Perforation of FRP profiles can result in a decrease in mechan-
ical properties. Avoiding unnecessary perforation would avoid such a decrease.

Heating (matrix evaporation) tests also determined the fibre content in GFRP.
The standard ISO 1172:1996 “Textile-glass-reinforced plastics. Prepregs, mould-
ing compounds, and laminates. Determination of the textile-glass and mineral-
filler content. Calcination methods™ defines the test procedure requirements. An
electric furnace SNOL 7.2/1100 (SNOL, Lithuania) was used for these tests. For
that purpose, small fragments (= 10 g), cut from the walls and flange joints of the
profiles, were dried until the constant weight at 105 £ 5 °C (the drying time =
24 h). After that, the specimens were heated at 625 + 5 °C until the polymer evap-
orated. The heating regime: 2 h to reach a temperature of 625 °C and 3 hours to
achieve a constant weight. The heating procedure determines the mass percentage
of fibres wr and Eqn. 2.1 defines the volume fraction V:. This parameter is neces-
sary for the numerical modelling to describe the fibre reinforcement area in the
cross-section (Gribniak et al., 2012, 2021).

The analysis results of three GFRP wall and flange joint samples had 71%
fibre content on average. This demonstrates that the estimated fibre content ex-
ceeds the mass fraction declared by FIBERLINE (60 * 5%). The neglecting of the
weight of the heat-resistant aggregates cannot explain such a big difference that
can be a consequence of the complex reinforcement architecture if the manufac-
turer specifies only longitudinal fibre content.

FIBERLINE design manual (FIBERLINE, 2003) states that various types of
roving and intricate weaves and mats compose the reinforcement system of the
pultruded structural profiles. Unfortunately, detailed information about the fibre
percentage and orientation is missing in the FIBERLINE datasheets. Similarly, tests
were conducted with the I-shaped profile used for the hybrid beams, and the fibre
volume fraction (V) was calculated to be 63.4%. The I-profiles also have almost
identical fibre content in the wall and flange joint specimens. Thus, the current
pultrusion technologies solved the resin localisation problems at the web-flange
junction.
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Fig. 3.1. SEM images of the GFRP I-shaped profile: (a) layered fibre distribution in the
flange joint (x100 magnification); (b) fibre distribution in the wall (x350 magnification)
(Gribniak et al., 2021)
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Fig. 3.2. Microstructure corresponding to the profile cut-side surface consistent with the
pultrusion direction: (a) x50 magnification; (b) X500 magnification. Note: the rectangle
indicates the location of the zoomed view in the image (b) (Gribniak et al., 2021)

The FE model verification employs the previous tests of SHS profiles of the
same producer and the same internal structure (including the fibre content) (Grib-
niak etal., 2021). This research employs three FIBERLINE (50 x 50 x 5 mm)
GFRP profile samples. All the test samples had a length of 2000 mm and were
tested until failure. Steel rollers and bearing steel plates protected the GFRP pro-
file from local damage. Fig. 3.3 shows the loading setup.

A 5 MN capacity servohydraulic machine LFV 5000 (W+B, Switzerland)
loaded the profiles under displacement control. A 100 kN capacity cell measured
the applied load; a digital image correlation (DIC) system captured surface defor-
mation of the bending element; paired 100 mm range and 0.01 mm precision lin-
ear variable displacement transducers (LVDT) measured the mid-span vertical
displacements. An ALMEMO 2890-9 data logger acquired the test data every sec-
ond.

1/ -

I
Load cell

= | GrrP proite

Fig. 3.3. Three-point bending test setup (Gribniak et al., 2021)
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Fig. 2.8 in the Second Chapter shows the average mid-span displacements
measured by the paired LVDTSs (Fig. 2.7). The load-displacement diagrams of all
specimens are almost linear until the ultimate load. The samples also revealed
similar flexural stiffness and crushing failure mechanism of the compressive zone
followed by cross-section integrity loss. The GFRP profile test results were in
good agreement with the modelling results, which allowed the creation of a veri-
fied GFRP material model.

3.2.2. Verifying the constitutive model of the fibre-reinforced
concrete

Wood formwork was cut out for casting the 550 x 550 x 40 mm PFRC plates (2
in total). After the formwork, a steel frame was welded to support the plate sam-
ples through the whole perimeter during testing. Then, the concrete mixture was
cast into the forms (Fig. 3.4) and vibrated on a vibration table to densify the con-
crete. Finally, the plates were left to set for 28 days in laboratory conditions. The
concrete mix used is given in Section 2.2.2 of this dissertation.

The punching shear test was carried out with a 5 MN servohydraulic press
machine with the load applied in the displacement control manner with the
0.4 mm/min rate. A load cell was used to measure the applied load. An ALMEMO
2890-9 data logger recorded the reading of all LVDT devices and the load cell.
The outputs were collected every second. Two LVDTs were used to measure the
displacements on two sides of the servohydraulic presses plate (Fig. 3.5), and the
vertical load was concentrated through a 100 x 100 mm steel plate in the middle
of the PFRC plate. The steel frame was placed underneath the plate specimen, and
rubber strips were put between the supports and frame to ensure the PFRC plate
was not locally damaged during testing.
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Fig. 3.6. PFRC plates specimen after failure (made by the author)

During the tests, the PFRC plates were tested until failure (Fig. 3.6). The
load-bearing capacities of the plates were 9.5 kN and 10.5 kN, which agreed with
the FE prediction discussed in Section 2.2.2. The modelling results of these tests
are described in more detail in the Second Chapter. The cracking results were also
very similar and are provided in Fig. 2.10.

The bond parameters of the synthetic macro-fibres needed to be determined
to ensure an efficient bond with concrete. Previous studies conducted pull-out
tests (Garnevicius et al., 2020, 2021a, 2021b) to determine bond parameters and
optimise the proportions of polymeric fibre-reinforced concrete (PFRC) used for
producing the hybrid beam. The modelling and results of these tests are provided
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in Section 2.2.2. This section will describe the experimental programe of the pull-
out tests.

Garnevicius et al. (2020, 2021a, 2021b) considered two types of polymeric
fibres. Still, this section includes only the fibres used in the hybrid beam proto-
type’s polymeric fibre-reinforced concrete (PFRC) (Section 2.2.2). The selected
fibres (Fig. 3.7a) had a length of 45 mm and an equivalent diameter of 0.9 mm; it
had a tensile strength of 465 MPa and an elastic modulus of 3350 MPa. The se-
lected fibre had a deep texture of surface embossment. The fibres were partially
embedded in 100 mm cubes for pull-out testing; two bonding lengths (10 and
20 mm) were considered. The test campaign encompassed two sets of specimens
from the two embedment lengths. Each group was experimentally investigated by
testing with eight cubes. In total, 16 cube specimens were prepared. Expanded
polystyrene was placed in the moulds (Fig. 3.7b) with fibres inserted before con-
creting to ensure the exact position of the “side” fibres (Fig. 3.7c).

All cube samples were produced from one concrete batch. The average com-
pressive strength of the 100 mm concrete cubes was obtained at 28 days, and the
testing date was at 153 days, equalling 39.14 and 46.16 MPa, respectively.

Fig. 3.8 shows the typical examples of the pull-out tests. The testing appa-
ratus was a 75 kN capacity electromechanical machine H75KS (TINIUS OLSEN,
Norway). The fibre under testing was loaded in a deformation-control manner
with a 0.8 mm/min loading rate. A 2 kN load cell was employed to measure the
applied load. Using such a relatively small capacity load cell could achieve higher
measurement precision. Vertical displacements of the grips were monitored using
linear variable differential transformers (LVDT), as shown in Fig. 3.9d; an addi-
tional LVDT was installed to monitor the vertical movements of the cube speci-
men. The unsuccessful results of the first trials motivated the development of a
gripping system to protect the fibres from local damage. Plastic sleeves (Fig. 3.8a)
were used to preserve the fibres’ unbonded part from damage. The sleeves’ me-
chanical properties (flexibility and friction coefficient) were chosen using the
trial-and-error procedure. Adjustable steel clamps (Fig. 3.9a) were additionally
introduced to fix the protected fibre, preventing the localisation of stresses in-
duced by the gripping system of the tension apparatus (Fig. 3.9b—d).

