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Abstract

The current dissertation aims to introduce a new interaction model between con-
crete and reinforcement to effectively address the inner mechanism of Reinforced
Concrete (RC) structures.

For investigating the concrete-reinforcement interaction, traditional methods
have typically dealt with a constant bonding relationship or a perfect interaction
between two materials. This can further lead to numerous models that lack con-
sistency and compatibility with one another. However, current research advocates
for implementing the stress transfer methodology, which suggests the presence of
force exchange between the reinforcement bars and the surrounding concrete, in
other words, the bond stress. The present study develops a new model that estab-
lishes the ascending part of a bond-slip model. It is an essential step towards a
constitutive bond-slip model in future, which will be able to accurately predict
the serviceability performance of RC members, such as deflection, crack spac-
ing/width etc.

The first chapter reviews the mechanism of the reinforcement—concrete in-
terface under the tensile load. Multiple approaches have been discussed to inves-
tigate the serviceability performance of RC structures. A major part of this chapter
is dedicated to reviewing the existing bond stress and bond-slip models with their
respective backgrounds. The last part of the chapter reviews various strain moni-
toring tools and techniques to extract strains from the core of the reinforcement
bars encased within the concrete.

The second chapter represents three experimental campaigns which consist
of double pull-out tests of 14 short RC ties equipped with three distinct bar diam-
eters (16.20 and 25 mm). The results of the mentioned tests, in terms of reinforce-
ment strain distribution along the specimen lengths, have been displayed. A math-
ematical algorithm programmed in MatLab has been introduced, capable of
deriving bond-slip relationships from the experimental strain output. Lastly, the
obtained bond-slip relationships of all 14 specimens have been portrayed at mul-
tiple load levels.

The third chapter demonstrates the formation of a novel bond-slip model
based on the experimental dataset. In the latter part, the newly proposed model
has been validated with the experimental results of 14 (in-sample) specimens and
eight independent (out-of-sample) specimens. Furthermore, a novel validation
tool has been demonstrated, which is capable of predicting reinforcement strains
from a given bond-slip model. Based on the tool, another layer of validation has
been performed with independent data through reinforcement strain distribution.
The chapter ends with a thorough statistical analysis for assessing the existing
bond-slip models in terms of their strain prediction capability.



Reziumeé

Sioje disertacijoje pristatomas naujas betono ir armatiiros sgveikos modelis, lei-
dziantis tiksliai ir efektyviai modeliuoti gelzbetoniniy (toliau — GB) konstrukcijy
armatiros ir betono sukibimo elgseng.

Tyrinéjant betono ir armattiros saveika tradiciniais metodais, daznai daromos
itin supaprastintos prielaidos, kurios daznai neatspindi realios konstrukcijy elgse-
nos — laikoma, kad tarp armatiros ir betono egzistuoja ideali sgveika, arba daroma
prielaida, jog sukibimo jtempiai tarp betono ir armatiiros per visg nagriné¢jamojo
elemento ilgj yra pastovis. D¢l §iy supaprastinimy yra sukurta daugybé priesta-
ringy teoriniy modeliy, kuriy rezultatai daznai neatitinka realios GB elementy su-
kibimo elgsenos. Sioje disertacijoje, remiantis jtempiy perdavimo gelZbetoninése
konstrukcijose metodika, kuri pagrjsta armatiiros strypy ir juos supancio betono
jégy saveikos prielaida, kitaip tariant, sukibimo jtempiy perdavimu, sitiloma su-
kibimo jtempiy ir slinkties modelio nauja kylancioji dalis. Pirmajame skyriuje
apzvelgiamas armatiiros ir betono saveikos mechanizmas veikiant eksploatacinei
apkrovai. Taip pat aptariami Kkeli literatiiroje pla¢iai Zinomi metodai, taikomi GB
konstrukeijy tinkamumui eksploatuoti uztikrinti. Didzioji Sio skyriaus dalis skirta
esamy sukibimo jtempiy ir slinkties modeliy apzvalgai. Paskutinéje Sio skyriaus
dalyje apzvelgiami jvairios deformacijy stebésenos prietaisai ir metodai, skirti ar-
mattiros deformacijoms betone nustatyti.

Antrajame skyriuje pristatomos trys eksperimentinés programos, kurias vyk-
dant buvo atlikta 14 trumpy GB tempiamy elementy dvipusio istraukimo bandy-
mai naudojant tris skirtingo skersmens strypus (16, 20 ir 25 mm). Siame skyriuje
taip pat pateikiami minétyjy bandymy rezultatai, susije su armatiiros deformacijy
pasiskirstymu i8ilgai nagrinéjamy bandiniy. Pristatomas matematinis algoritmas,
suprogramuotas naudojant MATLAB programinj paketa, kuriuo, remiantis eks-
perimentiniais armatiiros deformacijy rezultatais, galima nesunkiai nustatyti suki-
bimo ir slinkties ry$j. Skyriaus pabaigoje pateikiamos visy 14 bandiniy sukibimo
itempiy priklausomybés nuo slinkties kreives.

Treciajame skyriuje aprasoma, kaip, remiantis surinkta eksperimentiniy duo-
meny imtimi, sukuriamas naujas sukibimo ir slinkties modelis. Modelis tikrina-
mas remiantis 14 bandiniy i$ autoriaus eksperimentinés programos ir 8 nepriklau-
somy bandiniy i§ jvairiy literatiiros Saltiniy eksperimentiniais rezultatais. Be to,
pristatyta nauja programa, leidzianti prognozuoti armatiiros deformacijas pagal
atitinkamg sukibimo ir slinkties modelj. Taikant §ig programa ir pasitelkiant ne-
priklausomus duomenis, surinktus i$ jvairiy Saliy literatiiros Saltiniy, buvo atlikta
armatiiros deformacijy patikra. Skyriaus pabaigoje pateikiama iSsami statistinéa-
nalizé, skirta esamiems sukibimo ir slinkties modeliams jvertinti, atsizvelgiant j
ju gebéjima prognozuoti armatiiros deformacijas.
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Notations

Symbols

€ or & — strain in reinforcement steel;

Eexp — €Xperimentally obtained strain in reinforcement bar;
Emoaer — Model predicted strain in reinforcement bar;
& — strain ratio;

&y, — Mean strain ratio;

&, — sStrain in concrete;

@ - reinforcement bar diameter;

As — change in slip;

T — bond stress;

A, — cross-section area of concrete;

Agroove — Cross-section area of a groove;

Asmoaq — @ modified area of a reinforcement bar;

A, — cross-section area of reinforcement bar, net;

¢ — concrete cover;

E, — elastic modulus of concrete;

E, — elastic modulus of a reinforcement steel;

f. — compressive strength of concrete;

f.+ —tensile strength of concrete;

fr1 — flexural strength of concrete;
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fr —relative rib area;

fy — yield strength of reinforcement bar;
i —number of iterations;

[ or L — embedded length;

I, — clear spacing between two ribs;

[, — transfer length;

Ly — de-bonding length;

n —number of segments;

N, — force driven by concrete;

N, — force driven by reinforcement steel;
pt% - reinforcement ratio;

P — subjected tensile load;

s —slip;

S,m — Mean crack spacing.

Abbreviations

3D - three-dimensional,

COV - coefficient of variation;

RC — reinforced concrete;

DOE - design of experiments;

DOFS — distributed optical fibre sensor;
FBG — fibre Bragg grating;

MLR — multiple linear regression;

OPC - ordinary Portland cement;
Std.Dev. — standard deviation;

UTM — universal testing machine.
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Introduction

Problem Formulation

Serviceability is one of the most essential qualities of a Reinforced Concrete (RC)
structure. It can be assessed in several categories. Nonetheless, performance-
based design can be managed by deflection and cracking. Even today, the mean
strain approach (based on constant bond relationship or perfect interaction be-
tween concrete and reinforcement) is commonly used for performance-based ser-
viceability analysis, which over-simplifies the behaviour of RC structures and
may not accurately represent their internal mechanisms, resulting in models’ per-
formance disparities. To tackle these challenges effectively, this dissertation
aimed to develop a new model that defines the correlation between bond stress
and slip in RC structures through the modern and realistic stress transfer approach
based on accurate and precise data from the concrete—reinforcement inner-work-
ing, using potential strain monitoring tools. As an integral component of a broader
investigation, the current model exclusively encompasses the ascending branch of
a constitutive bond-slip model. The descending branch that involves such phe-
nomena as damage, de-bonding, internal cracking, tension softening etc., requires
a significant amount of experimental data and remains the object for future inves-
tigations. This aspect can potentially enable the prediction of serviceability anal-
ysis (cracking and deformation) for RC structures, thus offering valuable utility
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2 INTRODUCTION

in practical applications. Additionally, it was found that no efficient tool is avail-
able that can smoothly corroborate and quickly calibrate the existing/newly cre-
ated models. The present study is also focused on resolving the issue by develop-
ing a validation tool which will be well capable of predicting strain distributions
from a given bond-slip model.

Relevance of the Dissertation

The stress transfer approach is a contemporary theory based on force transfer,
which suggests the interplay of concrete and reinforcement. The correlation
among these materials, commonly referred to as bonds, exerts a significant impact
on the structural dynamics. Bond is typically characterised by the governing prin-
ciples of shear stresses (occurring within the interface region) and slip (the relative
displacement between these materials). Bond stress and slip are two intercon-
nected fundamental elements of force transmission. It is established that the stress-
transfer approach reveals the actual inner workings at the concrete—reinforcement
interface. However, the existing bond-slip models cannot accurately predict the
serviceability limit state behaviour of RC structures. Hence, it is imperative to
create a novel bond-slip model founded on the stress transfer approach that can
provide precise predictions of reinforcement strains, hence the serviceability be-
haviour of RC structures. Furthermore, it is crucial to create a new validation tool
that can help bridge the gap between the development of a model and its valida-
tion, particularly regarding the serviceability behaviour of RC structures. Also, it
creates the scope for “assessing” the existing and new models with respect to their
experimental counterparts.

The Object of the Research

The object of the present study is to investigate the correlation between bond stress
and slip at the interface of concrete and reinforcement in RC structures, specifi-
cally between two adjacent cracks under the range of service loads.

Aim of the Dissertation

Developing a new bond model of reinforcement bar and concrete for reinforced
concrete tensile members at service load.
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Tasks of the Dissertation

The subsequent steps were taken to achieve the aim:

1. To conduct a comprehensive literature review on the existing bond mod-
els and critically analyse their performance.

2. To assess the impact of different factors on the bond stress—slip relation-
ship of RC structures.

3. To design and execute double pull-out experiments for extracting strains
from the central part of the reinforcement bars encased within the con-
crete using strain monitoring devices.

4. To create a physical bond-slip model between reinforcement and con-
crete under the service load.

5. To establish an efficient tool (computational algorithm) for predicting
strain distribution from a given bond-slip model for corroboration and
validation of new or existing models.

6. To perform statistical analysis on models’ strain prediction assessment.

The Research Methodology

The methodology employed in this dissertation incorporates a new approach to
investigate the underlying mechanism at the interface between concrete and rein-
forcement by examining their bond-slip relationship. This was achieved by con-
ducting double pull-out tests equipped with strain gauge sensors, which effec-
tively captured the behaviour of the concrete-reinforcement interaction under
service load conditions. Through mathematical and parametric analyses, a new
formulation of bond-slip modelling for RC structures was proposed. A computa-
tional algorithm implemented in MatLab was utilised to determine the distribution
of reinforcement strain based on the proposed model, which was subsequently
validated against both in-sample and independent experimental results. Finally, a
statistical analysis was conducted to evaluate the reliability and validity of the
proposed model compared to existing ones.

The Scientific Novelty of the Dissertation

The scientific innovations resulting from the theoretical and experimental inves-
tigation are outlined as follows:
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1. The double pull-out test method effectively addresses the limitations en-
countered in standard pull-out tests, including issues related to average
bond stress, ideal material interaction, concrete compression etc. By in-
corporating strain gauge sensors, a set of novel data from the current ex-
perimental campaigns covering a diverse range of parameters overcome
the scarcity of experimental data in this domain.

2. Established on the stress transfer approach and double pull-out tests, a
new formulation of bond-slip modelling has been proposed to anticipate
the rising part of bond-slip relationship in RC structures.

3. The proposed validation tool can fast-track the strenuous and lengthy
mathematical and experimental corroboration and comparison process
between similar existing models. Besides, this tool opens a prospect for
investigations on stress transfer analysis, bond-slip modelling, and, even-
tually, the serviceability of RC structures.

Practical Value of the Research Findings

1. The suggested model can be utilised in analytical and numerical research
to perceive the actual behaviour of RC structures, leading to a more con-
sistent and economical structural design.

2. The reinforcement strain predictions from the application of the valida-
tion tool create the path for model assessment/comparison/validation and
can be used in novel future investigations related to stress transfer analy-
sis, bond-slip modelling, and, eventually, the serviceability of RC struc-
tures.

Defended Statements

The following statements can be defended based on the results of the current in-
vestigation and the defendant’s experience:

1. Within the service load range, the proposed bond model is capable of
accurately predicting the bond stress and slip correlation between the
cracks of an RC tensile element.