After the testing was finished, it was clear that using two different types of
fibres was beneficial to the performance of the concrete. Adding micro-fibres im-
proved the bond performance of the macro-fibres, so these fibres and concrete
mixture were chosen to verify the adequacy of the identified parameters of the
bond model. After testing was completed, the results were compared to the mod-
elling results. Both results were in good agreement, as shown in Fig. 2.13, and the
prediction errors corresponding to the 1 cm and 2 cm simulation results do not
exceed 4%, proving the adequacy of the PFRC model developed in Section 2.2.2.
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Fig. 3.7. Preparing pull-out test specimens: (a) DURUS EASYFINISH polypropylene fibre;
(b) steel moulds with expanded polystyrene; (c) mould partially filled with concrete
(made by the author)

a)

c)
Fig. 3.8. Preliminary pull-out tests of synthetic macro-fibre: (a) fibres protected with a
plastic sleeve; (b) failure of the fibre samples due to slip of the protection sleeve; (c) loss
of the cohesive contact with the grips (made by the author)

The results were used in developing the PFRC to withstand substantial defor-
mations in the stress-ribbon deck. The polymeric fibres caused the crack closure
after removing the load. Selecting an efficient type of fibre and concrete mixture
is essential to ensure the required ductility, cracking resistance, and overall stiff-
ness of the beam system. This research adopts this concrete mixture to develop
the hybrid beam prototype.
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Fig. 3.9. Gripping system: (a) steel clamps; (b) inventory grips by testing machine;
(c) the steel clamps in the grips; (d) electromechanical testing apparatus H75KS
(made by the author)

3.3. First hybrid beam prototype tests

The first series produced the hybrid beam prototypes with nominal geometry,
shown in Fig. 2.2. Beams of all series were poured into the inverted position. Two
rectangular 550x550x40 mm slabs (Fig. 3.4) and eight 200 mm cubes (Fig. 3.10)
were produced together with the hybrid beams of each series. The vibration table
densified the concrete structure. Perforations were located in the middle of the
support zone (Fig. 3.11a) and the top flange of the GFRP profile at the load appli-
cation points and the centre of both support zones (Fig. 3.11b) to improve the
contact performance with polymeric fibre reinforced concrete (PFRC).

Fig. 3.10. 100 mm cubes cast after every beam series
(made by the author)
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Fig. 3.11. Perforation in the beams: (a) in the web of the GFRP profile;
(b) in the flange of the GFRP profile (made by the author)

Fig. 3.12. Foamed polystyrene and wood inserts used in the steel form:
(a) forming the support blocks; (b) forming the extension of the support blocks
(made by the author)

Foamed polystyrene and wood inserts were used to form the support blocks
(Fig. 3.12a), fixing the GFRP profile. The concrete was poured into two layers. In
the first layer, a 55 mm thickness concrete deck was formed and densified using
the vibration table. After that, the concrete supports were formed using foamed
polystyrene plugs and wooden extensions (Fig. 3.12b). The support blocks of the
first beam series ensure the 20 mm cover of the profile on the beam support. Fi-
nally, the 95 mm monolithic concrete support blocks (Fig. 2.2) were densified by
poking them with a metal rod.

The beams of all the series were de-moulded after two days and stored in
laboratory conditions (average temperature 20 °C and 40% relative humidity) for
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30 days before the tests. The measurement device’s exact loading scheme and
distribution were used for all beam series. Fig. 3.13 shows the characteristic views
of the bending test setup. A digital image correlation system (Fig. 3.13a) was used
to capture a sudden failure of the hybrid beam specimens. However, the disserta-
tion does not include these results because of the gradual collapse of the beam
samples. In addition, the uneven surface of the beams made the image correlation
procedure inefficient for capturing deformation responses. Thus, this dissertation
employs the linear variable displacement transducers (LVVDT) to capture the ver-
tical displacements at the beam mid-span and below the load application points
(Fig. 3.13b). In addition, nine LVDT surface deformations were monitored in the
pure bending zone. Then, they were applied to monitor longitudinal strains within
the bending zone.

The bending tests were conducted using the same testing machine as the
punching-shear tests. In addition, the servohydraulic machine press was used to
apply the load at the same displacement control manner with the 0.4 mm/min rate.

Fig. 3.13b shows the longitudinal strain gauges’ arrangement. It can be ob-
served that the LVDT devices were distributed in three lines with a 50 mm offset
of the bottom line regarding the bottom surface of the GFRP profile. Fig. 3.14
shows the deformation profiles corresponding to the beam reaction monitored
with the load cell, i.e., the strain results from averaging three LVDT devices dis-
tributed in the row (Fig. 3.13b).

Fig. 3.13. Examples of the bending test setup of the hybrid beam: (a) the surface ex-
posed for digital image correlation; (b) distribution of linear variable displacement trans-
ducers, monitoring vertical and horizontal displacements (made by the author)

The 58 kN load defines the failure of the beams belonging to the first series.
The beams’ load-bearing capacity was 56 KN and 58 kN, and displacement at the
mid-span was 14.2 mm and 10.7 mm, respectively. Longitudinal strain distribu-
tion was also measured to avoid slippage between the hybrid beam components.
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The strain distribution in Fig. 3.14 is close to linear and is characteristic for all
loading stages and both series of beams. This outcome substantiates the slip ab-
sence between the hybrid beam components, proving the adequacy of the perfect
bond assumption in the numerical model. At the same time, considering the beam
failure mechanisms, the inefficient behaviour of the first series of beams
(Fig. 2.18) requires clarification.
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Fig. 3.14. Longitudinal strain distribution in the series one hybrid beams
(made by the author)

Fig. 3.15. Typical failure of the support block of the first series beam
(made by the author)

The crushing of the GFRP profile anchorage blocks results from the first se-
ries of tests. Fig. 3.15 shows a typical view of the beam support after the collapse.
This outcome is a consequence of the insufficient resistance of the FRP materials
to the transverse loads in the pultrusion direction. However, the FE model could
not represent this failure mechanism because of the limited ability to simulate the
transverse crushing of FRP materials (Fig. 2.17), resulting from the heterogeneity
of the material structure (Gribniak et al., 2021).
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After the first series of tests, the modelling was recalculated, and it was de-
cided to modify the support blocks of the beams to connect PFRC and GFRP. A
more detailed description of the results is provided in the Second Chapter.

3.4. Second test series of modified hybrid beams

After the lack of bonding in the support zones was identified as the problem
(Fig. 2.18), a modified version of the beam design was created (Fig. 2.22). The
preparation of forms, concrete casting, and testing were conducted. The beam
specimens from the second series had improved anchorage blocks: a hollow-sec-
tion steel 100x200 mm rectangular profile protected the GFRP profile at the sup-
ports. This modification increased the support block length from 95 to 250 mm,
but the support distance remained unchanged. In addition, the width of the com-
pressive concrete zone was decreased to simplify the beam production, preserving
the flexural rigidity of the beam by increasing the compressive zone height. The
remaining components of the hybrid system, i.e., GFRP profile, CFRP strip, and
adhesive, remained the same. The second series profiles had no perforation on the
top flange. Figs. 2.22 and 3.16 show the beam schematic and the anchorage block
views.

c)
Fig. 3.16. Preparing the modified support blocks: (a) rectangular steel tube with drilled
holes; (b) inserted 6 mm and 8 mm bars; (c) the steel tube inside the form
(made by the author)

The vertical 6 mm and horizontal 8 mm steel bars prevented movements of
the GFRP profile inside the steel tube (Fig. 3.16). The 8 mm bar went horizontally
through the middle of the GFRP profile (Fig. 2.22). In the same way, as for the



3. EXPERIMENTAL PROGRAMME OF THE ADAPTIVE DESIGN CONCEPT 69

first series of beams, two beam prototypes, two 55055040 mm slabs, and eight
100 mm cubes were produced using identical concrete proportions (described in
the Second Chapter). The beam samples were poured into two layers: the first
layer, including the concrete slab, was densified using the vibrating table, and the
second layer formed the support blocks. This concrete was carefully distributed
and densified inside the protective steel shells using steel rods.

After the forms were filled with concrete, they were left to set for 30 days in
laboratory conditions, identical to the first beam series. Then, the modified beams
were tested (Fig. 3.17). The measurement device distribution and test setup were
the same as in the first series. The longitudinal strain distribution in the bending
zone was close to linear, just like in the first series of tests, showing no slip be-
tween the beam components (Fig. 3.18). The load-bearing capacity of this beam
series was 110 kN and 78 kN. The corresponding vertical displacements at the
mid-span were 13.6 mm and 12.2 mm, respectively.

Modifying the support joints simplified the failure prediction problem.
Fig. 3.19 shows the failure localisation process predicted by ATENA that corre-
sponds to the deformation results shown in Fig. 2.15. Remarkably, the PFRC had
no additional reinforcement. This example provides insight for developing hybrid
beam systems, which utilise advanced composite materials efficiently. More de-
tailed results are given in the Second Chapter of this dissertation.
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Fig. 3.17. Tested the second series hybrid beam prototype (made by the author)
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Fig. 3.18. Longitudinal strain distribution in the series of two hybrid beams
(made by the author)
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Fig. 3.19. Failure mechanisms of the hybrid beams: (a) the predicted strain distribution
in the FE model with the perfect bond (MPa) (Fig. 2.15); (b) shear failure of the concrete
in the second series beam (made by the author)

3.5. Large-scale beam tests

This section will describe the preparations and testing of the large-scale beams.
First, two beams are cast and tested like in the preliminary first two series. This
requires preparing the casting forms and setting up the testing equipment. The
concrete mixture used for this series is identical to the first two and is provided in
the Second Chapter.

After the FE simulation was completed with the large-scale beam model,
physical tests were conducted. Fig. 2.25 describes the geometry and cross-sec-
tions of the hybrid beam. The support zones were increased to 350 x 350 mm and
protected with steel shells (the 350 mm long parts of the 150 x 350 mm rectangu-
lar profile). The 6 mm and 8 mm steel bars, placed in pre-drilled holes and poured
with concrete, connected the GFRP profile on the supports. Figs. 3.20a and 3.20b
show the support details of the physical beam element. The GFRP profile had no
perforation to improve the contact with PFRC. The preliminary tests (first and
second test series) employed the same methodology, demonstrating its efficiency
in ensuring bond performance.

The beam sample was produced inverted and designated as S-5. The concrete
slab over the span was densified at the vibrating table; the concrete inside the
supports was poked with steel rods. Twelve 100 mm concrete cubes were pro-
duced with the beam sample for compressive tests. Thus, the concrete demon-
strated 50 MPa compressive strength on the beam-testing day, which agreed well
with the design compressive strength of PFRC; the test was conducted at the con-
crete’s three-week age. Six linear variable displacement transducers (LVDT)
measured vertical displacements under the load application points and mid-span
(three by two LVDT, 3.20c); other 12 LVDT distributed in four continuous lines
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on the side surface of the beam in the pure bending zone captured longitudinal
deformations of the concrete and GFRP profile (Fig. 3.20d). The remaining 2
LVDTs monitored the slip of the GFRP profile regarding the support joint. In
total, there were 20 LVVDTs.

b)

Fig. 3.20. Large-scale hybrid beam prototype: (a) and (b) the support joint; (c) and (d)
the sample before the bending test (made by the author)
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The beam sample was loaded in a 10 MN servohydraulic testing apparatus
under 0.4 kN per second loading velocity until failure, resulting from the com-
pressive concrete crushing at the beam mid-span (Fig. 3.21). The test scheme of
the large-scale beam is shown in Fig. 3.22. The load-bearing capacity was 125 kN,
and the corresponding vertical displacement at the mid-span was 34.7 mm.

Fig. 3.23 shows the longitudinal deformation monitoring results. It can be
observed that the strains are distributed nearly linearly over the height of the hy-
brid beam in the pure bending zone. This tendency is valid almost until the ulti-
mate bending moment: a nonlinearity corresponds to the 60 kNm load. At this
load level, the maximum GFRP slip regarding the support blocks captured by
LVDT did not reach 0.2 mm. In other words, the monitoring devices did not cap-
ture substantial deformation differences (bond slip) between the PFRC slab and
GFRP profile. These results agree well with the previous series results that sup-
ported the fixation efficiency of the GFRP profile on the supports for ensuring the
composite behaviour of the hybrid beam system (Fig. 3.18). In addition, the pre-
dicted failure (Fig. 2.27) agrees well with the observed response (Fig. 3.21). How-
ever, as described in the Second Chapter, the results did not coincide well.
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Fig. 3.24. Prestressing mechanism (made by the author)
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Another beam (S-6) was produced with elongated support joints (+90 mm),
increasing the concrete bond area with the GFRP. The CFRP strip was also glued
to the GFRP while prestressed with metal weights (Fig. 3.24) to increase the bond
strength between the CFRP and the GFRP profile. After the beam was produced,
it was tested like beam S-5. The load-bearing capacity increased from 105 kN to
142.6 kN, bringing it closer to the modelled reference with the perfect connection
between the CFRP and GFRP (165 kN); the difference was less than 14%.

3.6. Conclusions of the Third Chapter

This chapter describes the testing completed to verify the FE models and adaptive
design concept created in the Second Chapter. The testing results and comparative
analysis result in the following conclusions:

1. To verify the GFRP profile, heating tests were employed to determine the
fibre volume fraction, and a bending test was used to verify the results of
the heating tests. The fibre volume fraction required for the smeared re-
inforcement modelling was 63.4%.

2. To check the adequacy of the constitutive model of PFRC, a punching-
shear test with PFRC slabs from the concrete was conducted. The load-
bearing capacity of the plates was 9.5 kN and 10.5 kN, which agreed with
the FE prediction as discussed in Section 2.2.2, and the error was below
10%. The cracking results were also very similar and are provided in
Fig. 2.10.

3. The pull-out tests of individual fibres verified the bond model for the
concrete and polymeric material. The bond parameters were acquired by
modelling the tests in ATENA software using a trial-and-error procedure.
After comparing the FE simulation of the pull-out tests with the com-
pleted experiments, the deformation prediction error did not exceed 4%.
The polymeric fibres caused the crack closure after removing the load.
Selecting an efficient type of fibre and concrete mixture is essential to
ensure the required ductility, cracking resistance, and overall stiffness of
the beam system. The polymeric fibre reinforcement makes the defor-
mation capacity of the PFRC similar to the GFRP profiles. In other
words, the PFRC can restore its initial shape without visible cracks after
removing the mechanical load.

4. The preliminary tests of the hybrid beams (test series 1 and 2) checked
the viability of the developed adaptive design, providing the engineer
with an apparent solution to the support problem resulting from a low
resistance of pultruded FRP profiles to transverse loads regarding the pul-
trusion direction.
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5. After comparing the results of the first series test to the reference FE
model solution, it was clear that modifications had to be made to the beam
(improvement of the supports) to improve its performance. The supports’
enhancement doubled the hybrid beam’s flexural stiffness and load-bear-
ing capacity (an increase of 107.5%) without the additional FRP bond
improvement with concrete regarding the reference bridge (series 1) with
typical weak supports. Still, the formal solution requires further tests to
ensure the result’s reliability and optimise the support blocks’ geometry.
However, the apparent effect of the adaptive design improvement proves
the viability of the proposed design concept.



General Conclusions

The present research aims to develop a novel adaptive design concept when
the numerically predicted outcome defines the design target. Then, an engi-
neer can iteratively modify the solution (prototype), which becomes the sub-
ject of the physical tests to ensure the agreement of the test result with the
predicted outcome. The hybrid beam structure is composed to test the adap-
tive design concept from a pultruded GFRP | profile, PFRC slab, and a CFRP
strip for strengthening purposes. Connecting the polymeric fibre-reinforced
concrete (PFRC) with the GFRP profile improves the general performance
of hybrid beam structures. A series of physical tests verified the finite ele-
ment (FE) model, which described the design reference. The research out-
comes result in the following general conclusions:

1. A more systematic design approach is required for composite struc-
tures combining concrete and FRP components. Application of FRP
components in long-span systems (e.g., 10-15 m long bridges) faces
a significant challenge because of excessive deflections and vulnera-
bility to dynamic loads. The research must focus on the shear re-
sistance of FRP components and their bonding performance with con-
crete. Consequently, the existing design solutions are unreasonably
conservative, with the safety factors reaching 18 times higher loads
in found literature and articles, proportionally increasing the demands

75
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for advanced materials. Thus, the identified literature gap motivated
this dissertational work, in which a novel adaptive design concept was
created, allowing the efficient development of hybrid systems. The
modelling outcome for these advanced composite materials deter-
mined the desired mechanical performance because of a lack of de-
sign standards.

The conceptual example of the proposed adaptive philosophy demon-
strated the design efficiency expressed as the differences between the
alternative solutions: the supports’ enhancement doubled the hybrid
beam’s flexural stiffness and load-bearing capacity regarding the ref-
erence bridge with typical weak supports without the additional
GFRP bond improvements.

Fixing the FRP components at the rigid supports simplifies the nu-
merical model, which is the perfect bond assumption that solves the
modelling problems reported in the literature, making the FE ap-
proach acceptable for designing the hybrid systems considered in this
research. In addition, it improves the FRP vulnerability to the loads
acting in the transverse direction to the pultrusion pathway.

When an experimentally verified numerical model describes the
structural design target, the considered adaptive design concept
demonstrates room for practical applications, including advanced op-
timising algorithms, doubling the structure’s flexural stiffness and
load-bearing capacity regarding the weak concrete support system.
However, additional tests are necessary to ensure the reliability of the
outcomes and optimise the support blocks’ geometry.

The comparison of the test results with the predicted load-bearing ca-
pacity and deformation response from the reference FE model pointed
out a discrepancy. After receiving the first stage testing results, the
FE simulation was performed again with a reduced bond strength in
the support blocks. The simulation and test results (the load-bearing
capacity and flexural stiffness) coincided, thus avoiding additional
experiments. Therefore, it was decided to change the design solution
(strengthen the support joints). After solving this problem, the FRP-
PFRC hybrid beam outperformed the FE modelling reference by
modifying the support structure. Thus, when there is a lack of design
guidance, the developed finite element model determines the ade-
guate reference for designing hybrid FRP-PFRC structural systems
and efficiently utilising advanced composite materials.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Nors jvairiose pramonés srityse, tokiose kaip medicina, aviacija, naudojamos patobulinty
fizikiniy savybiy kompozitinés medziagos, statybos sektoriuje vis dar vyrauja
konservatyvis konstrukcijy projektavimo principai. Inzineriné praktika rodo, kad taikant
pazangias statybos technologijas reikia naujy prototipavimo koncepcijy, pritaikyty naujai
sukurtoms medziagoms, kuriy mechaninés savybés pritaikytos statybos tikslams. Toks
pozilris prieStarauja dabartinei praktikai, pagal kurig standartizuoti inZineriniai
sprendiniai siejami su esamomis medziagomis, kuriy fizikinés savybés nepritaikytos
konstrukcijos keliamiems reikalavimams, todél dél saugios laikomosios galios
uztikrinimo neracionaliai didinamas konstrukciniy medziagy poreikis.