2. The proposed model indicates that concrete strength and slip/diameter
ratio have a notable influence on the bond-slip relationship of RC struc-
tures.

3. The ability of reinforcement strain predictions by various models can be
checked/validated/compared by the proposed validation tool.
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4. The proposed bond model is capable of offering a sufficient level of ac-
curacy in predicting the reinforcement strain in an RC structure within
the service load range, as compared to the existing models.

Approval of the Research Findings

During the course of the PhD studies (2019-2023), the author has published the
dissertation results in three international journals indexed in Web of Science (Dey
etal., 2021a; Dey et al., 2021b; Dey et al. 2022) and two in international scientific
conferences:

1. Dey, A., Bado, M. F., Sokolov, A., and Kaklauskas, G. (2020), “Distrib-
uted sensing, fibre Bragg gratings and strain gauges for strain monitoring
of RC tensile elements”, Proceeding of the fib Symposium 2020, Con-
crete Structures for Resilient Society, 22-24 November, Shanghai,
China.

2. Dey, A., Valiukas, D., Sokolov, A., Jakubovskis, R., and Kaklauskas, G.
(2021), “Experimental and Numerical investigation of the bond perfor-
mance of RC tension members”, fib Symposium 2021, 14-16 June, Lis-
bon, Portugal.

The Structure of the Dissertation

The dissertation contains an introduction, three chapters, a general conclusion, a
reference list of 83 cited sources, a list of the author’s publications on the disser-
tation’s research topic with five articles and a summary in Lithuanian. The disser-
tation volume is 112 pages with 41 figures and 12 tables.
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Review of Concrete—Reinforcement
Interaction and Bond Strength
Investigation Techniques

This chapter aims to provide a multifaceted background literature review on the
mechanism at the reinforcement—concrete interface under tensile load. Also, mul-
tiple existing bond-slip models have been discussed with their respective back-
grounds. Moreover, various methods and tools used to determine the mechanism
at the concrete—reinforcement interface have been reviewed. Additional focus was
given to the methods of strain monitoring from an embedded reinforcement in RC
tensile elements. Multiple modern tools recently implemented in civil engineer-
ing, including distributed optical fibres, have been discussed as well. This chapter
ends with composing the primary objective and methodology of the current study.
The research findings are published in the author’s publications (Dey et al., 2020;
Dey et al., 2021a).

1.1. Serviceability of Reinforced Concrete Structures

Structural design has two essential criteria, safety and serviceability. The former
defines a facility that must withstand the design loads throughout its design life.

7



8 1. REVIEW OF CONCRETE-REINFORCEMENT INTERACTION AND BOND...

In comparison, the serviceability part of a structure limits the deflection and crack-
ing of a structure under any circumstances. It refers to the overall performance,
working conditions and usefulness through its service life. The allowable limit of
both requirements (safety and serviceability) is known as the “limit state” (IS 4586,
2000). The objective of the limit state design is to ensure a structure is fit-for-use
for which it is intended. In other words, the “serviceability limit state” is associ-
ated with the regular and comfortable performance or service of a structure. As an
example, the serviceability limit state does not allow large deflections/defor-
mations, long or wide cracks, vibrations or damage to appear on a structure which
creates discomfort to the users and risks their lives, ultimately failing to continue
serving its original intention (fib Model Code, 2013).

Previously, serviceability was not an issue in the case of allowable or work-
ing stress methods of structural designing, as serviceability problems are not
prominent at low-stress levels. In contradiction, serviceability becomes requisite
for the limited state of design, which is fundamentally based on probability (Ser-
viceability research, 1986). The service life of a structure can be assumed, which
must comply with various codes and standards worldwide. Through their distinc-
tive life span, an optimum performance by the structure is also expected. Eventu-
ally, the structural system fails to meet expectations, accompanied by deteriora-
tion. This performance explicitly relates to the material properties, environmental
circumstances, and repair and maintenance implementations. Serviceability en-
deavours to enhance the member’s performance by reducing the degradation of
its structural integrity. Although, a structurally strong or safe facility can be un-
serviceable in nature. This is because it is unable to reach the required reliability.
RC slabs having exposed reinforcements at their soffit and posing no danger of
collapsing are a perfect example of such cases.

The designing formulation and analysis criteria for the RC structure’s ser-
viceability are complex. The main reason behind this issue is concrete and its in-
herent non-linearity in the stress—strain relationship. Concrete develops elasto-
plastic behaviour in compression. On the contrary, it develops crack formations
while in tension, leading to a radical twist in the behaviour of RC structures. Over
and above, the reinforcement (steel) also shows elastoplastic behaviour, followed
by strain hardening under cyclic loading (Gilbert, 2001). Combining concrete and
reinforcement steel (RC), a composite material inherently exhibits non-linear be-
haviour and sometimes unpredictable performances. Furthermore, the interaction
between the two materials in the RC structure fluctuates with time and with the
time-dependent factors acting on it. Most importantly, concrete shrinkage (con-
traction mainly due to the loss of moisture) and concrete creep (increase in strain
under a constant load) alone or together can lead to the malfunction of an RC
structure. If not addressed or prevented, it can result in serious serviceability is-
sues, such as the collapse of plaster or concrete chunks, large deflection in beams,
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water seepage etc. Considering the entire non-linearity of RC, in general, the prob-
abilistic calculations for the serviceability design of RC structures are indeed com-
plex and strenuous in nature (Stewart, 1996).

1.1.1. Concrete—Reinforcement Interaction

Reinforced concrete has emerged to be the most compatible and hence most de-
manding construction material since its appearance. As a composite material, RC
also deals with the most complex issue of the interaction between concrete and
reinforcement (two constitutive materials). Although, it is the dominating factor
that controls the performance related to the serviceability of RC structures. Con-
cerning the importance, the concrete—reinforcement interaction is still one of the
hot topics of investigation, currently running throughout the globe. According to
available studies, the theoretical models of the concrete—reinforcement interaction
are divided into two categories:

— Smeared Approach
e Represents the average value of cracking and deformation.
e Based on numerical methods, contains semi-empirical and analytical mod-
els.
o Simplicity and effective methodology are the advantages.
e Lack of versatility — unable to produce explicit crack patterns (crack spacing
and width).
— Discrete Approach
Extracts deformation output, and analyse the crack formation.
Based on the stress transfer mechanism.
Simple and realistic.
Lack of adequate laws governing the analysis.
The present investigation directly works on the drawback towards develop-
ing a new model (law).

Previously, a common practice was to assume a constant relationship
throughout the concrete—reinforcement interface with no relative displacement.
However, this approach became unrealistic as far as the serviceability behaviour
of RC structures is concerned (Kaklauskas et al., 2012). As an alternative to this
classical approach, the stress transfer approach has become more popular in mod-
ern research (Kaklauskas, Sokolov et al., 2019). This approach recommends the
concrete—reinforcement interaction in terms of a force transfer along the interface,
which can be introduced as the bond. In another way, bond or bond stress (defined
as 7) is constitutionally the shear stress, which evolves at the outer face of the steel
reinforcement bar. It prevents the displacement of the reinforcement bar in rela-
tion to the surrounding concrete (slip). On an important note, bond stress is crucial



10 1. REVIEW OF CONCRETE-REINFORCEMENT INTERACTION AND BOND...

when the development of structural performance is concerned. The primary rea-
son is the entire process by which forces are transmitted between the reinforce-
ment bar and the surrounding concrete by means of the existing bond at their in-
terface (Jakubovskis and Kaklauskas, 2021). Also, the event of a slip may result
in some local damage in RC, in terms of cracking, which further leads to a major
serviceability concern. It is also observed that these cracked sections in the inter-
face reduce the existing bond action remarkably (Ruiz et al., 2007).

There are three basic elements on which the concrete-reinforcement bond is
based upon:

— chemical adhesion,
— frictional resistance, and

— mechanical interlock.

First, the hydration process evolves the adhesion properties in cementitious
materials, which initiate the chemical adhesion (Lundgren, 2005). Second, fric-
tional resistance is the combined outcome of the strain (induced by shrinkage in
concrete) and the presence of roughness on the steel reinforcement surface (Mag-
nusson, 2000). Lastly, the mechanical interlock is completely fortified by the ribs
or the projection on the surface of the reinforcement (Siempu and Pancharathi,
2018). The latter does not take place in the case of plain bars due to the nonexist-
ence of the ribs. In the case of ribbed bars, adhesion and friction have a negligible
influence. The adhesion effects between the bars and surrounding concrete dimin-
ished rapidly, resulting in the tension load being transmitted through the ribs or
interlocking of the bars (Sulaiman et al., 2017). The transfer of tensile force from
a ribbed bar to the surrounding concrete induces the formation of bearing stresses,
which can be categorised into longitudinal and radial components. The longitudi-
nal component, also known as bond stress, acts along the contact surface between
the bar and the surrounding concrete.

1.1.2. Cracking and Failure of Reinforced Concrete Tension
Members

Concrete holds up the strength and rigidity of the structure, which also produces
resilience against structural deformation. It manifests the brittleness property pre-
sent in the concrete material. Also, its limited tensile strength capacity is a pivotal
aspect in cracking on its surface. Cracking occurs once the tensile stresses affect-
ing the structural member surpass the maximum tensile capacity of the concrete
material (Leonhardt, 1988). The issue is even more complex for RC structures due
to multiple additional factors. A crack in the concrete having a direct effect on
structural stability can surely be a serviceability concern. Various standards and
design codes provide serviceability limit state analyses that are complicated and
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inconsistent (Kaklauskas, Ramanauskas et al., 2019). However, many studies are
in the process of deepening the understanding of the crack mechanism’s complex-
ity in RC structures in terms of serviceability.

As previously discussed, the serviceability performance (deflection and
cracks) of an RC structure is linked with the bonding between concrete and rein-
forcement. Such integrity of the concrete-reinforcement bonding can be inter-
rupted after the formation of cracks followed by an inherent behavioural change
in RC structures. It is seen that the type of embedded reinforcement steel (plain
and deformed) has a notable influence on the formation of cracking (Bischoff,
2001; Gribniak, 2009). The appearance pattern of lateral cracks (primary) is sim-
ilar in both cases of plain and deformed reinforcements. Moreover, for plain bars,
relatively bigger primary crack spacing and wider cracks can be found than the
deformed ones. On the other hand, at higher stress levels, additional transverse
cracks (smaller in size) were noticed around the deformed bar in distinctly differ-
ent inclinations than the primary ones (Goto, 1971). These minuscule internal
cracks can be indicated as secondary cracks or “Goto cracks”, unfolding the new
dimension of the crack mechanism. In general, secondary cracks are compacted
and rooted around the projected ribs of the bar; they do not appear on the surface
of the concrete (Fig. 1.1). It is reported that this internal cracking can degrade the
bond acting between the concrete and reinforcement surface, hence threatening
the stability of the structure. It may cause severe deformation in the close vicinity
of the deformed bar, potentially causing damage to the section (Gribniak, Rimkus
et al., 2018). With disparity, plain bars do not manifest such a complex mecha-
nism of cracking, as the bonding without ribs relies on adhesion and friction only
(Tepfers, 1979).

Longitudinal section ot axially loaded specimen Cross _section

. concrete o :
. r,' + uncracked zone
" L -..; .
7 mtermﬂg N
. ¢ cracked zone - *

A

internal crack force on concrete tightening force on bar
(due 1o wedge action and
deformation of teeth of
primary crack force components on bar comb - like concrele)

Fig. 1.1. Deformation and crack formation in concrete around steel reinforcement
(Goto, 1971)
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According to the stress transfer approach, the serviceability performance
(cracking) of an RC structure can be divided into three sequences, illustrated in

Fig. 1.2

Elastic stage, no permanent deformation takes place at this stage. Linear
elastic response (with bond-slip) occurs at the element terminals.

Crack formation stage, the transferred stress to concrete exceeds its ten-
sile strength (fe;), which initiates the crack formation at the weakest sec-
tion. After that, strain compatibility acting between concrete and rein-
forcement bar is demolished. At the cracked section, concrete stress drops
to nil, and steel strain reaches a sudden peak, as the latter holds all the
stresses alone. With the distance from the cracked section, concrete ten-
sile stress grows. At a distinct gap, concrete—reinforcement strain com-
patibility is restored, referred to as transfer length ().

Stabilised cracking stage appears at the time when the load level becomes
1.3 times higher than the cracking load (fib Model Code, 2013). The
member splits into multiple segments, demarcated by the cracks. No fresh
crack can form as the segment lengths are inadequate to let the concrete
stress meet its tensile strength capacity. The mean crack spacing (Srm) is
reported to be in the range between (1.3-1.5) times I; (Borosnyoi and
Balazs, 2005).
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Fig. 1.2. Three stages of crack formation in reinforced concrete members:
(a) elastic stage, (b) crack-formation stage and (c) stabilised cracking stage

(Bado et al., 2021)

Various types of cracks can be observed in RC structures. Although, it de-
pends upon the type of failure of a particular structure. In the present study, the
experimental focus is given to pull-out tests. In such tests, the failure of RC tensile

members can be categorised into four following modes:
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— Splitting failure is one of the dominant failures in such types of testing.
This happens mainly on the surrounding concrete around the steel rein-
forcement. In this event, the stresses acting on concrete exceed the design
capacity, and splitting occurs. Due to its brittle property, the concrete
close to the ribs fails to carry further stresses, and the failure starts. Both
longitudinal and lateral cracks appear in such type of failure. Cracks can
be observed on the top loading face of the RC specimen only.