Pluostu armuoti polimerai (angl. fibre reinforced polymer, FRP) vis pla¢iau pakeicia
plieninius tilty ir pastaty elementus, taip i§sprendziama korozijos problema, taciau dél
FRP komponenty anistropiniy medziagy savybiy kyla problemy, susijusiy su jy jungtimis.
llgalaikiai poveikiai (pvz., valk§numas) mazina medziagy mechaninj atsparumg. Dél
santykinai mazo tipiniy FRP medziagy tamprumo modulio (lyginant su plienu) padidéja
$iy konstrukcijy deformacijos. Siai problemai i$spresti kuriamos kombinuotos
kompozitinés konstrukcijos, sudarytos i§ gniuzdymui atsparaus betono ir tempimui
atspariy pluostu armuoty polimery profiliuociy. Tokios kompozitinés sistemos taikomos
tiltuose, taciau Siy pazangiy konstrukcijy projektavimo metody kiirima apsunkina
komponenty sukibimo savybiy neapibréztumas. Jprastai §is klausimas sprendziamas
gerinant lokaly sukibimg. Siame tyrime pateikiamas alternatyvus sprendinys —
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kombinuotos sijos prototipo komponentai, sintetiniu plau$u armuoto betono ploksté ir
pluostu armuotas polimerinis profiliuotis, sujungiami juos jtvirtinant standziose atramose.

Darbo aktualumas

Disertacijoje pateikiama kombinuoty kompozitiniy sistemy adaptyvaus prototipavimo
koncepcija. Siai koncepcijai iliustruoti kuriamas sijos prototipas, sudarytas i§ sintetiniu
plausu armuoto betono plokstés ir pluostu armuoto polimero (FRP) profiliuo€io, jtvirtinto
atramose. Sujungus kompozitinés sijos komponentus i$sprendziama sijos sukibties
problema ir supaprastinamas skaitinis modelis. Pagal Siame prototipavimo pavyzdyje
pateiktus baigtiniy elementy (BE) modeliavimo rezultatus nusakomas prototipavimo
procediiros tikslas ir galima vertinti kuriamos kompozitinés sistemos efektyvuma.
Mechaniniy bandymy ir skaitinio modeliavimo rezultaty sutapimas atskleidzia fizinio
prototipo tinkamumag. D¢l inovatyviy kompozitiniy medziagy projektavimo standarty
trikumo skaitinio modelio rezultatas yra tinkamas etalonas nustatyti siekting
konstrukcijos mechaning elgsena. lteracinis konstrukcinio sprendinio modifikavimas
uztikrina fizinio prototipo (prototipinio sprendinio) priartéjima prie etaloninio (tikslinio)
skaitinio modeliavimo rezultato.

Sitilomas konstrukcinis sprendinys oponuoja tradicinei lokalaus sukibimo gerinimo
idéjai. Disertacijos tyrimai rodo, jog vien iSsprendus atramy mechaninio atsparumo
problema (dél maZo pultruzijos biidu pagaminty FRP profiliuo¢iy atsparumo Slyties
apkrovoms) uztikrinamos tilto prototipo konstrukcinés charakteristikos — patobulintos
konstrukcijos lenkiamasis standis ir laikomoji galia padvigubéja, lyginant su pradiniu
kompozitinés sijos, turin¢ios Silpnas atramas, atveju.

Tyrimo objektas

Tyrimo objektas — kombinuoto kompozitinio péséiyjy tilto sijos prototipo, veikiamo
trumpalaike mechanine apkrova, mechaninés charakteristikos. Nagrinéjama sija sudaro
sintetiniu plausu armuota betono ploksté ir pluoStu armuotas polimerinis (FRP)
profiliuotis, sutvirtintas su plokste standziomis atramomis.

Darbo tikslas

Disertacijos tyrimy tikslas — sukurti adaptyvaus prototipavimo koncepcijg. Tam tikslui
sukuriamas kompozitinés sijos baigtiniy elementy modelis, t. y. etaloninis sprendinys,
fiziniy bandymy rezultatams jvertinti (kai néra standartiniy sprendiniy). Prototipinis
sprendinys modifikuojamas, kol pasiekiamas skaitinio modeliavimo etaloninis rezultatas.

Darbo uzdaviniai
Tyrimo tikslui pasiekti keliami $ie uzdaviniai:

1. Pluostu armuoto polimero komponentus jtvirtinti standziose atramose ir
uztikrinti §iy komponenty (polimeriniu plausu armuoto betono ir pluostu
armuoto polimero) sukibtj.

2. Sukurti BE modelj taikant eksperimentiskai patikrintus medZiagy fizikinius
modelius ir modeliavimo badus.
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3. Sukurti sisteminj metoda, leidziantj eksperimentiskai patikrintam BE modeliui
apibiidinti prototipavimo kriterijus, siektinas fizikines objekto savybes (pvz.,
laikomaja galig ir standumg), kai néra atitinkamy projektavimo standarty.

4. Tlliustruoti pasitilyta adaptyvaus prototipavimo koncepcija, pritaikant ja
kombinuotos kompozitinés pésciyjy tilto sijos kiirimo procese.

Tyrimo metodai
Objektui tirti pasirinkti $ie tyrimo metodai:

1. Taikant teorinés literatliros analiz¢ nustatomi veiksmingi kompozitiniy
konstrukciniy elementy komponavimo principai.

2. Suklasifikavus literatiros apzvalgos metu surinkta medziagg, nustatomos
nagrinéjamy FRP medziagy gerosios bei blogosios savybés, taip pat
jvertinama, kokiy tyrimy triiksta, taip padedant suformuluoti disertacijos
uzdavinius.

3. Literatiiros apZvalga, skaitinis modeliavimas ir fiziniai eksperimentai padeda
suprasti, kaip komponuoti pazangias konstrukcines medziagas, taip pat
supaprastinamas teorinis modelis.

4.  Atlikus fizinius sijy bandymus patikrinama disertacijos hipotezé ir pagerinama
adaptyvaus prototipavimo koncepcija.

5. Skaitinio modeliavimo, fiziniy bandymy, bei bandymy rasty literataroje,
rezultaty lyginamoji statistiné analizé uztikrina iSvady suformulavima.

Darbo mokslinis naujumas

Pasitilyta prototipavimo koncepcija leidzia susieti medziagy inzinerija, konstrukcijy
inzinerijg ir skaitinj modeliavima. Eksperimentiskai patikrintas skaitinis modelis uztikrina
galimybe iteratyviai tobulinti prototipinj sprendinj. Kuriamame prototipe keiiamos
medziagos ir konstrukciniai sprendimai, atsizvelgiant  reikalingus (skaitiniu modeliavimu
nustatytus) kompozitinés sistemos komponenciy fizikinius parametrus.

Darbo rezultaty praktiné reikSmé

Pasitilytai naujai adaptyvaus prototipavimo koncepcijai taikomas eksperimentiskai
patikrintas baigtiniy elementy modelis, kurj galima pasitelkti jvairioms kombinuotoms
konstrukcijoms prototipuoti.

Pasitlyta prototipavimo metodologija leidzia efektyviai tobulinti kompozitines
konstrukcijas dél galimybés keisti patikima skaitinj modelj, maZinant fiziniy ekSperimenty
poreikj, kai néra atitinkamy projektavimo dokumenty.

Sujungus sijos komponentus standziose atramose supaprastinamas kompozitinés
sijos teorinis modelis, nes pritaikoma prielaida, kad sijos komponentai yra sukibe idealiai.

Ginamieji teiginiai
1. Pritaikius kompozitinei konstrukcijai adaptyvaus prototipavimo koncepcijg ir
sukiirus eksperimentiSkai patikrinta skaitinj modelj, kuris apibrézia

prototipavimo etalona, galima atitinkamai pakeisti konstrukcinj sprendimg ir
taip padidinti kompozitinés konstrukcijos lenkiamajj standj ir laikomaja galia.
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2. Eksperimentiskai patikrinto modelio ir fiziniy bandymy rezultaty neatitikties
nustatymas taikant skaitinj modeliavimag sumazina fiziniy bandymy poreikj,
nes kompiuterinis modeliavimas pakeiéia dalj fiziniy bandymy. Sukiirus
patikima skaitinj model;j fiziniy bandymy bus galima atsisakyti.

3. Eksperimentiskai patikrintas baigtiniy elementy modelis yra tinkamas etalonas
pasitlytam adaptyviam kombinuoty konstrukciniy sistemy prototipavimui, kai
néra standartiniy sprendiniy.

4. Disertacijoje pritaikytas inovatyvus konstrukcinis sprendimas, fiksuoti GFRP
komponentes atramose, leido patobulinti kompoziting sijg ir uztikrinti sijos
komponenty sukibtj bei jy kompoziting elgsena.

Darbo rezultaty aprobavimas

Sio tyrimo tema buvo paskelbti Keturi straipsniai mokslo Zurnaluose, trys i§ jy —
zurnaluose Clarivate Analytics Web of Science duomeny bazése su cituojamumo rodikliu.
Autorius pristaté tris prane§imus trijose skirtingose mokslinése konferencijose:

1. The First Olympiad in Engineering Science, 2023, Olimpija, Graikija.
Gribniak, V. ir Garnevi¢iaus, M. pristatymas, tema “Developing an adaptive
design concept for structural composites” gavo “Olympiad Medal”
apdovanojimg  (https://www:.uis.no/en/about-uis/olympiad-in-engineering-
science-summed-up).