— Pull-out failure is one of the rare cases when sufficient confinement is
provided by large concrete covers. Naturally, the concrete exhibits a large
stress-carrying capacity, which controls the bond strength at the con-
crete—reinforcement interface. It eventually prevents the splitting failure.

— Tension failure is observed for an RC specimen with large reinforcement
bar diameters or large reinforcement ratios. In this case, steel offers a
large yielding capacity, whereas concrete reaches its maximum tensile
limit at an application of a certain tensile load. Around the mid-section
of the RC specimen, one can observe the presence of lateral cracks.

— Steel rupture failure happens when steel reaches its maximum tensile
load-carrying capacity. Eventually, the load interrupts the concrete—rein-
forcement bond, and the failure occurs.

Eventually, all serviceability performances of RC structures are concealed in
the concrete—reinforcement interplay. An ample amount of research was done us-
ing various investigating techniques to explore the concrete—reinforcement inter-
nal mechanism. They demonstrate that bond stress and slip relationship (herein-
after — bond-slip) is one of the finest ways to portray the concrete-reinforcement
interaction in an RC structure. The next sub-chapter will discuss a few existing
bond-slip models with their establishment background.

1.2. Bond-Slip Models

The existing concrete—reinforcement bond can be classified into two distinct catego-
ries: flexural and development bond. In more detail, the flexural bond comes into the
picture during the alterations in the bending moment throughout the member’s
length. A full-scale beam test can be appropriate to investigate the evolution pattern
of the flexural bond. On the flip side, the development bond, also known as the an-
chorage bond, is certainly active only through the development length of RC mem-
bers. As demonstrated, this type of bond ensures reliable force transmission from the
reinforcement to concrete through the development length. A direct pull-out test is
an effective method for thoroughly examining the anchorage bond (Sulaiman et al.,
2017). Various test methods and extracted bond-slip laws are discussed below.
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1.2.1. Test Methods

To investigate the concrete—reinforcement bond, the most popular technigue is to
pull the bar from the concrete through tensile forces. This methodology is rooted
in the concept of the force—displacement relationship (Windisch, 1985). Using the
same theory, several researchers have performed pull-out tests (Chapman and
Shah, 1987), push-in tests, full beam tests (Kemp, 1986) or beam-end tests (Esfa-
hani and Rangan, 1998). However, such tests yield information about the distri-
bution of average bond stress through the anchorage length as a function of slip
(Siempu and Pancharthi, 2017a). A few drawbacks of this method cannot be ig-
nored, such as the formation of compressive stresses near the support, non-uni-
form bond stress distribution, specimen deformation at high stresses and dissimi-
lar slip at both ends (free and loaded) of the specimen (fib Model Code, 2013).
These may lead to an inaccurate output of the local bond-slip relationship
(Kaklauskas, Sokolov et al., 2019). Some illustrations of different test methods
are presented in Fig. 1.3.
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Fig. 1.3. Various test setups for evaluating bond strength:
(a) tensile test, (b) cantilever beam test, (c) pull-out test and (d) modified beam test
(elaborated by the author)

Alternatively, modern researchers brought the idea of direct strain measure-
ment from the embedded reinforcement bar, from which the slip and bond stress
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can be derived. In this case, a double pull-out test is performed with an RC tensile
member, where the tensile forces are applied from both specimen ends (Dey, Vali-
ukas et al., 2022). It is found to be a more accurate and realistic approach to in-
vestigating the concrete-reinforcement interaction (Kaklauskas, Sokolov et al.,
2019; Scott and Gill, 1987). According to this theory, strain profiles at various
load levels are obtained first. Then, bond stress can be calculated from the rein-
forcement strain gradient, as they are proportional to each other. Besides, slip (rel-
ative displacement) can be determined from the integration of reinforcement strain
curves (Mattia Francesco Bado, Casas and Kaklauskas, 2021; Shima et al., 1987).
Overall, a double pull-out test can be assessed as a simple and realistic technique
to investigate the local bond-slip relationship of an RC tensile member, hence the
concrete—reinforcement interaction in its tensile zone (Mattia Francesco Bado,
Casas, Dey et al., 2021).

1.2.2. Bond-Slip Laws

At the beginning of the twentieth century, a relationship between force and defor-
mation was observed at the concrete—reinforcement contact zone (Abrams, 1925).
Since then, one of the most significant experimental campaigns was carried out
by Rehm, who performed several experiments related to the extraction of rein-
forcement bars from concrete at extreme conditions (Rehm, 1961). Established on
the experimental result, he proposed a new bond-slip law for concrete—reinforce-
ment interaction (Table 1.1). It was probably the first bond-slip law reported, fol-
lowed by multiple non-linear bond-slip laws proposed by various scientists (Mar-
tin, 1973; Mirza and Houde, 1978; Nilson, 1971). Mathematical expressions to
evaluate the bond stress (z) based on the slip (s) are presented in Table 1.1.

Table 1.1. Bond-slip models

References Bond-slip model Notes/Description

f. is the concrete strength; ¢, o,y

Rehm (1961 r=f(ps” tys .y I
( ) ¢ ( ) are the empirical coefficients

) 7 =3.606x10°s— o .
Nilson (1968) 7 inpsiand s ininches
5.356x10°s? +1.986x10™s*

7, is bond constant; c,b are the

Martin (1973 T=1y+0Cs" . o
( ) 0 empirical coefficients

Mirza and r=1.95%x10%s—2.35x10%s% +

7 inpsiand s ininches
Houde (1979) 1.3x10'2s3 ~0.33x10%5 s* P
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A few more popular bond-slip laws have been established in the last few
decades. They are discussed in detail below.

Model of Eligehausen et al., 1982

The primary objective of this study was to examine the impact of large plastic
deformation on the functioning of RC structures. In that regard, 120 specimens
(prisms) were prepared to perform a pull-out test with three different bar diameters
(19, 25 and 32 mm). Established on the test results, an analytical expression was
proposed to determine bond stress () in terms of slip (s) presented in Eq. 1.1
below.

t=1,(5s,)", (1.1)

where, 7, is the maximum bond stress, which is proportional to the root of the
compressive strength of concrete; s;is the slip corresponding to maximum bond
stress; a is a factor that depends upon reinforcement type and bond conditions.
The experimental results led to certain conclusions:

— Bond-slip relationship for different diameters of reinforcement is ex-
tremely close or identical.

— The maximum peak slip value is the main factor influencing the degra-
dation of bond strength.

— The performance of the bond is not influenced by such factors as bar di-
ameter, embedment length and concrete cover.

— Bond stress increases slightly when the distance between two bars in-

creases.

The proposed model by (Eligehausen et al., 1982) was convenient due to its
simple numerical approach, later adopted by the global design recommendation
CEB-FIP (1990), which is reflected in the modern version of Model Code 2010
(fib Model Code, 2013).

Model of Shima et al., 1987

Shima et al. performed an extensive series of experiments to establish a universal
bond-slip law, which can be applied to a large range of specimens. So, the chosen
test specimens were of highly unequal properties and divided into five groups.
Two-fold experiments were conducted, the first one was a direct pull-out test, and
another one was an axial tension test, where 40 times the nominal bar diameter
was the length of specimens. Along with the varied steel diameter, aluminium
reinforcement (lower ductility) was also used in the experimental campaign
(Shima et al., 1987).
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According to the authors, the bond stress (t) is a function of slip (s) and strain
(¢). The mathematical expression derived for the bond-slip—strain relationship for
any boundary condition is represented in Eq. 1.2. For long enough embedment,
the bond-slip relationship can be expressed as Eq. 1.3.

073 fe[in(1+59)]3, (1.2)
- 1+ex105
T=09 f2/3(1 — 405", (1.3)

where, £, is concrete strength; S = 1000 s/¢ for Eq. 1.2and S = s/¢ for Eq. 1.3;
s is the slip and @ is the bar diameter;
The authors have drawn the following conclusions:

Bond-slip are formulated in a simple form by considering the influence
of concrete strength and bar diameter.

In case the strain is nil, the bond stress can be described as a function of
slip only.

Bond-slip relationships depend on the spot located along the bar, the dis-
tance from a point where strain is nil.

The authors have extended their investigation to the post-yield range of steel
reinforcement, even under the application of cyclic loading.

Model of Kankam, 1997

The author has reported some fundamental observations in his study, such as:

The concrete segment between two consecutive cracks has a remarkable
effect on the tensile resistance of RC members.

In that segment of concrete, the strain in embedded reinforcement reduces
depending upon two factors: crack spacing as well as concrete-reinforce-
ment bond characteristics.

Also, the distribution of stress in tensile reinforcement at the cracked sec-
tion is entirely dependent upon concrete-reinforcement bond character-
istics.

The stress in tensile reinforcement reaches its peak at the cracked section
and drops to the minimum value gradually at about the midway of two
consecutive cracks.

Bond stress is dependent on the stress in reinforcement and the slip be-
tween two materials.

The primary objective of this experiment was to extract the reinforcement
strain distribution along the embedded bar. The author has carried out a double
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pull-out test on the prismatic specimen of dimension 150x150x200 mm, embed-
ded with 25 mm diameter steel reinforcement. Three different types of steel rein-
forcements, one mild steel and the other two types of ribbed bars (hot rolled and
cold worked), were used in these experimental campaigns. A sufficient number of
strain gauges were installed at the core central axis of the embedded bar to extract
the reinforcement strain precisely. Such kind of test setup was used for the first
time, which opened a new dimension in the field of strain monitoring techniques.

In the double pull-out test, the applied tensile load ranged from 0 to 60 kN
for mild steel reinforcement and up to 98 kN for ribbed ones. Maximum bond
stress was observed at about 1 MPa for mild steel RC specimens and 6 MPa for
the ribbed steel RC specimens. For plain bars, the bond stress developed because
of the roughness present on the surface of steel reinforcement. However, it starts
falling at a certain amount of slip, which is because of the radial contraction of the
bar and also due to the drop in pressure by the surrounded concrete. The empirical
expression of bond stress () and slip (s) relationship for the plain bar is shown in
Eq. 1.4, where g, is the stress in steel reinforcement.

T = (41.7 — 0.20,)s°5; (1.4)
7 = (55— 0.5x)s%5; (1.5)
7= (35— 0.3x)s%. (1.6)

For ribbed bars, it is observed that for a constant slip, bond stress increases
as the distance from the point of loading (x) increases. Hence, the author has pro-
posed the local bond stress—slip relationships separately, one for cold-worked
ribbed bars shown in Eg. 1.5 and another for hot-rolled ribbed bars presented in
Eg. 1.6 (Kankam, 1997).

Model of Marti et al., 1998

So far, in most of the models, bond stress depends on slip and sometimes on such
additional parameters as concrete strength. But in this case, the derivation of bond
stress is simplified by making it constant, independent of slip. The proposed bond
stress law can be represented by Eq. 1.7. Moreover, according to the authors, once
the reinforcement reaches its yield point, the bond stress drops down to half of its
value, as in Eq. 1.8.

T = 2fe; (1.7

T = fe, (1.8)

where, f.; is the tensile strength of concrete.
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The authors (Marti et al., 1998) have applied the proposed simplified model
to the analysis of plastic hinges to solve deformation calculations. It was demon-
strated that this simplified model can obtain approximate quantitative results in
certain cases only. However, for precise crack and deformation (serviceability)
analysis, the current model is not suitable for its oversimplified constant charac-
terisation.

Model of Model Code, 2010

The proposed bond-slip model by the current version of Model Code 2010 (will
be referred to as MC2010) (fib Model Code, 2013) is capable of effectively pre-
dicting the average or maximum bond stress acting in an RC member. Categorised
by two types of failures (pull-out and splitting), the relationship between bond
stress and slip can be expressed and calculated through Eq. 1.9 to 1.12, which are
shown in Table 1.2 and the parametric inputs are represented in Table 1.3.

Table 1.2. Bond stress—slip prediction (Model Code 2010, 2013)

T = T (2) 0<s<s (1.9)
T = Tmax $1<S<$p (1.10)
T = Timax — (Tmax = Tf) (SS:SZZ) $,< $<S3 (1.11)
T=T71 S >83 (1.12)

Table 1.3. Parameters defining bond stress—slip relationship (Model Code 2010, 2013)

Pull Out Splitting
Good Other Good bond conditions All other bond cond.
bond bond fined i fined i
condition | condition | Unconfine stirrups unconfine stirrups
0.25 0.25 0.25 0.25
Tmax 2.5 1.25 . (jﬁ) . <fc_k) . (&> . (&)
V fer Vi | 7.0 50 8.0 50 5.0 50 5.5 50
51 10mm 18mm S(Tmax) S(Tmax) S(Tmax) S(Tmax)
s2 2.0mm 3.6mm sl sl sl sl
s3 lg lr 1.2s1 0.5 Ik 1.2s1 0.5 I
o 0.4 0.4 0.4 04 0.4 0.4
tf 0.4Tmax 0.4Tmax O 0.4Tmax O 0.4Tmax

where, [ is the clear spacing between two ribs.
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The bond-slip model curve is illustrated in Fig. 1.4, which applies to a wide
range of cases with confined and unconfined concrete. This explains:

— The rising part of the curve signifies the penetration of ribs inside the
mortar identified by micro cracking and local crushing.