2. The 13th fib International Ph. D. Symposium in Civil Engineering, 2020,
Paryziuje, Pranciizijoje (Geriausio straipsnio apdovanojimas).

3. The 26th Annual International Conference on Composites / Nano Engineering
(ICCE-26), 2018, Paryziuje, Pranciizijoje.

Disertacijos struktura

Disertacija sudaro jvadas ir trys pagrindiniai skyriai. Jvade aprasomas tyrimo objektas,
problema, aktualumas, tikslas ir metodai, pristatomas rezultaty naujumas ir
suformuluojami ginamieji teiginiai.

Pirmame skyriuje apzvelgiama literatiira apie pluoStu armuoty polimery medziagy
gamybos procesa, medziagy tipus, fizines savybes ir konstrukcijy projektavimo principus.
Daugiausia démesio skiriama sukurtoms eksperimentinéms procediiroms ir modeliavimo
principams bei prielaidoms. Apzvelgus literatira atskleista, kaip efektyviai derinti
kompozitines medziagas ir kokius atlikti bandymus su sukurtu kompozitinés sijos
prototipu. Pirmas skyrius baigiamas pagrindinio S$io tyrimo tikslo ir uzdaviniy
formuluotémis.

Antrame skyriuje pristatoma nauja kompozitiniy sijy prototipavimo koncepcija,
pagal kurig skaitiniu modeliu prognozuojami eksperimentinio bandymo rezultatai.
Naudojant komercinj programinés jrangos paketa ATENA buvo sukurtas kompozitinés
polimeriniu plausu armuoto betono (PFRC) ir pluostu armuoto polimero (FRP) sijos
netiesinis baigtiniy elementy modelis. Buvo daroma prielaida, kad tarp kompozitinés sijos
komponenty sukibtis yra ideali. Si prielaida supaprastino skaitinj modelj. Anksgiau atlikty
bandymy rezultatai patvirtino gauta modeliavimo rezultata, todél Sio modeliavimo
rezultatas buvo laikomas etaloniniu (tiksliniu).
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Treciame skyriuje pateikiami eksperimentiniai tyrimai ir $iy tyrimy eiga, taip pat
rezultatai, kuriais patvirtinama ankstesniame skyriuje pateikta adaptyvaus prototipavimo
koncepcija. Atlikti kompozitinés sijos prototipo keturiy tasky lenkimo bandymai.
Skaitinio modeliavimo ir pirmojo bandymy etapo rezultaty neatitiktis leido daryti
prielaida, kad sijos atramy neuZtenka pakankamai GFRP profiliuo¢io ir dispersiskai
armuoto betono plokstés sukib¢iai uZztikrinti. Modifikavus atraming konstrukcija,
prototipo bandymy rezultatas sutapo su modeliavimo rezultatu, tai jrodé adaptyvaus
prototipavimo koncepcijos patikimuma.

Darbo pabaigoje formuluojamos bendrosios iSvados ir rekomendacijos dél tolesniy
tyrimy. Po jy pateikiamas literatiiros Saltiniy ir autoriaus publikacijy disertacijos tema
sarasas. Disertacijoje taip pat pateikiamas su ja susijusiy autoriaus publikacijy saraSas.
Disertacijos apimtis — 113 puslapiy, 65 iliustracijos, 8 lentelés ir 83 moksliniai saltiniai.

Padéka

Autorius dékoja uz Europos regioninés plétros fondo finansing parama (projekto
Nr. 01.2.2-LMT-K-718-03-0010), suteikta pagal dotacijos sutarti su Lietuvos mokslo
taryba.

Taip pat Autorius noréty padékoti VILNIUS TECH uz suteiktg jaunojo mokslininko
pozicija.

1. Pluostu armuoty polimery kompozitai statyboje

Siame skyriuje aprasytas pluo$tu armuoty polimery (FRP) medziagy naudojimas statyboje
ir jy gamybos budai. Démesys skiriamas naujiems konstrukciniams sprendiniams,
atitinkamy kompozitiniy medziagy ir jy deriniy nustatymui. Rasti sprendiniai pritaikyti
kombinuotos kompozitinés sijos prototipui kurti pagal adaptyvaus prototipavimo
koncepcija. Literatiiros apzvalgoje taip pat nagrinéjami eksperimentiniy bandymy ir
skaitinio modeliavimo metodai bei FRP ir betono kombinuoty konstrukcijy projektavimo
principai.

Projektavimo standarty trikumas komplikuoja inovatyviy konstrukcijy kiirima. Dél
Siy priezaséiy disertacijoje iSpleiama adaptyvaus prototipavimo koncepcija (Rong, Zhao,
Feng, & Xie, 2022). Si koncepcija biidinga teorinéms analizéms (Rong et al., 2022) ir
architekttiriniam projektavimui (Xie, 2022). Taciau, autoriaus ziniomis, ji nebuvo taikoma
konstrukcinéms problemoms spresti.

Literatiiros analizé parodé, kad FRP elementai nuolat tobulinami ir taikomi jvairioms
konstrukcijoms. Cekijoje, Sveicarijoje, Amerikoje, Lenkijoje, Piety Koréjoje ir kitose
Salyse statomi ir renovuojami tiltai, kuriy elementai pagaminti i§ FRP medziagy; taip pat
anglies pluosto lakstai, lynai ir juostos plaCiai naudojamos esamoms konstrukcijoms
stiprinti. FRP elementai pasizymi maZesniu svoriu nei tradicinés medziagos (pvz., plienas
ir betonas), bet yra panaSaus stiprumo, todél daZnai naudojami laikiny tilty
konstrukcijoms.

1. Rinkoje vyrauja trys FRP rusys: stiklo, anglies ir aramido pluostais armuoti polimerai.
Egzistuoja didelis kiekis kompozity, kurie sudaryti kombinuojant skirtingas
medziagas: stiklo, aramido, anglies pluosta. Stiklo pluosto polimeras (GFRP)
naudojamas tilty paklotams, laikantiesiems elementams, sijoms, kolonoms, lynams,
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vantiniams ir kabamiesiems tiltams projektuoti. Aramido ir anglies pluosto polimerai
naudojami konstrukcijoms sustiprinti. I§ Siy medziagy taip pat gali biiti gaminama
armatiira konstrukciniam betonui armuoti.

Pultruzija yra daZniausiai taikomas aptariamyjy medZiagy gamybos bidas. Sis
gamybos biidas uztikrina tikslius FRP komponenty matmenis, greita pramoning
gamybg ir didelj pluosto kiekj matricoje (apie 75 %). Pultruzijos gamybos budas
efektyviausias, lyginant su kitais gamybos btidais (tokiais kaip rankinis liejimas,
apvyniojimas pluostu, dervos perpilamasis formavimas, jpurSkiamasis formavimas).
Kuriami jvairGs skaitiniai modeliai su skirtingomis FRP medziagomis ir
komponentais, jskaitant sijy, santvary, vantiniy ir kabamyjy tilty modelius, tac¢iau dél
FRP fizikiniy savybiy anizotropijos (skirtumy skirtingomis kryptimis) kyla problemy
aprasant medziagy ir jungimo (sukibimo) modelius. Sukurti tokius modelius taip pat
néra paprasta, nes ne visose baigtiniy elementy (BE) programose, skirtose tradicinéms
medziagoms, minétos savybés vertinamos.

Pluostu armuoty polimery komponentus naudoti santykinai ilgo tarpatramio
konstrukcijoms (pvz., 10-15 m ilgio tiltuose) problemiska dél pernelyg dideliy
deformacijy ir jautrumo dinaminéms apkrovoms. Be to, anglies pluosto panaudojima
riboja didelé kaina. Vykdant mokslinius tyrimus daug démesio turéty biti skiriama
pluostu armuoty komponenty atsparumui Slyéiai ir jy sukibciai su betonu vertinti.
Triksta ziniy apie pluoStu armuoty polimery komponenty dinamika, nuovargj ir
atsparumg ugniai. Todél jau pastatyty tilty bandymai rodo nepagristai didelj
laikomosios galios rezerva, kai kurios konstrukcijos atlaiko iki 20 karty didesnes
apkrovas, nei numatyta projekte.

Kadangi néra bendrai pripazinty projektavimo ir gamybos standarty, pluos§tu armuoty
polimery elementai dazniau naudojami pésCiyjy tiltams, platformoms,
architekttirinéms detaléms, fasadams, vamzdynams ir cheminiy medziagy talpykloms
statyti.

Plagiausiai pritaikytas bandymas yra keturiy tagky lenkimo. Siuo bandymu nustatoma
sijos mechaniné elgsena. Fiziné sija turi biiti pagaminta ir iSbandyta po to, kai sukurtas
BE modelis, kad biity galima patikrinti atitiktj skaitinio modeliavimo rezultatams.
Disertacijoje atliekamu tyrimu siekiama sukurti adaptyvaus prototipavimo koncepcija,

pagal kurig eksperimentiskai patikrintas skaitinis modelis apibrézia prototipavimo etalona.
Remiantis iSanalizuotomis mokslinémis publikacijomis suformuluotos §ios tyrimo gairés:

1.