— For confined concrete only, the flat stage occurs, where bond stress re-
mains constant with the increase in slip. Concrete goes through crushing
and shearing off at this stage, at the proximity of the ribs.

— In the presence of a high reinforcement ratio and large concrete cover,
the integrity of bond stress remains intact at this flat stage of the curve.

— The downward branch of the curve signifies the drop in bond stress, as
the concrete between the ribs was already crushed at this stage.

— For the splitting failure of the unconfined concrete, a sharp decrease in
bond stress can be seen (Fig. 1.4).
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Fig. 1.4. Analytical bond-slip relationship under monotonic load
(Model code 2010, 2013)

Model of Hong and Park, 2012

The authors have acknowledged the crucial contribution of concrete—reinforce-
ment interaction in the bond mechanism of RC structure. According to them, the
axial tension test is more realistic than direct pull-out or double pull-out tests. In
this case, the external tensile force is increased monotonically. Several specimens
of rectangular and circular cross-sections were prepared with both vertically and
horizontally casted bars of multiple diameters as reinforcement. Various concrete
grades were provided, ranging from 30 to 50 MPa, casting lengths ranging from
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764 to 964 mm and 40 mm clear cover for all the specimens. As a result, stress
developed at the tensile zone for both concrete and reinforcement, as illustrated in
Fig. 1.5.

a)

oo f, tensile strength

Reinforcement

—
Concrete

Fig. 1.5. Stress development under axial tension (Hong and Park, 2012)

The stress increases with the increase in applied external load until the inter-
face reaches its transmission capacity. Beyond that, the integrity of the interface
is disturbed, the bar-surrounding concrete loses its grip and unavoidable slip takes
place.

The authors finally proposed a bond-slip law that works successfully under
axial boundary conditions. The mathematical expression of the proposed law is
shown in Eqg. 1.13.

c=kf [1 — exp {—4500 (%)1'45}]0'5 exp {_5 (%) ey f}?,g}; (1.13)
fr = ,,;}ER- (1.14)

This can be noticed that the proposed bond-slip law includes concrete
strength (f,), bar diameter (@), relative rib area (fz) and slip (s) as dependent pa-
rameters for determining bond stress (7). Relative rib area has a notable effect on
the bond-slip relationship of RC structure, which can be derived from Eq. 1.14,
where Ay is the projected rib (single) area of a deformed bar and [ is the clear
spacing between two ribs. In addition, the coefficient (k) in Eq. 1.13 depends upon
the bar positioning and presence of stirrups in RC members. For example, in the
case of a vertically casted bar without and with stirrup, Egs. 1.15 and 1.16 can be
followed, respectively. For horizontally casted bar without and with stirrup,
Egs. 1.17 and 1.18, respectively, provide the value of the coefficient k.

100].

k = 0.2 exp [{—0.45 + 55(3.06; — 0.24)}57]; (1.15)
k=02"exp [{—0.45 +55(3.06f; — 0.24)}%0 ; (1.16)
k=02 exp[{—045 + 55fR}%0 : (1.17)

k =0.2-0.85- exp [{—0.45 + 55£e} ). (1.18)
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The authors concluded that the position of the reinforcement bar has no re-
markable influence on bond-slip relationships (Hong and Park, 2012). Although,
the proposed bond-slip model was also validated with a bunch of experimental
data, which shows a good agreement. Furthermore, the model is competent to de-
termine accurate maximum bond stresses at the corresponding slip, which is es-
sential for crack spacing assessment.

Model of Barbosa and Filho, 2016

The authors have conducted multiple direct pull-out tests with various concrete
strengths (20-100 MPa) and different diameters of steel reinforcement bars (16
and 20 mm). The study shows that the slipping of steel bars seriously interrupts
the behaviour of the components in an RC structure. The authors also considered
the effect of the phenomenon of tension stiffening and crack formation on the
bond-slip relationship of RC structure. Finally, two empirical models of bond-
slip relationship were proposed, which can be considered reliable as they exhibit
a fair agreement with multiple experimentally obtained results. Categorised by
concrete strength, Egs. 1.19 and 1.20 represent the proposed bond-slip laws (Bar-
bosa and Filho, 2016).

T = 19.36 s%51 for £. < 50 MPa (1.19)
T = 32.58 s%48 for £, > 50 MPa (1.20)

Slip-independent bond models

In addition to the above-mentioned bond-slip laws, different bond models inde-
pendent of the “slip” parameter are available in the literature. Instead, they are
dependent on multiple other characteristics, like the concrete cover, concrete
strength, reinforcement bar type, bar diameter, bar spacing, reinforcement ratio
and embedment length (Moallemi Pour and Alam, 2016; Rao et al., 2007). The
bond models of such kind are represented in the following Table 1.4 with their
respective test specimen types.

Orangun et al. (1977) performed multiple beam splice tests and reported the
results. The main objective of the study was to design the “development length”
of an RC member through bond stress calculation. Also, investigating the influ-
ence of transverse reinforcements in initiating the specimen’s failure was the other
objective of their study. Finally, the proposed bond stress model by the authors
involves concrete strength, cover, bar diameter and development length
(Eg. 1.21). It is also stated that the splice length and the development length are
identical.
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Table 1.4. Various bond stress models

Equa- Test
References Bond stress models tion
no. methods
Orangun ={1.22+323(¢ + 53 ) (121) Beam
etal., 1977 f [ ( /‘D) ( /l)]\/z splice
Kemp, — 2322+ 2716 (¢ (1.22) | Cantile-
1986 ‘ ( /Q)) ﬁ ver beams
Chapman =[35+34(c/.)+57(9 (1.23) | Direct
and Shah, ‘ [ ( /Q)) ( /l)]\/ﬁ Pull-out
1987
Darwin =111.06 +2.12 Cmin 0.92 (1.24) Beam
etal., 1992 ‘ [{ ( /(2)}{ splice
+0.08("max/. )}
+75(%/)VE
Al-Jahdali =-0.879 + 0.324(¢ +5.79 (0] (1.25) | Direct
etal., 1994 ‘ [ ( /®) ( /l)]\/z Pull-out
Esfahani €/g+05 1.26) | Beamend
and I T=49 (%) fet for f, < 50 MPa (1.26)
Rangan,
1998 c
=86 (C/®+0'5) for f, > 50 MPa (1.27)
/p+5:5
where, f.; = 0.55f,
Harajli, 2/ (1.28) | Beam
2004 r=075/f, [(C/Q)) 3] for f, < 48 MPa splice
2 1.29
7= 0.95\/5[(6/®) /3] for f. > 48 MPa (1.29)
Eieslne%klo 7 =[1.87+035(¢/y)|VFo (1.30) Belf_:lm
etal., splice
Siempu =1021+026(€ +6.32 @ (1.31) | Direct
and Pan- ! [ ( /®) ( /l)] \/E pull-out
charthi,
2018
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Kemp (1986) carried out an extensive experimental campaign with 157 num-
bers cantilever beams. The specimens were categorised based on the presence and
positions of stirrups. It was discerned that crack patterns at the failure of the beams
vary based on the concrete cover. Eventually, the author proposed Eq. 1.22, where
the bond stress depends on the concrete cover, strength and bar diameter only.

Chapman and Shah (1987) performed their experiments on 56 numbers pull-
out specimens. Among these, 46 RC specimens were reinforced with deformed
bars and the rest with plain bars. Various bar diameters and embedment lengths
were used in this experimental campaign. According to the authors, the concentric
pull-out test is the most realistic exhibition of the internal mechanism of an RC
beam. They concluded that the embedment length and concrete strength control
the mode of failure of the member for a deformed bar. Also, concrete strength has
a notable impact on the bond strength in the case of members with long embed-
ment. Based on these observations, the authors proposed a bond stress model
(Eq. 1.23) where the dependent parameters are concrete strength, cover, bar diam-
eter and development length.

Darwin et al. (1992) developed a bond stress model that accurately captures
the influence of bar spacing, bar diameter, concrete cover and steel stress. The
authors indicated that the force in steel reinforcement increases linearly with con-
crete cover and bar spacing but the same in a nonlinear manner in the case of
development length as well as cross-section area of the reinforcement bar. Based
on these, the authors modified the previous expression by Orangun et al. (1977)
and the newly proposed Eq. (1.24).

Al-Jahdali et al. (1994) relied on a direct pull-out test for investigating the
bond strength of RC structures. They carried out pull-out tests on 36 short RC
specimens with various bar diameters (ranging from 14-20 mm), embedment
lengths and concrete strengths (ranging from 42-78 MPa). The authors found a
linear relationship between the tensile load and slip until yielding. Although, large
embedment length produces excessive slip at the post-yielding stage. The mathe-
matical equation of the proposed bond model is presented in Eq. (1.25).

Esfahani and Rangan (1998) performed the beam-end tests with 45 RC spec-
imens. They are reinforced with two various types of steel bars based on their rib
face angles and a large range of concrete compressive strength. The embedment
length of the specimens was kept fairly long for investigating the bond stress var-
iation throughout the member length. Interestingly, the crushing of concrete was
noticed at the proximity of the ribs for a major group of the specimens. It is prob-
ably because of lower concrete strength (compressive). Finally, the proposed bond
model can be used for normal-strength concrete (Eq. 1.26) and also high-strength
concrete (Eq. 1.27) by changing the coefficient.
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Harajli (Harajli, 2004) investigated the average bond strength at the rein-
forcement bar failure, which is embedded in both normal and high-strength con-
crete specimens. Established on the extensive beam-splice experiments, the au-
thors proposed two different bond models for normal (Eqg. 1.28) and high-strength
concrete (Eq. 1.29) separately. It was reported that the distribution of average
bond stress is highly non-uniform. It is much more pronounced for high-strength
concrete compared to normal one.

Desnerck et al. (2010) studied the local bond-slip relationship for self-com-
pacting concrete instead of conventional concrete. The authors preferred to per-
form beam tests to evaluate a realistic bond stress distribution. The specimens
were prepared of different bar diameters and embedment lengths. The obtained
test results exhibit higher bond strength for self-compacting concrete as compared
to the normal one. The analytical model for the bond strength is based on bar
diameter, concrete strength and cover, presented in Eq. 1.30.

Siempu and Pancharthi (2017) introduced an analytical model of the bond
strength of concrete which was prepared with recycled aggregate obtained from
demolition wastes. A handful of pull-out specimens were tested with various bar
diameters, embedment lengths and water-cement ratios. From the obtained result,
the authors proposed a mathematical model (Eq. 1.31) to obtain average bond
stress in terms of concrete strength, cover, bar diameter and embedment length.
Based on this literature review, a detailed parametric analysis of bond stress and
slip was done and will be discussed in the next section.

1.2.3. Parameters Influencing Bond-Slip Relationships

Multiple factors influence the concrete—reinforcement bond, which can be cate-
gorised as concrete properties (strength, cover), reinforcement properties (type,
diameter) and structural characteristics (bar spacing, transverse bar, and embed-
ment length) etc. (ACI Committee 408, 2003; Hadi, 2008; Moallemi Pour and
Alam, 2016; Rao et al., 2007). Such parameters and their influences on the bond—
slip relationship of RC structure are discussed in detail:

— Concrete strength is one of the predominant influencers of concrete—re-
inforcement interaction, hence the correlation of bond stress and slip in
an RC structure. It is reported that the rise in concrete strength increases
the bond stress throughout specimen length (Al-Jahdali et al., 1994). In
the higher grade of concrete, the strength of the binding paste is higher.
It results in stronger bonding between concrete and reinforcement, and
hence larger load is required to break the bond between the two materials.
When the compressive strength of concrete escalated from 26.1 to
48.5 MPa and from 48.5 MPa to 68.7 MPa, an 8-13% increase in bond
stress was observed (Siempu and Pancharathi, 2018).
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Bar diameter plays a significant role in concrete-reinforcement bond—
slip relationships. Eventually, the bond stress decreases with a rise in bar
diameter. Reinforcement bars with higher diameters offer a larger contact
area between the concrete and the reinforcement surface. It enhances the
area of non-uniform stress transfer from the surface of the reinforcement
bar to the surrounding concrete, resulting in a drop in the bond stress be-
tween the two materials. A notable fall in bond stress (18-19%) was re-
ported with the increment in bar diameter from 12 to 16 mm (Siempu and
Pancharathi, 2018). For the same reason, the slip value (which corre-
sponds to the maximum bond stress) also escalates with the increment in
bar diameter (Desnerck et al., 2010). However, the Model Code 2010 (fib
Model Code, 2013) does not include the influence of reinforcement bar
diameter in the calculation of the bond-slip relationship.