Kombinuota kompozitiné sijos konstrukcija yra adaptyvaus prototipavimo objektas.
Sig sija sudaro pultruzijos biidu pagamintas GFRP dvitéjis profiliuotis, anglies
pluosto juostelé (CFRP), skirta sijos atsparumui tempimo jtempiams padidinti ir
deformacijoms apriboti, bei polimeriniu plausu armuoto betono (PFRC) plokste,
skirta gniuZdymo jtempiams atlaikyti, su pagerintu plastiSkumu, atsparumu
pleiséjimui, taip pat uztikrinanti bendra sistemos standuma. Siame darbe FRP
komponentai jtvirtinami santykinai standZiose atramose; ploks§tés sujungimas su
GFRP profiliuociu taip pat padidins konstrukcijos atsparuma Slyciai.

Medziagy modeliai (parametrai), panaudoti sukurtame BE modelyje, buvo nustatyti
eksperimentiskai. Literatiiroje rastos modeliavimo prielaidos dél idealios sijos FRP ir
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PFRC komponenty sukibties ir tiesinés-elastinés medziagy savybés buvo pritaikytos
skaitiniame modelyje.

3. Kompozitiniy konstrukcijy i§ betono ir FRP komponenty projektavimas reikalauja
sisteminio pozitirio. Efektyvia kompoziting konstrukcija galima sukurti tik tada, kai
iStiriama kombinuojamy elementy sandara, nustatomos jy mechaninés ir sukibties
savybés. Esami projektavimo metodai yra pernelyg konservatyvis dél patikimy
medziagy modeliy ir projektavimo standarty trikumo. Siy projektavimo metody
saugos koeficientai gali nepagristai (iki 20 karty) padidinti konstrukciniy medziagy
poreiki. D¢l Siy priezasCiy Siame tyrime sukurti skaitiniai modeliai ir prototipai
nusako pasitilyto adaptyvaus prototipavimo metodo efektyvuma.

4. Pésciyjy tiltui skirta kompozitiné sija buvo sukurta, kad biity galima isbandyti
pasiiilyta adaptyvaus prototipavimo koncepcija. Si sija buvo palyginta su
eksperimentiskai patikrintu baigtiniy elementy modeliu. Jei reikia, kompozitiné sija
modifikuojama, kad jos elgsena sutapty su modeliavime gautu rezultatu.

2. Adaptyvus kompozitiniy konstrukciniy sistemy
prototipavimas

Siame skyriuje pristatoma adaptyvaus prototipavimo koncepcija. Pateikiama pavyzdiné
kompozitinés sijos prototipavimo eiga (1S pav.). Sj konstrukcinj elementg sudaro
polimeriniu plausu armuoto betono (PFRC) ploksté, stiklo pluostu armuoto polimero
(GFRP) profiliuotis bei anglies pluostu armuoto polimero (CFRP) juostelé.

Pirmoje skyriaus dalyje apraSoma adaptyvaus prototipavimo koncepcija.
Nagrinéjamos sistemos taikomos tilty konstrukcijose, nes plieno pakeitimas GFRP
komponentais iSsprendzia korozijos problema, tafiau kompozitinés sistemos veikimag
apsunkina stiklo pluosto profiliuo¢io sukibties su betonu neapibréZztumas (Mendes et al.,
2011; Zhang et al., 2021).

Suprojektuotg sija sudaro polimeriniu plausu armuoto betono (PFRC) plokste,
atlaikanti gniuzdyma ir jtvirtinanti stiklo pluostu armuota profiliuotj (GFRP, 120x60/6/6
mm | profiliuotis, gamintojas FIBERLINE, Danija) atramose. Atlikus preliminary
itempta stiklo pluostu armuoto profiliuocio pavirSiy sutvirtina anglies pluostu armuoto
polimero (CFRP, 10 x 1,4 mm, gamintojas ,,S&P C-Laminate”, Jungtiné¢ Karalysté)
juostelée. Siam konstrukciniam elementui komponuoti taikoma vienajuoséiy tilty
koncepcija (Juozapaitis et al., 2021; Gribniak et al., 2021). Ploksté uZztikrina patikima
jungtj su GFRP profiliuo¢iu. Baigtiniy elementy modelyje pluoStu armuoty polimery
komponenty mechanines charakteristikas nusako i$skirstytojo armavimo (angl. smeared
reinforcement) metodas (Gribniak etal., 2021), fiziskai netiesinis medziagos modelis
(Garnevicius et al., 2020) apibrézia plausu armuoto betono elgseng, o idealios sukibties
modelis pritaikytas kontaktui aprasyti. Kai buvo parinkta kompozitinés sijos geometrija,
ji buvo sumodeliuota komercinés programinés jrangos paketu ATENA.

Kaip pavaizduota S2.1 pav., saveika tarp konceptualaus sprendimo (,,1%) ir patikrinto
BE modelio (,,2) sukuria preliminary sprendima pagal nustatytus prototipavimo kriterijus
(laikomoji galia ir lenkiamasis standis). Pagal sumodeliuotg rezultata nustatomas
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prototipavimo etalonas tolesniems fiziniams bandymams (,,3“), kuriais patikrinamas
koncepcijos ,,1° efektyvumas (t. y. ,,patikrinimas 1°). Nepasiekes nurodyto rezultato,
inzinierius modifikuoja prototiping koncepcija (,,4*). Iteracinis koregavimas tesiamas tol,
kol pasiekiama priimtina fizikiniy bandymy ir skaitinio modeliavimo rezultaty sutaptis (t.
y. ,,patikrinimas 2°).

Pazangios modeliavimo procediiros gali pakeisti eksperty nuomone pagristg
optimizavimo procesg, todél siiloma koncepcija yra veiksminga kompiuterizuoto
prototipavimo srityje. Be to, BE rezultatai gali suteikti daug informacijos, naudingos
siekiant tobulinti medziagy parametrus ir konstrukcinius sprendinius. Si analizé susideda
i$ trijy daliy: eksperimentinis medziagy modeliy ir modeliavimo procediiry patikrinimas,
etaloninio kompozitinés sistemos skaitinio modelio sukdirimas ir fizinio prototipo
sprendinio bei gamybos technologijos pritaikymas BE modeliui. Eksperimentiné pirmo
etapo medziagy modeliy patikra garantuoja etaloninio skaitinio modelio patikimuma.
Antrame skyriuje daroma prielaida, kad skaitinis modelis yra eksperimentiskai patikrintas
siekiant supaprastinti disertacijos struktiira. Tre¢iame skyriuje pateiktas Sios prielaidos
jrodymas.
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S2.1 pav. Adaptyvaus prototipavimo koncepcija

Antroje skyriaus dalyje apraSoma BE modelio kiirimo eiga ir atraminiy bloky
modifikavimo eiga. Sumodeliavus sijg programinés jrangos paketu ATENA buvo
nustatytos $ios sijos deformacijos ir jos laikomoji galia. Sumodeliuotas keturiy tasky
lenkimo bandymas. Ankstesniuose tyrimuose (Gribniak etal., 2021a, Gribniak etal.,
2021b; Garnevicius et al., 2020) patikrinti medZiagy modeliai nusako polimero plausu
armuoto betono ir FRP komponenty mechaning elgsena modeliavimo programoje. I§
tetraedrinio tinklelio sudarytas BE modelis pavaizduotas S2.2 paveiksle. Idealiai tamprios
plieninés plokstelés apsaugo betong apkrovos pridéjimo TASKUOSE (S2.2 pav., a). Siy
ploksteliy BE tinklelio elementy dydis yra 15 mm. Monolitiniy betoniniy atramy (S2.2
pav., b) tinklelio elemento dydis — 30 mm; CFRP juostos ir GFRP profiliuocio baigtiniy




SUMMARY IN LITHUANIAN 95

elementy dydis — 7,5 mm. Sio tinklelio tankumo uzteko skai¢iavimy tikslumui uztikrinti.
I$ modelio paimti rezultatai — vertikalieji poslinkiai tarpatramio viduryje ir poslinkiai
GFRP profiliuocio apacioje po apkrovos pridéjimo taskais.

Skaitiniame modelyje panaudotas netiesinis cementinés medziagos, turin¢ios 55 MPa
gniuzdomajj stipri, modelis (Garnevi¢ius etal., 2020), pateiktas 2.2.2 skirsnyje
(disertacijos dalyje angly kalba). Sis modelis nustato plausu armuoto betono plokstés
deformatyvumo savybes ir suirimo mechanizmg. CFRP (10 x 1,4 mm) juostelés
medziagos elgsena apraSyta elastiniu-plastiniu medziagos modeliu (tamprumo modulis =
170 GPa ir tempiamasis stipris = 2,8 GPa) (Gribniak et al., 2021). Gavus rezultatus i§ BE
modeliavimo metu parinkty stebéjimo tasky, buvo sudaryta momenty ir kreiviy diagrama.
Momenty ir kreiviy priklausomybé puikiai tinka kompozitiniy sijy deformacijoms
nusakyti (Gribniak, 2009; Gribniak etal., 2021, 2021). Kreivis buvo apskaiiuotas
grynojo lenkimo zonoje pagal ilinkius, padarius prielaida, kad sijos deformacijos yra
apskritimo formos:

8.6
“TEva-a?

¢ia Iy grynojo lenkimo zonos ilgis (= 600 mm); Ly, Ly ir L3 yra stebéjimo tasko rodikliai.
Cia § stebéjimo tasky rodikliy skirtumas.

.......................................................

§=1Ly,— (L +L3)/2, (S2.1)

(a) . . (b)
Anglies pluosto juostelé

S2.2 pav. Kompozitinés sijos baigtiniy elementy modelis: a) BE diskretizacija; b) atramos vaizdas

Apskai¢iavus kreivj, buvo sudaryta momenty ir kreiviy diagrama. Sis grafikas bus
lyginamas su fiziniy bandymy rezultatais ir naudojamas kaip etalonas. Fiziniais
bandymais, apra$ytais 3.3 ir 3.4 poskyriuose (disertacijos dalyje angly kalba), patikrinama
modelio rezultaty atitiktis (S2.3 pav.).

Gavus pirmojo bandymy etapo rezultatus buvo dar kartg atliktas modeliavimas esant
sumazintam GFRP profiliuo¢io sukibimo su betonu stipriui atraminiuose mazguose, po
§io sumazinimo, modeliavimo ir bandymo rezultatai sutapo. Taip buvo iSvengta
papildomy eksperimentiniy bandymy ir buvo nuspresta keisti prototipavimo sprendima
(stiprinti atraminius mazgus). Todél buvo pakeista sijos schema ir buvo pagamintos antros
grupés sijos, kurios véliau buvo iSbandytos. Antrasis bandymy etapas aprasytas 3.4
poskyryje (disertacijos dalyje angly kalba). Mélynos linijos S2.3 pav. rodo antrojo etapo
sijy deformacijas. Bandymy rezultatai sutampa su BE modelio rezultatu, kuriame padaryta
prielaida, kad visos kombinuotos sijos kompozitinés dalys yra idealiai sujungtos. Antrojo
etapo kompozitiniy sijy laikomoji galia padidéjo 107,5%, lyginant su pirmojo etapo
sijomis. Antrojo etapo sijuy GFRP profiliuogio ir PFRC plokstés sukibtis nebuvo
papildomai gerinama, naudojant profiliuocio perforacija ar kitas priemones.
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TreCioje skyriaus dalyje sukurta prototipy prototipavimo koncepcija (S2.1 pav.)
i$pleciama iki konstrukcinio dydzio kompozitinés sijos. Pasirengimo ir bandymy detalés
pateikiamos 3.5 poskyryje (disertacijos dalyje angly kalba). Preliminari 3 m ilgio sija
pateikta S2.4 paveiksle, kuriame atsizvelgta j modifikuota antrojo etapo sijy atraminiy
jungéiy konstrukcijg. Kaip matyti i§ S2.4 pav., stiklo pluosto profiliuocio aukstis nuo
120 mm padidéjo iki 200 mm (dvitéjis profiliuotis, FIBERLINE, Danija), palyginti su
antrojo etapo prototipais. D¢l Sio pasikeitimo padidéjo ir betoniné dalis bei atramy
konstrukcija. I$liko tokie patys anglies pluosto armuoty juosteliy matmenys (10 mm x
1,4 mm, S&P C-LAMINATE, Jungtiné Karalysté¢) ir betono miSinio proporcijos.
Modeliavimui naudojamas programinés jrangos paketas ATENA ir tie patys medziagy
modeliai, kurie buvo naudojami preliminariy bandymy metu (2.3 poskyris) (disertacijos
dalyje angly kalba). Apkrovy dydis padidédavo po 0,5 kN po kiekvieno zingsnio.

15

Momentas, kNm

—— BE modelis
Antras etapas
Pirmas etapas

12

Kreivis, 1/km

0 10 20 30 40 50 60
S2.3 pav. Skaitinio modelio ir prototipiniy sijy (abiejy etapy) eksperimenty momenty ir
kreiviy grafiky palyginimas

Hibridinés sijos bandymy schema
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Atraminiy zony
skerspjdvis

Pjavis 1-1 i
350 150 ..I
~plieninis profiliuotis Sijos tarpatramio skerspjivis
Stiklo pluos kot Plaudu armuotas——, Stiklo pluosto
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S2.4 pav. Kompozitinés 3 m sijos schema ir atramos bei tarpatramio
skerspjiiviai (matmenys mm)

Siame skyriuje sukurta adaptyvaus prototipavimo koncepcija, pagal kurig skaitiniu
modeliavimu nustatytas rezultatas apibrézia prototipavimo tiksla. Kadangi $ios paZangios
kompozitinés medziagos (FRP) neturi joms pritaikyty projektavimo standarty, Siame
tyrime BE modeliavimu gautas rezultatas laikomas siekiamu ir nurodo, kokia fizinés sijos
mechaniné elgsena priimtina. Eksperimentiniais bandymais patikrintos BE modelio
komponenty medziagy savybés, t. y. stiklo pluostu armuoto polimerinio profiliuo¢io
(GFRP), polimeriniu plausu armuotos betoninés plokstés (PFRC) ir polimerinio plauso
sukibimo su betonu. Kombinuotos GFRP ir PFRC kompozitinés sijoS prototipas
pasirinktas adaptyvaus prototipavimo koncepcijos taikymui iliustruoti. Siekiant pagerinti
nagrinéjamos Sijos eksploatacines savybes, GFRP profiliuotis ir PFRC ploksté fiksuojama
atramose. Gauti rezultatai leido suformuluoti Sias i§vadas:

1.

Patobulinto sijos prototipo atramy modifikavimas padvigubino lenkiamajj standj
ir laikomaja galia, palyginti su pirmo etapo iSbandyta sija, turin¢ia Silpnas
atramas. Prototipy su modifikuotomis atramomis bandymy rezultatai pasieké
etaloninio skaitinio modeliavimo rezultatg (standj ir laikomajg galig), taip pat
sumazino poreikj atlikti daugiau fiziniy bandymy. Todél eksperimentiskai
patikrintas BE modelis gali buti laikomas tinkamu etalonu adaptyvioms
kombinuotoms konstrukcinéms sistemoms prototipuoti, atramy modifikavimas
padvigubino sijos lenkiamajj standj ir laikomajg galia, lyginant su sija su
silpnomis atramomis ir be papildomo GFRP sukibties gerinimo.

Kompozitinés sijos pluostu armuoti polimeriniai komponentai jtvirtinami
standziose atramose. Taikant §j metodg supaprastinamas skaitinis sijos modelis.
Idealios sukibties prielaida leidzia iSspresti literatliroje apraSytas modeliavimo
problemas. Sukurta adaptyvaus prototipavimo koncepcija kartu su BE
modeliavimo metodu yra tinkama tyrime nagrinéjamoms kombinuotoms
sistemoms prototipuoti. Norint patikrinti prielaidos dél idealios sukibties tarp
skaitinio modelio komponenty priimtinuma, buvo matuojamas iSilginiy
deformacijy pasiskirstymas sijose eksperimentiniy bandymy metu. Siy bandymy
metu nebuvo rasta jokio pastebimo praslydimo. Sis rezultatas patvirtina idealios
sukibties prielaidos tinkamumg skaitiniam modeliui.
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3. Adaptyvaus prototipavimo koncepcija gali buti pritaikoma, kai eksperimentiskai
patikrintas skaitinis modelis apibiidina pageidaujamg FRP-betoninés sijos
konstrukcijos rezultatg. Si koncepcija gali apimti pazangius optimizavimo
algoritmus, kurie gali padvigubinti konstrukcijos lenkiamajj stand;j ir laikomaja
galig. Nepaisant to, biitina atlikti papildomus bandymus, siekiant uztikrinti
rezultaty patikimuma ir optimizuoti atraminiy bloky geometrija.

4. Kompozitinés sijos skaitinio modeliavimo rezultatai palyginti su plieno ir betono
sijos ir gelzbetoninés sijos teoriniais modeliais. Nustatyta, kad kompozitiné
GFRP ir PFRC sija buvo 25,8% lengvesné uz gelzbetoning sija. Plieno ir betono
sija buvo tokio paties svorio ir standumo kaip ir siiloma GFRP bei PFRC
kombinuota sija, bet jos mechaninis atsparumas pasieké tik pus¢ kombinuotos
sijos laikomosios galios.

3. Adaptyvaus prototipavimo koncepcijos eksperimentiné
programa

Siame skyriuje apra$yta eksperimentiné programa, jvykdyta siekiant nustatyti GFRP ir
CFRP medziagy parametrus, kompozitiniy sijy prototipy fiziniai bandymai ir
konstrukcinio dydzio sijy bandymai. Siame skyriuje taip pat aptariamas isilginiy
deformacijy pasiskirstymas kompozitinése sijose, atskleidziantis sukombinuoty
skerspjuvio komponenty suderinamuma. Kiekvienam kompozitinés sijos bandymy etapui
buvo pagamintos dvi sijos. I$ viso buvo pagamintos $e$ios sijos.

Siame skyriuje pateikti stiklo pluosto profiliuotj jtvirtinanéiy betoniniy atramy
sugniuzdymo rezultatai, gauti atlikus pirmajj bandymy etapg. Tipinis suirusios sijos
atramos vaizdas pateiktas S3.1 pav. Toks rezultatas yra nepakankamo pluostu armuoty
polimery medZziagy atsparumo skersinéms apkrovoms pasekmé. Taciau BE modelis
negaléjo atspindéti Sio irties mechanizmo, nes pluos$tu armuoty medziagy skersinio
gniuzdymo modeliavimo galimybés yra ribotos.