Concrete cover and its influence on bond-slip relationship between con-
crete-reinforcement is significant for normal-strength concrete only.
Concrete—reinforcement interactions are often studied in confined RC
specimens with large concrete (clear) covers. Such cases usually prevent
the splitting phenomenon in RC structures (Al-Jahdali et al., 1994). Com-
monly lower concrete covers are in general practice, which may produce
splitting cracks on the concrete surface. However, splitting cracks have
serious unfavourable impacts on the bond mechanism (Kanazawa et al.,
2017). It was noticed that the bond stress drops with an increase in con-
crete cover. The primary cause of this can be the radial crack formation
around the ribs due to the stress transfer mechanism between reinforce-
ment and concrete. A 3-9% fall in bond stress was reported for the rise
in concrete cover from 16 to 40 mm (Siempu and Pancharathi, 2018).
However, this drop in bond stress can be minimised by providing trans-
verse reinforcements in the RC structure. On the other hand, the concrete
cover has no remarkable impact on the bond-slip relationship for high-
strength concrete.

Development length is also termed embedment length in different litera-
ture. Few studies were found investigating the influence of embedment
length on the bond-slip mechanism of an RC structure. Al-Jahdali et al.
(1994) and Siempu and Pancharthi (2017) reported a decrease in bond
stress due to the increase in embedment length. Also, a similar pattern
was observed by Chapman and Shah (1987). The latter also stated that
the impact of the embedment length on the bond strength could be mini-
mised by lowering the compressive strength of concrete. The longer the
development length, the larger the slip at failure, as the energy required
to pull the bar from the RC specimen increases (Siempu and Pancharthi,
2017).
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The comprehensive review of the existing bond models indicates the disparity
among them. It is seen that the majority of the models have been derived based on
the data primarily obtained from pull-out tests, followed by full-beam tests and
beam-end tests etc. The practical limitations associated with these tests are outlined
at the beginning of Section 1.2.1. Besides the employment of unrealistic testing
methods, a significant proportion of the models present an average bond stress dist-
ribution that does not accurately depict the intricate behaviour at the interface
between concrete and reinforcement. A critical model comparison (Siempu and
Pancharthi, 2017a) has shown that the model by Chapman and Shah (1987) underes-
timates the bond stress for specimens with lower embedment lengths (2.5 to 5 times
diameter). The models proposed by Orangun et al. (1977), Harajli (2004) and Darwin
et al. (1992) are sourced from beam splice tests but under-estimates the bond stress
from pull-out specimens. The model by Al-Jahdali et al. (1994) was sourced from a
pull-out test but under-estimates bond stress in the case of specimens with lower dia-
meters. Another notable concern about the models’ contradiction pertains to the
inconsistency in defining the influencing parameters of bond stress. In this regard,
significant diversification can be observed across the existing models. For example,
the models by Marti etal. (1998), Model Code 2010 (2013), Barbosa and Filho
(2016), Shima (1987) etc., do not consider bar diameter in their respective models.
This implies that the bar diameter has zero impact on the bond stress, which contra-
dicts the models proposed by Kemp (1986), Hong and Park (2012), Desnerck (2010)
etc. Similarly, the models by Siempu and Pancharthi (2018), Darwin et al. (1992),
Al-Jahdali et al. (1994) etc., indicate the influence of embedment length on the bond
stress, whereas the models by Eligehausen et al. (1982), Kemp (1986), Harajli (2004)
etc. completely deny it. Notably, some researchers consider “slip” as a significant
factor influencing bond stress (Kankam, 1997; Mirza and Houde, 1978; Nilson,
1971). Considering that the prediction of reinforcement strain is a crucial aspect in
the serviceability analysis of RC structures, a comparative study of existing bond—
slip models has been conducted based on this criterion (Dey, Bado, and Kaklauskas,
2022). Referring to the experimental results of the reinforcement strain distribution
inan RC tie, the model by Shima et al. (1987) exhibits the prediction with an average
relative error of 6.4%, which is the closest. It is followed by the increasing relative
error, which is 10.4% found by Barbosa and Filho model, 16.4% — by Kankam
(1997) model, 19% — by Model Code 2010 (2013), 95% — by Nilson (1971) model,
and 128% — by Mirza and Houde model (1978).

Considering the significant diversification and contradiction observed among
the existing bond-slip models, it becomes apparent that there is a need for a novel
model that employs an effective methodology with a realistic approach to accu-
rately depict the true behaviour at the interface between concrete and reinforce-
ment. The next sub-chapter discusses the different strain monitoring tools and
their performances.
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1.3. Strain Monitoring Techniques from
Embedded Bar

Apart from the test methods of obtaining bond-slip relationship, another key task
is to calculate the local slip data throughout the reinforcement bar. For this pur-
pose, accurate and precise strain data extraction from reinforcement is essential.
This sub-chapter discusses the different strain monitoring tool and their perfor-
mance in terms of extracting local strains from reinforcement bars embedded into
the concrete.

As previously discussed, the double pull-out test is one of the modern and
realistic experimental methods to investigate the concrete—reinforcement interac-
tion. It provides a lucid and pragmatic view of real-life RC tensile members in
design practice. The fundamental approach of this experimental method is based
on strain recording data of the reinforcement bar embedded inside the concrete.
In such experiments, strain distribution data are analysed to obtain the bond-slip
relationship of an RC specimen. The result also exhibits the force-transfer opera-
tion at the interface, bond mechanics and also invention of novel bond-slip mod-
els (Scott and Gill, 1987). Therefore, it is essential to extract precise and accurate
bar strain data from the experimental setups. For that purpose, some potential
strain monitoring tools are discussed in the following sections.

1.3.1. Electrical Strain Gauge Sensors

Electrical strain gauge sensors emerged as a strain monitoring tool in the last few
decades of the twentieth century. Aimed at extracting the strain distribution data
from the core of the embedded reinforcement, these strain sensors needed to be
deployed inside the bar. Initially, a steel reinforcement bar is prepared by dividing
it into longitudinal half sections, followed by a groove (2 mm x 10 mm) on the
internal surface. Then, the sensors were fixed with glue inside the groove, wired
and soldered (Fig. 1.6). Now, after joining the two halves, a full bar section was
prepared for further casting and testing. This technique was initially applied on
short (200 mm) RC tensile specimens (Houde, 1974; Kankam, 1997). Afterwards,
the extensive use of electrical strain gauges in the field of strain monitoring has
been noticed in the current century. This technique was successfully used in the
investigations on bond stress and local bond-slip models (Jakubovskis and
Kaklauskas, 2019; Kaklauskas, Sokolov et al., 2019) and also in some studies on
parametric analysis (Lee et al., 2016; Wenkenbach, 2011). Moreover, the benefits
of this tool were used in the topics of bond deterioration (Jakubovskis and
Kaklauskas, 2021) and the effect of corrosion on it (Masukawa, 2012). However,
the installation part of this tool is delicate, time-consuming and laborious
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(Kaklauskas, Sokolov et al., 2019). Although these electrical sensors offer ex-
tremely accurate and precise strain data, it fails to monitor at small distant points
with low spatial resolution.

(b)

Fig. 1.6. Strain gauge sensors as a strain monitoring tool: (a) sensors fixed into the
groove of reinforcement bar, (b) graphical illustration of the sensor device and
(c) enlarged view of the sensor installation bar with required soldering and wiring
(Kaklauskas et al., 2019)

1.3.2. Fibre Bragg Grating

As a simpler but highly expensive alternative, Fibre Bragg Grating (FBG) came
up as single-wire optical fibre (Fig. 1.7). It consists of up to 286 FBGs in a single
wire, which can be pasted inside a small groove (1 mm x 1 mm) on the surface of
the reinforcement bar (Kenel et al., 2005). From the beginning of this century,
FBG optical fibre was extensively used as a multifaceted health monitoring tool
in the marine industry (Friebele, 1998), aviation industry (Di Sante, 2015) and
infrastructure industry (Capoluongo et al., 2005; Kerrouche et al., 2009). Using
its advantage of multipoint measurement, FBG was successfully used in measur-
ing early shrinkage strain in a mortar (Slowik et al., 2004), creep and shrinkage
strain (Yazdizadeh et al., 2017) in concrete and real-time strain (Lau et al., 2001;
Leng et al., 2006) from the core of composite structures. Kaklauskas et al. (2019)
effectively used this tool in the investigation of bond stress and slip in short RC
tensile members.
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Fig. 1.7. FBG optical fibre as strain monitoring tool:
(a) graphical illustration of bar cross-section and
(b) enlarged view of test specimen (Kaklauskas et al., 2019)

1.3.3. Distributed Optical Fibre Sensor

Distributed optical fibre sensor (DOFS) is the most modern and sensitive tool that
emerged recently in the field of health monitoring. A human hair-like (125 pm)
thick, glass-made fibre can be glued easily on the surface of the reinforcing bar
(Fig. 1.8).

(@) (b)

Fig. 1.8. DOFS as strain monitoring tool: (a) hair-like thick optical fibre and
(b) enlarged view of the DOFS attached bar (Bado et al., 2021)
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In fact, no groove is required to accommodate the fibre on the bar surface. A
DOFS fundamentally functions based on light propagation (back-scattered)
through the glass medium. Based on the working principle, DOFS can be catego-
rised into three sections. First, Raman scattering is inelastic in nature and used in
the detection of physical and chemical features of materials and variation temper-
ature (Cantarero, 2015). Second, Brillouin scattering is sensitive to strain and tem-
perature. This kind of DOFS has an extended functioning range of several kilo-
metres. This feature enables it to be capable of executing large-scale practical
investigations in the geotechnical field (Zeni et al., 2015) and the infrastructure
industry (Hong et al., 2017). Later, this tool was successfully used in various crack
monitoring projects of RC structural members (Deif et al., 2010) and also for
strain monitoring in steel bridge girders (Yoon et al., 2011). Lastly, Rayleigh scat-
tering is the most suitable for investigations in a laboratory environment. It is es-
pecially capable of fault detection and strain extraction with high-resolution out-
put (Bado et al., 2020). This tool was widely used in the research field for strain
extraction from embedded reinforcement bars (Bado et al., 2020; Davis et al.,
2016) as well as from the surface of RC structural members (Henault et al., 2012;
Villalba and Casas, 2013).

An experimental comparative study was performed by Dey et al. (2020)
with above mentioned three strain monitoring tools to check their performance
capabilities and to determine their pros and cons. It is reported that electrical
strain gauges provided the most accurate and consistent strain distribution data,
but it is limited in terms of multipoint monitoring. Furthermore, the installation
process, specifically the tasks of wiring and soldering, entails a high level of
delicacy and demands a significant amount of time (Kaklauskas, Sokolov et al.,
2019). Some inconsistency was found in the output data by FBG optical fibre,
though it was easier in terms of setup and installation. In addition, it is im-
portant to note that the preparation of FBG-equipped wire requires access to a
specialised factory facility with advanced capabilities. Furthermore, it is a
costly endeavour (Capoluongo et al., 2005; Friebele, 1998). Finally, the DOFS
technique was found to be the quickest and simplest process among all others.
Also, it provided almost consistent strain distribution data with extremely high
resolution. This technigue demonstrates the intelligent approach to early detec-
tion of malfunctions, specifically deformation and cracking in the RC members
(Henault et al., 2012; Hong et al., 2017). However, certain anomalies were also
noted in the strain profiles observed through DOFS arrangements, probably due
to its over-sensitive nature (Deif et al., 2010). To prevent unnecessary noise in
the output, it is highly recommended to handle the fibre with great care and
ensure the application of a protective coating (Mattia Francesco Bado, Casas
and Kaklauskas 2021).
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Despite its delicate and time-consuming nature, the strain gauge sensor has
been identified as the most consistent and accurate option among the available
alternatives. Considering the aforementioned observations from the literature, the
author has opted for the strain gauge sensor as the strain monitoring tool in the
ongoing experimental campaigns.

1.4. Conclusions of the First Chapter and
Formulation of the Dissertation Tasks

The extensive literature review provides some revelations that are essential for
understanding the concrete—reinforcement interaction by means of the servicea-
bility performance of RC structures:

1. The standard pull-out test used for assessing bond behaviour in reinforced
concrete structures is associated with several limitations. Additionally,
the bond models derived from these tests provide averaged bond stress
values rather than local bond stress values. A review of existing models
reveals their inadequacy in accurately predicting the bond behaviour of
reinforced concrete structures under diverse conditions. Conversely, the
double pull-out test, which involves recording reinforcement strains
along the bonded length, overcomes these limitations and offers a more
reliable approach for evaluating bond behaviour.

2. Several studies have identified numerous factors that can impact bond-
slip, and these factors are often inconsistent. This inconsistency can con-
fuse readers when trying to determine the true parameters that influence
bond stress.

3. Among the existing strain monitoring tools, the strain gauge sensors are
the most consistent and accurate in performance. Some inconsistency and
over-sensitivity were noticed in the case of FBG and DOFS, respectively.

4. The literature review indicated a need for a new model that employs an
effective methodology with a realistic approach to accurately depict the
true behaviour at the interface between concrete and reinforcement.

Therefore, the present study is dedicated to creating a precise bond-slip

model between concrete and reinforcement concerning the serviceability of RC
structures, along with an effective and reliable strain-derivation tool for model
validation purposes. Established from this background, the author has set the fol-
lowing objectives and the associated tasks to fulfil the current study:

— A handful number of double pull-out tests in the laboratory by varying
parameters, such as bar diameter, concrete strength, cover, etc.
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Establish a MatLab program for the mathematical calculations to derive
the bond-slip relationships from a test extracted reinforcement strain dis-
tribution rooted in the stress transfer approach.

Establish a reverse MatLab program to determine the strain distribution
from a given bond-slip law. This automated program can be used as an
effective validation tool to check the reliability and credibility of an ex-
isting bond-slip model.

Finally, to develop an analytical bond-slip model for RC structures in
relation to significantly influencing parameters. This model can be effec-
tively used for the serviceability analysis of RC structures.






Experimental Campaigns for Steel
Strain Monitoring in Reinforced
Concrete Members

This chapter manifests the author’s experimental endeavour towards the for-
mation of bond-slip relationships between concrete and reinforcement in RC
structural members. The first segment of the chapter explains the entire experi-
mental procedure starting from the installation process of electrical strain gauge
sensors (used for strain extraction from the reinforcement embedded inside con-
crete) to the double pull-out tests in the laboratory. It also includes the geometrical
properties of test specimens and material characteristics for three experimental
campaigns. The second part manifests the strain distribution result as the output
of the experimental campaigns. The final part demonstrates the derivation of the
bond-slip relationship from the experimentally extracted strain distribution pro-
file. A systematic algorithm, along with its background and applications, are pre-
sented in detail. The research findings are published in the author’s publications
Dey et al. (2021b) and Dey et al. (2021c).

35
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2.1. Experimental Campaigns

This sub-chapter presents all the experiments performed during this study in de-
tail. The experiments are mainly divided into three different campaigns, which are
executed at different times. All three experimental campaigns were conducted in
the laboratory of the Civil Engineering Faculty of Vilnius Gediminas Technical
University. This part aims to narrate the experimental campaigns through the po-
tential performance of strain gauge sensors. Geometrical details of specimens,
material properties, sensor installation mechanism and double pull-out test setup
are elaborated on in the subsequent sections.

2.1.1. Specimens’ Geometry

RC tensile members (or RC prisms) are often used in laboratory investigations
due to their ease of use and capability to represent the mechanics at the concrete—
reinforcement interface. It provides a fairly good and realistic reflection of strain
distribution in the tensile zone and internal force distribution at the concrete—re-
inforcement interface of an RC structure (Ruiz et al., 2007). Such specimens were
also used to depict the deformation, cracking and bond behaviour of RC structures
(Bado, Casas, Dey et al., 2021; Jakubovskis and Kaklauskas, 2021).

The dimensions of RC specimens (hereinafter — RC ties) were chosen based
on two essential circumstances. Usually, the formation of a new crack (primary)
can interrupt the bond-slip investigation, as it significantly alters the mechanism
at the concrete—reinforcement interface (Gribniak, Jakubovskis et al., 2018). To
prevent the risk factor of crack formation, the lengths of the specimens were kept
shorter than its mean crack spacing (Fig. 2.1). The latter can be computed by con-
sidering the bar diameter and reinforcement ratio (Kaklauskas etal., 2017;
Kaklauskas, Ramanauskas et al., 2019). In terms of output, these short-length RC
ties are capable of bypassing any major distortions in their strain profile due to
transversal cracks. Furthermore, the bond-slip behaviour of an RC structure is
influenced by many factors, such as bar diameter, rib pattern, concrete strength,
cover etc. (Dey, Valiukas et al., 2022). Also, the cover/diameter ratio directly clas-
sifies the confinement status of concrete. Model code 2010 (fib Model Code,
2013) stated the cover/diameter ratio must be greater than 5 for a well-confined
concrete. Some studies also suggested the cover/diameter ratio should be higher
than 2.5 to avoid splitting failures (Cairns and Jones, 1995; Garcia-Taengua et al.,
2014). Despite being short, the embedment lengths of the specimens were inten-
tionally varied to examine their impact on the internal behaviour of RC prisms.
Based on a diverse range of influencing parameters, the geometrical characteris-
tics of experimental RC ties were designed.
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Fig. 2.1. Standard geometry of an RC tie

The author carried out three experimental campaigns, all of which con-
tained short RC ties of different geometrical specifications. The primary objec-
tive was to obtain strain distribution from the steel reinforcement bar, utilising
electrical strain gauge sensors. Through this experimental endeavour, the au-
thor was able to:

— understand the force transfer mechanism at the concrete—reinforcement
interface at different stress levels;

— assess the stability and consistency in the performance of electrical sen-
sors and also conduct its comparative study with alternative strain moni-
toring tools such as FBG and DOFS;

— learn the distribution pattern of concrete strain, bond stress and slip;
— obtain a bond-slip relationship between reinforcement and concrete; and

— finally, to establish a bond-slip model concerning the serviceability of an
RC structure.

The three experimental campaigns consist of a total of 14 RC ties reinforced
with three different bar diameters (@). Among these, 20 mm @ bar in five speci-
mens, 16 mm @ bar in six specimens and 25 mm @ bar in three specimens were
provided. The geometrical characteristics of all the specimens are mentioned in
Table 2.1 and illustrated in Fig. 2.2.

As shown in Fig. 2.2a, campaign 1 consists of five RC ties, all of which are
reinforced with @20 reinforcement bars. In this campaign, the first two specimens,
150x150%210 D20 and 150x150%240 D20, were cast in the first batch of con-
crete, and the other three were cast in the second batch of concrete. Campaign 2
was prepared with only one batch of concrete. In this group, all four RC ties were
equipped with @16 reinforcement bars but of different dimensions (Fig. 2.2b).
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Campaign 3 was the combination of 5 RC ties, among which two were prepared
with @16 and 3 with @25 reinforcement bars (Fig. 2.2c). This campaign was also
cast in two separate batches of concrete, as mentioned in Table 2.1.

Table 2.1. Geometry of RC ties

Campaign | Batch Specimen ?n?rrn;j L (mm) @ (mm)
150x150%210_D20 150 210 20
! 150x150%240_D20 150 240 20
1 200x200x270_D20 200 270 20
I 200x200x330_D20 200 330 20
200x200x390_D20 200 390 20
120x120%210 D16 | 120 210 16
120x120x210 D16 Il 120 210 16
2 ! 150x150x270 D16 150 270 16
200x200x330_D16 | 200 330 16
200x200x330_D16 Il 200 330 16
! 100x100x150_D16 100 150 16
3 150x150x150_D25 150 150 25
I 200x200x270_D25 200 270 25
200x200x330_D25 200 330 25

Each mentioned RC tie is referred further through a code, in which the first
pair of numerical values indicate the cross-section in mm, followed by the speci-
men length in mm and the numeric value after “D” signifies the diameter of the
embedded reinforcement bar inside the concrete in mm. For example, the code
150x150%210_D20 refers to the RC tie of cross-section 150x150 (mm), length
210 mm and reinforced with a 20 mm bar. The properties of the materials used in
these campaigns are discussed in the next section.

The primary reasons for not casting control twin specimens are the involve-
ment of a high level of expertise, diligent effort, substantial time commitment, and
significant economic investment. Undoubtedly, the production of such specimens
in large numbers posed a considerable challenge for the author. Furthermore, prior
experience working with three identical short RC specimens (Jakubovskis and
Kaklauskas, 2019) has consistently demonstrated remarkably similar output, with
the results nearly coinciding.
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Fig. 2.2. Geometrical illustrations of experimental RC ties for:
(a) campaign 1, (b) campaign 2, and (c) campaign 3
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In addition, it is worth mentioning that the present investigation represents
an initial component of a larger study that encompasses numerous similar experi-
mental campaigns and numerical simulations. Given the complexities involved in
conducting such tests, expanding the parametric ranges posed a challenge for the
author. However, it is important to note that this study is still in progress, and in
the future, additional tests that cover a wide range of parameters will be con-
ducted.

2.1.2. Material Properties

The required concrete for the casting in all experimental campaigns was prepared
in the laboratory by machine mixing. The raw materials used in this concrete prep-
aration are grade 42.5R Ordinary Portland Cement (OPC), natural fine aggregate
(sand) and coarse aggregates (sourced from crushed granite) of grade 0/4 mm and
5/8 mm, respectively. Additionally, polycarboxylic ether polymer was added as a
super-plasticiser to reach the aspired workability of concrete. It is worth mention-
ing that multiple batches of concrete were produced in some experimental cam-
paigns. The common chemical composition of all concrete batches in different
campaigns is mentioned in Table 2.2.

Table 2.2. Chemical compositions of concrete

Chemical Compositions Quantity in (kg/ m®)
Ordinary Portland Cement (42.5R) 425

Fine aggregate (0/4 mm) 1165

Coarse aggregate crushed (5/8 mm) 715

Water-cement ratio (0.35-0.45 by mass) 150-190

Concrete plasticiser (1.0-1.5% of cement mass) 4.25-6.4

It is worth mentioning that at the post-de-moulding stage, the entire concrete
surface of RC ties was properly covered with wet clothes for curing. Additional
concrete members (cubes, cylinders and prisms) were also kept in curing for
28 days to extract mechanical properties. Subsequently, concrete cubes of dimen-
sions 150x150x150 mm were used to evaluate split tensile strength, concrete cyl-
inders of 150 mm in diameter x 300 mm in height were used for compressive
strength and concrete prisms of dimensions 100x100x400 mm were used for flex-
ural strength of concrete. The modulus of elasticity of concrete was calculated
following Eurocode 2 (Standard, 2004). Besides, steel reinforcements of @16, 20
and 25 mm and grade S500 were tested to obtain their yield strength and modulus



2. EXPERIMENTAL CAMPAIGNS FOR STEEL STRAIN MONITORING IN...

4

of elasticity. The properties associated with the mechanical behaviour of concrete
and steel reinforcement are shown in Table 2.3 and Table 2.4, respectively.

It can be noticed that despite similar chemical compositions, the achieved
mechanical properties of concrete vary for different batches. This is because of
the varying water—cement ratio and volume of plasticisers added to the mixture.
Diversified mechanical properties of concrete were certainly desired for the para-

metric analysis of a wide range of concrete strengths.

Table 2.3. Mechanical properties of concrete

Concrete casting fz (MPa) f: (MPa) fr1 (MPa) E. (GPa)
Campaign 1 Batch | 44.8 3.1 6.5 33.8
Batch 1l 71.3 4.5 6.6 415
Campaign 2 | Batch | 65.0 3.8 6.4 35.5
Campaign 3 Batch | 63.3 4.6 6.9 37.2
Batch 1l 67.5 4.6 7.9 35.2

where f. is compressive strength, f; is split tensile strength and fz; is the flexural strength

of concrete. E,. represents the elastic modulus of concrete.

Table 2.4. Mechanical properties of reinforcement steel

Bar properties 920 916 025
fy (MPa) 486 405 353
Ag (mm?) 315 201 491
Agroove (MM?) 40 40 40
Agmoa (MmM?) 275 161 451
E; (GPa) 201.7 1945 189.5

where f, is yield strength, A is cross-section area and Ej is the modulus of elasticity of
steel reinforcement.

As mentioned earlier, the loss of area in the steel bar was considered during
the post-processing of data. A new modified reinforcement area (A ,04) Was cal-
culated by deducting the area of a groove (4,,00v.) from the actual cross-section
area of the bar (4,). The testing method is discussed in the next section.

As previously stated, the current campaigns serve as the preliminary phase
of a broader study; the scope of this dissertation was limited to a specific range of
concrete strength. However, it is important to emphasise that the future phase of
the study will undoubtedly address the full spectrum of concrete strength param-
eters, including both normal and low strength.
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2.1.3. Strain Gauge Installation

The most delicate and laborious part of the specimen preparation phase is un-
doubtedly the installation of strain gauge sensors inside the core of the reinforce-
ment. However, the optimistic side is the uninterrupted and consistent perfor-
mance of the strain gauge sensors, as they are strain-sensitive and fixed inside the
core of the embedded reinforcement bars (Dey, Valiukas et al., 2022).

First, a steel reinforcement bar was longitudinally cut in half, followed by the
milling of a groove at its internal surface (Fig. 2.1.a). The groove dimension was
kept 2 mm deep and 10 mm wide to accommodate the devices along with their
wirings. The particular type of strain gauge sensor used in these experimental
campaigns, named LY11-6/350, is manufactured by HBM, Germany (Fig. 1.7b).
Each strain gauge sensor has physical dimensions of about 6 mm x 10 mm. These
devices contain one measuring grid and are characterised as linear type. Also, it
holds the capacity of normal resistance of 350 Q. The author has tried to place the
sensors as close as possible inside the groove to achieve the maximum number of
strain monitoring points. However, for accommodating wires associated with each
sensor, it was not possible to provide a centre-to-centre gap lesser than 20 mm
between two consecutive devices (Fig. 2.3).