Atlikus BE modeliavimg su konstrukcinio dydzio sijos modeliu, buvo atlikti fiziniai
bandymai. Sijos bandinys buvo apkrautas 10 MN servohidrauliniu apkrovos aparatu,
0,4 kN per sekundg apkrovos greiciu, kol jvyko suirimas, atsiradgs dél gniuzdymo jtempiy
betono grynojo lenkimo zonos viduryje (S3.2 pav.).

Siame skyriuje apragomi bandymai, atlikti siekiant patikrinti 2 skyriuje sukurtus BE
modelius ir adaptyvios konstrukcijos koncepcija. Bandymy rezultatai ir lyginamoji analizé
leidzia daryti Sias i§vadas:

1. Stiklo pluostu armuotam profiliuo¢iui patikrinti buvo atlikti kaitinimo
bandymai, siekiant nustatyti pluosto procenting ttrio dalj profiliuotyje, o
rezultatams patikrinti atliktas lenkimo bandymas. Pluosto tiirio dalis, reikalinga
iSskirstytojo armavimo modeliavimui, buvo nustatyta 63,4%.

2. Siekiant patikrinti pluoStu armuoto betono medziagos modelio patikimuma,

buvo atliktas praspaudimo bandymas su 2 plokstémis i§ Sio betono. Ploksciy
laikomoji galia buvo 9,5 kN ir 10,5 kN, ji atitiko 2.2.2 skirsnyje (disertacijos
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dalyje angly kalba) aptarta BE modeliavimo rezultata, o paklaida nevirsijo 10%.
Supleiséjimo rezultatai (modelio ir bandymo) taip pat buvo labai panass.

3. Atskiry plausy istraukimo bandymai patvirtino betono ir polimerinés medziagos
sukibties modelj. Sukibties parametrai buvo gauti modeliuojant bandymus
ATENA programinés jrangos paketu. Palyginus iStraukimo bandymy BE
modeliavima su atliktais eksperimentais, gauta, kad deformacijy sutapimo
paklaida nevirijo 4%. Polimerinis plausas leido plySiams uzsiverti, kai buvo
nuimta apkrova. Tinkamo plauso ir tinkamos betono sudéties parinkimas yra
svarbus norint uztikrinti reikiamg betono plastiskuma, atsparuma pleiséjimui ir
bendra kompozitinés sijos sistemos standuma. Sintetinio plauso panaudojimas
leido sugretinti PFRC ir GFRP profiliuo¢iy deformacines savybes. Kitaip sakant,
PFRC ploksté gali atgauti prading geometring forma, kuri buvo prie§ ja
apkraunant, kartu uzveriami visi susidarg plysiai.

S3.2 pav. Kompozitinés 3 m sijos irtis dél betono sugniuzdymo grynojo lenkimo zonoje

4. Atlikus preliminarius kompozitiniy sijy bandymus (1 ir 2 bandymy etapy) buvo
patikrintos sukurto adaptyvios konstrukcijos koncepcijos pritaikymo galimybés.
Buvo iSspresta atramy problema, kuri kildavo dél mazo pultruzijos budu
pagaminty FRP profiliuo¢iy atsparumo skersinéms apkrovoms.
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5. Kai buvo palyginti pirmos bandymy serijos ir baigtiniy elementy etaloninio
modelio rezultatai, pasidaré aisku, jog reikia modifikuoti sija (atramy
modifikavimas), kad buty galima pagerinti jos mechaning elgseng. Sustiprinus
atramas dvigubai padidéjo antro etapo kompozitiniy sijy lenkiamasis standis ir
laikomoji galia (padidéjo 107,5%), lyginant su pirmojo etapo sijomis,
turiniomis tipines silpnas atramas (pirma serija). Nebuvo taikytas joks
papildomas FRP sukibties su betonu gerinimo budas. Vis délto formaliam
sprendimui reikia papildomy bandymy, kad baty uZtikrintas rezultaty
patikimumas ir optimizuota atraminiy bloky geometrija. Taciau pasiektas
akivaizdziai geresnis kompozitinés sijos rezultatas (laikomoji galia ir
lenkiamasis standis) jrodo siilomos prototipavimo koncepcijos veiksminguma.

Bendrosios iSvados

Siuo tyrimu buvo siekiama sukurti adaptyvaus prototipavimo koncepcija, pagal kurig
skaitiniu modeliavimu nustatytas rezultatas apibrézia prototipavimo etalong. Iteracinis
konstrukcinio sprendinio modifikavimas, skaitiniu blidu nustatant eksperimentiskai
patikrinto modelio ir fiziniy bandymy rezultaty nesutaptis, skatina fizinio prototipo
(prototipinio sprendinio) priartéjima prie etaloninio skaitinio modeliavimo rezultato.
Kompozitinés sijos prototipas pasirinktas siekiant iliustruoti adaptyvaus prototipavimo
koncepcija. Nagrinéjama sija sudaryta i§ pluoStu armuoto polimero (GFRP) dvitéjo
profiliuocio, polimeriniu plausu armuoto betono (PFRC) plokstés ir anglies pluostu
armuoto polimero (CFRP) juostos, skirtos konstrukcijos tempiamajai zonai sustiprinti.
Siekiant pagerinti kompozitinés sijos eksploatacines savybes, kompozitinés konstrukcijos
PFRC ploksté ir GFRP profiliuotis sujungiami standziose atramose. Sukurtas baigtiniy
elementy (BE) modelis, kuris buvo nustatytas kaip prototipavimo etalonas, buvo
patikrintas keliais eksperimentiniy bandymy etapais. Tyrimy rezultatai leido padaryti Sias
pagrindines iSvadas:

1. Kompozitiniy konstrukcijy i§ betono ir FRP komponenty prototipavimas
reikalauja sisteminio pozitrio: efektyvig kompoziting konstrukcija galima
sukurti tik i§tyrus kombinuojamy elementy sandarg ir nustacius jy mechanines
bei sukibties savybes. FRP komponenty taikymas didelio tarpatramio
konstrukcijoms (pvz., 10—15 m ilgio tiltams) gali biiti problemiskas dél dideliy
deformacijy ir jautrumo dinaminéms apkrovoms. Taip pat FRP komponentai
néra atsparts Slyciai, o jy sukibties su betonu stipris gali biiti nepakankamas
bendrai kompozito elgsenai uztikrinti. Esami projektavimo metodai yra pernelyg
konservatyvis, o juy saugos koeficientai gali nepagristai (iki 18 karty rastoje
literatiiroje ir straipsniuose) padidinti konstrukciniy medziagy poreikj. Pagal
pazangiy kompozitiniy medziagy skaitinio modeliavimo rezultata buvo nustatyta
etaloniné mechaniné elgsena, kai néra kity projektavimo gairiy ir standarty.

2. Pateiktas adaptyvaus prototipavimo pavyzdys parodé sitilomos koncepcijos
veiksminguma didinant prototipiniy kompozitiniy elementy lenkiamajj standj ir
gerinant komponenty sukibties savybes. Skirtumas tarp alternatyviy sprendiniy
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akivaizdus — atramy modifikavimas padvigubino kompozitinés sijos lenkiamajj
standj ir laikomaja galia, palyginti su pirmo etapo sija, turindia silpnas atramas.
Pazymétina, kad $is rezultatas pasiektas netaikant jokio papildomo GFRP
profiliuocio ir PFRC plokstés sukibties gerinimo biido.

3. Jtvirtinus FRP komponentus standziose atramose, supaprastinamas skaitinis
modelis — idealios sukibties prielaida (sujungus GFRP ir PFRC) padeda i$spresti
literatiiroje apraSytas modeliavimo problemas. Taip pat S§io sprendinio
pritaikymas i§sprendzia FRP atsparumo §ly¢iai problema.

4. Kompozitinei konstrukcijai pritaikius adaptyvaus prototipavimo koncepcija ir
sukiirus eksperimentiSkai patikrinta skaitini modelj, kuris apibrézia
prototipavimo etalong, konstrukcijai galima taikyti pazangius optimizavimo
algoritmus, taciau, norint uztikrinti rezultaty patikimuma ir optimizuoti
konstrukcijos geometrija, bitina atlikti papildomus bandymus.

5. Palyginus gautus kuriamos sijos prototipo eksperimentiniy bandymy rezultatus
su BE modeliavimo rezultatais gautas laikomosios galios ir deformacijy
nesutapimas. Dar kartg atliktas modeliavimas su sumazintu GFRP profiliuo¢io
sukibties stipriu su betonu atraminiuose mazguose ir modeliavimo bei bandymo
rezultatai sutapo. Taip buvo nustatytas projektinio sprendinio trikumas ir
iSvengta papildomy eksperimentiniy bandymy. Atitinkamai nuspresta keisti
prototipavimo sprendimg (stiprinti atraminius mazgus). Kai $i problema buvo
i8spresta, FRP ir PFRC kompozitiné sija pasické etaloninio BE modelio
rezultata, modifikavus atramas. Kai néra jokiy standartiniy projektavimo
metody, sukurtas BE modelis yra tinkamas etalonas kurti efektyvias
kompozitines konstrukcijas, kuriose naudojamos pazangios medziagos.
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