(b)
Fig. 2.3. Installation of strain gauge sensors: (a) glued inside the bar groove,
(b) with wiring and soldering
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As shown in Fig. 2.3 a, the sensors were extremely carefully fixed inside the
longitudinal bar groove with the help of cyanoacrylate glue. It is worth mentioning
that the arrangement of strain gauge sensors inside the reinforcement groove was
in perfect symmetry to track and compare the output data from two sides with
respect to the centre of the longitudinal section of the bar. After fixing the sensors,
soldering of each with required wirings were executed consciously (Fig. 2.3b).
Finally, the sensor-equipped half part of the steel bar was adhered with its coun-
terpart by means of two-component epoxy glue. The modified bar was then
clamped and kept at rest for a few hours before the next process.

This is worth bearing in mind that the loss of sectional area in the reinforce-
ment bar due to the milling of the groove is considered in the computation of the
cross-sectional area and elastic modulus of the reinforcement steel. It is explained
in the materials properties section in detail.

2.1.4. Double Pull-out Test

Relying on the simplicity and pragmatic approach, a double pull-out test was cho-
sen over other alternatives for all the RC ties by using a Universal Testing Ma-
chine (UTM), as shown in Fig. 2.4.
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Fig. 2.4. Few RC ties in the laboratory: (a) before testing,
(b) during a double pull-out test, (c) a graphical illustration of a sample
specimen of 330 mm in length

The double pull-out test is designed to apply tensile force to both sides of the
RC specimen, graphically illustrated in Fig. 2.4c. In this test, the reinforcement
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bar is securely held by machine grips on both sides (Fig. 2.4b), enabling the trans-
mission of the applied force. It is important to highlight that the machine grips do
not come into direct contact with the concrete surface; their role is solely to trans-
mit the tensile force to the reinforcement bar, which subsequently transfers the
force to the concrete. For example (Fig. 2.4c), a 330 mm long RC specimen con-
sists of 19 strain gauge sensors, each spaced 20 mm apart. Notably, the terminal
sensors are positioned beyond the edges of the concrete, strategically placed to
measure the strains exclusively produced in the reinforcing bar without interfer-
ence from the concrete. The grips were also carefully positioned to minimise their
impact on the terminal sensor and the vertical joint where two halves of the rein-
forcement bar meet.

The tensile load was monotonic and employed in a displacement-controlled
manner. The testing machine was well equipped with a digitally controlled load
application and data procuring system. The loading rate was restricted to 0.4 mm
per minute till the reinforcement bar reached its yielding limit. The grip between
the reinforcement bar terminals and the machine was carefully handled to avoid
any interruption by wires, which may result in distortion in the data output. In the
end, the experimental data output was collected by the device ALMEMO 5690-2
(Fig. 2.5a), assisted by the data acquisition software AMR WinControl for the first
experimental campaign. For campaigns 2 and 3, the author has used the data re-
corder device QUANTUM* CX22B-W (Fig. 2.5b) along with HBM-CATMAN
as data acquisition software.

Fig. 2.5. Strain sensor data recording devices: (a) ALMEMO 5690-2 for campaign 1,
(b) QUANTUMX* CX22B-W for campaigns 2 and 3
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2.2. Strain Distribution Results

The author has demonstrated the double pull-out experiments executed in the la-
boratory in the previous sub-chapter. This sub-chapter aims to represent the output
result of all the experiments.

Monitoring the strain data at different locations of the embedded reinforcement
was the principal function of the strain gauge sensors. From the double pull-out tests,
the steel strain values were extracted at multiple load levels through the data acqui-
sition systems. The obtained strain data offers a graphical representation, including
spatial changes in distribution throughout the reinforcement length (Fig. 2.6). It is
worth mentioning that the design of RC ties and the placement of strain gauge sen-
sors were done in such a way that the symmetry in output to the mid-section of the
reinforcement bar could be considered. For this reason, the strain distribution at the
left and right portions of the bar was averaged and then mirrored to obtain a full
strain distribution profile. For demonstration purposes, a random RC tie
(200x200x390_D20) was chosen as a case study specimen from experimental cam-
paign 1. Its strain distribution output is illustrated, as shown in Fig. 2.6.

1500

¢ 200x200x390 D20

q )
~ 1000 - 1
= q b
2
o
» 500

-200 -150 -100 -50 0 50 100 150 200
Specimen length [mm]
10kN 30kN 50kN 70kN 90kN

Fig. 2.6. Strain distribution profile of the case study specimen
200x200x390_D20 at multiple load levels

Here, the obtained strain profiles at five different load levels (from 10 kN to
90 kN) are displayed sequentially. It is seen that, at lower load levels, such as
10 kN, the strain distribution varies from almost 0 to 150 pe whereas, at 90 kN
load, the same varies from 150 to 1440 pe. It can be anticipated that with the
increase in load level, the slopes of the strain profiles become steeper (Fig. 2.6).
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This outcome has a direct influence on the bond characteristics. An increase in the
slope of the strain profile signifies an increase in bond stress. The small circles on
the strain profiles indicate the position of strain monitoring points where the sen-
sors were placed (20 mm apart). In this particular RC tie, a total of 21 numbers of
strain gauge sensors were installed; hence 21 strain monitoring points are indi-
cated with small circles. The solid grey background of the plot signifies the con-
crete block, which is 390 mm long for the current specimen. It can be observed
that the terminal sensors (both sides) were positioned outside of the concrete
block. This was intentionally designed to detect the strains at the bare bar.

Similarly, the strain distribution profiles for the other 13 members are dis-
played in Fig. 2.7.
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Fig. 2.7. Strain distribution profiles of 13 RC ties at multiple load levels
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In most cases, the strain distribution curves are observed to flatten out to-
wards the specimen edges (conceptually considered as cracks). It happens due to
the damage in the bond at the proximity of the cracks (Kaklauskas, 2017). This
particular area of bond deterioration can be referred to as a de-bonding zone; ex-
tremely limited study has been done on this part (Jakubovskis and Kaklauskas,
2021).

An almost similar pattern of strain distribution can be seen for all RC ties of
diverse characteristics (Fig. 2.7). Only the magnitude of strain value differs based
on the load levels and specimen features. During the experiments, the tensile load
was applied approximately to the maximum yielding capacity of respective rein-
forcement bars. That is why the non-uniform variation in legends (load levels) of
Fig. 2.7 can be noticed. For example, the maximum load level for specimen
200x200%x270_D20 is 90 kN, but for 200x200x330_D16 | maximum load was
provided as 53 kN. Moving to the variation in strain magnitude, the maximum
strain attended by a #20 specimen (200x200x270_D20) is 1500 pe at load 90 kN
and by a @25 specimen (200x200x330 D25) is 1060 pg, at almost similar load
level (85 kN). In comparison, a @16 specimen (200x200x330_D16_I1) projects a
maximum of 1490 ue at only 32 kN load level. This disparity in strain magnitude
can be seen probably because of elongation in reinforcement bars. Lowering the
bar @ means a lower cross-section area and provides lower resistance to tensile
load which results in higher elongation and hence higher strains in reinforcement
bars. For all @25 specimens and a few @16 specimens (100x100x150 D16 and
200x200x330 D16 _II), noticeable decreases in strains are observed at both ends
of the strain distribution curves. This phenomenon is likely attributed to the influ-
ence of gripping or clamping forces applied in close proximity to the terminal
sensor. Specifically, in these cases, the machine clamping was positioned very
near the lateral surface of the concrete. However, it is worth noting that this ob-
servation presents an intriguing area for future research.

Due to the low spatial resolution, the experimentally extracted strain distri-
bution curves are not smooth and unfit to use directly as an input in further com-
plex mathematical calculations. Therefore, to make the curves smoother, the au-
thor has increased the spatial resolution by performing a polynomial fitting
operation of a specific degree. Fig. 2.8 displays the polynomial approximations of
strain distribution curves for the case study specimen 200x200x390_D20 at
(a) 4" degree, (b) 6™ degree and (c) 8" degree. The resulting strain distributions
exhibit dissimilarities due to differences in the degree of polynomial approxima-
tion. An inappropriate degree can notably alter the pattern of strain distribution;
hence a correct choice of degree is pivotal in terms of performance analysis (Bado,
Casas and Kaklauskas 2021).
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The higher degree polynomial approximations substantially capture the loss
of concrete-steel compatibility near the edge of the specimens, which can be no-
ticed in the extra-flatten end part of the strain profiles (Fig. 2.8c).
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Fig. 2.8. Different polynomial approximations of strain profiles for the specimen
200x200x390_D20 at multiple load levels: (a) 4™ degree (b) 6™ degree and (c) 8 degree

Sometimes, it amplifies the flattened part, which imparts an immense effect
on the bond stress and slip distributions in that area (Bado, Casas and Kaklauskas
2021). Additionally, in the case of relatively rough strain profiles (often obtained
due to largely spaced sensor arrangements or the presence of flawed sensors),
higher-degree polynomial approximations can produce a curvy and twisted out-
put, which would not be well represented. Concerning such possibilities, a lower
degree (4"/5") of polynomial approximation is advantageous, which is followed
in the upcoming calculations.

In this way, a polynomial approximation of strain distribution curves was
performed for all the specimens at various load levels. The next sub-chapter will
demonstrate the derivation of bond-slip relationships from strain profiles along
with its mathematical background.

2.3. Derivation of Bond-Slip Relationship

The primary objective of the ongoing experimental campaigns is to determine the
local bond-slip relationship between concrete and reinforcement. However, the
experimental double pull-out test only provides local strain measurements from the
core of the reinforcement bar embedded in the concrete at specific load levels. To
derive the local bond stress and slip, further calculations are required. In this regard,
the current research relies on a realistic and widely accepted stress transfer approach.
This approach is fundamentally based on the mechanism of force transfer from the
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reinforcement bar to the surrounding concrete. The following subsections present a
detailed calculation methodology and its application for deriving the bond stress and
slip, along with their respective influences at the concrete-reinforcement interface,
using the extracted strain profiles obtained from the experimental campaigns.

2.3.1. Theoretical Approach

The stress transfer approach was followed for further calculations to determine
bond stress and slip from the strain distribution data. According to this theory,
bond stress is directly governed by the strain in reinforcement. It was noticed in
Fig. 2.6 that the gradient in the strain profile is becoming steeper with the increase
in loads. It can rightly direct to the bond stress as a function of strain gradient
(Ruiz et al., 2007) shown in Eq. 2.1.

T(X) — % deg(x)

4 dx '’ 1)

Where T represents the bond stress, E is the modulus of elasticity, &g represents
the local strain in the reinforcement bar and @ is the bar diameter. Here, x specifies
the considered co-ordinate of the section. Based on Eq. 2.1, local bond stress was
determined from the reinforcement strains for further calculations.

The stress transfer theory also considers the concrete—reinforcement interface
directly influences the strains in both materials through the slip (fib Model Code,
2013). The latter can be defined as the relative displacement between concrete and
reinforcement bars. This concept puts this approach in an advantageous position
in terms of obtaining the bond-slip mechanism in RC structures. Furthermore, the
slip was obtained by calculating the area between the concrete and reinforcement
strain curves. However, this is a complex mathematical calculation for which the
author has developed a program in MatLab. It determines bond stress and slip
relationship from a given strain distribution profile. The mathematical steps of
this algorithm are explained below.

Consider the total transmitted tensile load is P, which is resisted by a con-
crete-driven force (N,) and a reinforcement-driven force (Ns). From the concept
of equilibrium of forces, the transaction can be shown in Eq. 2.2. Also, the resist-
ing forces by the materials can be expressed in terms of strains acting on it, rep-
resented as Eq. 2.3, where ¢, E and A are the local strains, elastic modulus and
cross-section area, respectively. The underscores ¢ and s denote concrete and steel
reinforcement, respectively.

P=N.+N; (2.2)
P= e E A +¢&,EAg | 1=12,..,n. (2.3)
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At the initial stage, the program demands some input data, such as the spec-
imen’s geometric characteristics and the experimentally obtained strain distribu-
tion data with its’ corresponding (monitoring) location throughout the specimen
length. Assuming symmetry at both sides with respect to the mid-section, the pro-
gram takes the average strain value and considers half of the block for further
calculations. As the strain gauge sensors were placed at a 20 mm gap (low spatial
resolution), the experimental strain distribution profile first needs to be smooth-
ened (discussed in the previous sub-chapter). In that regard, the program runs a
polynomial fitting operation, where the user can define the degree of the polyno-
mial curve. At this stage, the program divides the half block into n number of
imaginary segments, each of length Ax, to enhance the spatial resolution and to
precise the mathematical calculation. Here, i denotes a particular segment, which
can range from 1,2.3 ... to n. It must be noted that underscores i — 1 and i signify
the starting and ending sections of a particular segment i.

Now, for a study case segment (for the i-th section), bond stress (z;) can be
evaluated from Eq. 2.1. Eq. 2.3 can be written as Eq. 2.4 for generalising the trans-
mitted load (P) for the i™ section. As a next step, concrete strain in the study sec-
tion (e.;) was determined from Eq. 2.5. Here, &5; and &, ;_;denote the strain in
the reinforcement bar at the current and the previous section.

EsAsgs,i—l = Sc,iEcAc + gs,iEsAs; (2.4)
£ = EsAs€s,i—1—EsAsEs,i (2.5)
ot EcAc '

Now, the average of the strain deviations between reinforcement and con-
crete in the study section and the previous section can provide the change in the
slip between these two consecutive sections (As;). It is the trapezoidal area be-
tween the reinforcement and concrete strain curve through the length Ax, hence
can be expressed as Eq. 2.6. Next, from Eq. 2.7, the slip in the study section (s;)
can be obtained by deducting the change in slip (As;) from the previous section

slip (si-1)-

o Esitési-1  Ecitégi-1 . 2.6
As; = ( 2 2 )Ax, (28)
Si = Si—1— ASL'. (27)

Similarly, these calculations were performed at every segment until it
reached the mid-section of the specimen. At the mid-section, the obtained slip
value is supposed to be zero (s,, = 0).

Based on these concepts and equations, an algorithm was developed in the
MatLab program, which automatically calculates the local bond stress and local
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slip from the reinforcement strains effectively. The algorithm in terms of a
flowchart is shown in Fig. 2.9.

N

Next Segment
1+ i=1,2,.

Fig. 2.9. Flowchart of the algorithm aimed at determining bond stress and
slip on the ground of reinforcement strains
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It is worth mentioning that in the algorithm flowchart, the segments are con-
sidered starting from the edge till the mid-section of the specimen. The concrete
strain at the beginning of the first segment and the slip at the end of the last seg-
ment are considered to be zero. Also, note that the failure type of the RC ties was
pull-out and a “good” bond condition between concrete and reinforcement was
assumed.

The algorithm asks for the geometric characteristics of a specimen, such as
its width, depth, modulus of elasticity of reinforcement steel and concrete and bar
diameter. Also, the strain distribution data with corresponding monitoring points
must be entered. After the polynomial fitting at a suitable degree, the algorithm
moves to the first segment, where the beginning section is referred to as i = 0, and
the ending section is referred to as i = 1. In the beginning section, concrete strain
is assumed as zero (g0 = 0), and reinforcement strain (&) is taken from the
input data. It must be noted that the entire first segment has constant bond stress
(t4); hence it is calculated by Eq. 2.1 as the next step of the algorithm. Afterwards,
the strain in concrete at the ending section of the first segment (e ;) is calculated
through Eq. 2.5. For this calculation, reinforcement strain at the previous and cur-
rent sections (&5 and & 1) are needed, which are known from the experimental
output.

Then, the algorithm calculates the change in slip (As;) for the current section
and is followed by the calculation of the slip (s;) by Egs. 2.6 and 2.7, respectively.
Then, the program asks for a check if, s,, = 0? For a negative response, the pro-
gram records the current data and moves to the next segment by considering i =
i + 1. But for a positive response, the program saves all the calculated data and
stops the algorithm. The next section demonstrates the application of this tool to
calculate bond-slip relationships from experimentally extracted strain distribution
profiles.

2.3.2. Bond-Slip Relationship Results

To demonstrate the practical application of the above-mentioned tool, the author
has chosen the study case RC tie specimen 200x200x390_D20. The initial step
was to input specimen characteristics, such as b = 200 mm (specimen width), d =
200 mm (specimen depth), @ = 20 mm (bar diameter), E,. = 41.5 GPa (modulus of
elasticity of concrete), E; = 201.7 GPa (modulus of elasticity of steel). Also, the
experimentally extracted strain distribution data at multiple load levels (10 kN,
30 kN, 50 kN, 70 kN and 90 kN) were inserted. As discussed before, the program
runs a polynomial approximation on the strain distribution profiles. Conforming
to the next step of the algorithm, the bond stress (7;) was calculated for the first
segment. Further, the program calculates the concrete strain (e, ;) at that segment.
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From the reinforcement and concrete strains, the change in slip (As;) was evalu-
ated, followed by the slip (s;) at the first segment. Then, after checking (if s, =
0?), the program records the data and moves to the next segment. Similarly, the
data of bond stress, concrete strain and slip were recorded and presented through-
out the specimen length (L = 390 mm) for multiple load levels, as seen in
Fig. 2.10.
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Fig. 2.10. Experimental results for the study case specimen 200x200x390_D20:
(a) concrete strains, (b) bond stress, and (c) slip at multiple load levels

Evidently, the bond stress at the mid-section of the RC tie is zero and gradu-
ally evolves with the distance from the centre (Fig. 2.10a). Maximum bond
stresses were achieved at a section close to the specimen edge, followed by a grad-
ual drop towards the specimen edge. This is because of the presence of a de-bond-
ing zone at the proximity of the edge. It is also noticed that the de-bonding zone
length increases with the load levels. The maximum bond stresses can be observed
as 2.9 MPa, 5.2 MPa, 8.8 MPa, 11 MPa and 12.8 MPa for 10 kN, 30 kN, 50 kN,
70 kN and 90 kN load levels, respectively. This is probably due to the growing
strain gradients with the increments in loads (Fig. 2.6). In the stress transfer ap-
proach, the bond stress between concrete and reinforcement controls the load-
sharing mechanism between two materials. Hence, the variation in concrete strain
can be noticed (Fig. 2.10b). The strain distribution pattern in concrete is opposite
in nature than it was seen for reinforcement in Fig. 2.6.

At the mid-section, concrete holds the maximum strain, which gradually de-
creases along both the left and right wings and finally becomes zero at the speci-
men edges. Maximum concrete strain can be observed at 50 pe for 90 kN load
level (Fig. 2.10b). Though minuscule in comparison to reinforcement strains, con-
crete strain is essential to calculate the relative displacement between two materi-
als. Graphically, from the area between two curves (concrete and reinforcement
strains), the slip was calculated and presented in Fig. 2.10c. Like bond stress, slip
is usually zero at the mid-section of the specimen and increases towards the edge
of the specimen. The gradient of the curves also increases with the increase in
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loads. Maximum slip can be noticed as 0.12 mm for 90 kN load level at the edge
of the specimen. The obtained bond stress and slip data were plotted together, and
the bond-slip relationships at multiple load levels are presented in Fig. 2.11. Due
to the symmetrical characteristics of the RC prisms, only half portion of the spec-
imen was selected to effectively demonstrate the local bond-slip relationship.

Considering the symmetry in the specimen’s geometry with respect to its
mid-section, half of the profile was taken to demonstrate the bond-slip relation-
ship. In Fig. 2.11, the bond-slip curves display a parabolic pattern through all the
load levels. Such local bond stress—slip format exhibits a more realistic and accu-
rate manifestation of concrete—reinforcement interactive mechanics than the clas-
sical format (Dey, Valiukas et al. 2022). Each bond-slip curve is fundamentally
divided into two parts: ascending and descending. The former branch represents
the inherent features of the materials, whereas the latter part signifies the cracking
effect on the bond degradation near the cracks.
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Fig. 2.11. Derived results of bond-slip relationships for the study case specimen
200x200%390_D20 at multiple load levels

Fig. 2.11 shows that the ascending branches of bond-slip curves (at multiple
loads) follow almost similar gradients. It indicates similar bond-slip law is being
followed in the whole analysis. Although there is a marginal decline in the bond—
slip curves’ ascending branches, it is apparent that higher load levels may cause
damage to the concrete surrounding the reinforcement ribs. This damage can lead
to a decrease in bond stress and an increase in slip, thus contributing to the ob-
served degradation.
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Bond Stress [MPa]

As anticipated earlier, the peak bond stresses are increasing gradually with
the increase in load levels (2.9 MPa for 10 kN to 12.8 MPa for 90 kN) due to the
gradual increase in reinforcement strain gradient with loads. Also, the slip corre-
sponding to the peak bond stress increases with the increase in loads. For example,
the slip at maximum bond stress at 30 kN load is 0.015 mm, whereas the same for
90 kN load is 0.055 (Fig. 2.11). It indicates more relative displacements between
concrete and reinforcement at higher load levels. Similarly, the bond-slip rela-
tionships for all 13 RC tie specimens were evaluated through the mentioned algo-
rithm (Fig. 2.9) and displayed in Fig. 2.12. Each subplot in Fig. 2.12 represents
each specimen (RC ties) and its bond-slip curves at multiple load levels.

Fig. 2.12. Derived bond-slip relationships of 13 RC ties at multiple load levels
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A nearly similar pattern of bond-slip can be noticed for all the RC tie speci-
mens. On average, specimens with @25 bar have shown lower bond stresses than
others (8 MPa at 85 kN load level for specimen 200x200x330_D25) because of
their comparatively lower strain distribution profiles (Fig. 2.7). On the other hand,
@20 specimens produced more slip at similar load levels than @25 ones (the max-
imum slip of 0.11 mm at 90 kN load for the specimen 150x150x210_D20, but
0.03 mm at 85 kN for the specimen 150x150x150_D25). Higher bar diameters
have more peripheral surfaces, so the more bond is developed in the concrete—
reinforcement interface, the lower the slip between the two materials. Alike the
case study specimen, in most of the cases, a uniform gradient of the ascending
branches (of bond-slip curves) at multiple load levels was noticed, except for
specimens 200x200x330 D16 ITand 100x100x150_D16 (Fig. 2.12). For the for-
mer, significant degradation can be noticed in the slope of bond-slip ascending
branches (between 10 kN and 21 kN). Similar gradual degradation in the ascend-
ing branch slope can be observed between different load levels (12 kN, 32 kN and
47 kN) for the specimen 100x100x150_D16. In addition, unlike in other cases, a
decrease in peak bond stress (5.4 to 5.1 MPa) and an increase in corresponding
slip (0.02 to 0.036 mm) were noticed between the load levels 32 kN and 47 kN.
The reason behind this can be the damage to the concrete around the reinforcement
ribs, which results in deterioration in bond stress and enhance the slip.

Notably, the experimental results reveal that the occurrence of bond damage
progresses from the application of tensile load. It is evident from the declining
segment of bond-slip curves even at lower load levels (Fig. 2.11 and 2.12). The
region in proximity to the edge, where the bond stress is impacted, is commonly
referred to as the bond damage zone (Jakubovskis and Kaklauskas, 2021). This
zone can be identified in the bond stress diagram, as shown in Fig. 2.13.
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Fig. 2.13. Indication of bond damage zone and de-bonding length in the experimental
results for the study case specimen 200x200x390 D20: (a) bond stress and
(b) reinforcement strain profiles at multiple load levels
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The area shaded in grey, located close to the edge of the specimen, denotes
the bond damage zone in the case of the study specimen 200x200x390 D20
(Fig. 2.13a). This phenomenon is also represented in the reinforcement strain di-
agram (Fig. 2.13b). The length of the bond damage zone, commonly referred to
as the de-bonding length (L), has been observed to increase with incremental
loads.

Research findings indicate that the length of the de-bonding length shows an
almost linear increase with higher levels of reinforcement strain. Moreover, the
compressive strength of the concrete has a significant influence on the de-bonding
length, with higher concrete compressive strength resulting in a shorter de-bond-
ing length.

It is worth mentioning that the bond-slip curves displayed in Figs. 2.11 and
2.12 signify the behaviour of the RC structure at service load only. The upward-
sloping sections of the bond-slip curves obtained from the current experiments
are further used to develop a law for the bond-slip ascending branch (discussed
in the next chapter). This may lead to the development of a constitutive bond-slip
law, similar to some earlier research findings, such as Kanakubo et al. (Kanakubo
etal., 2012) or Desir et al. (Desir et al., 1999).

2.4. Conclusions of the Second Chapter

This chapter focused on providing an overview of the experimental campaigns
performed by the author during the course of this study, portraying the obtained
results and the derivation of the bond-slip relationship. The main points can be
expressed as:

1. The experimental results not only encompass normal-strength concrete
but also shed light on the bond behaviour of high-strength concrete. The
findings indicate that the strength of concrete has a relatively minor effect
on the bond behaviour of RC members.

2. The experimental results indicate the presence of a bond damage zone,
even in cases of lower load applications. The length of the bond damage
zone increases with the increase in reinforcement strain and bar diameter
and a decrease in concrete strength.

3. The results of the tests conducted in this chapter have demonstrated that
ribbed bars with smaller diameters, at a given slip, exhibit a higher level
of bond stress compared to those with larger diameters.

4. The assumed pattern bond-slip curve exhibits a more realistic and accu-
rate manifestation of concrete—reinforcement interactive mechanics than
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the classical format. The ascending branch of a bond-slip curve repre-
sents the inherent features of the materials, whereas the descending part

signifies the cracking effect on the bond degradation in the close proxim-
ity of cracks.



Novel Bond-Slip Model:
Formation and Validation

The serviceability analysis of RC structures by classical approaches considers ei-
ther a perfect bonding between concrete and reinforcement or a constant simpli-
fied bonding between two materials. As discussed before, due to the lack of skilful
tools which can accurately and precisely assess the reinforcement strain from the
core of the RC structure, the existing bond-slip models are not always accurate
and conflict with one another (Mattia Francesco Bado, Casas, and Kaklauskas,
2021; Kaklauskas, Sokolov et al., 2019). On the other hand, researchers recom-
mend the theory of stress transfer approach. It suggests the concrete—reinforce-
ment interaction holds on the force transfer mechanism, in other words, bond
stress. This can be well associated with the relative displacement between two
materials or the slip, which is responsible for the RC damage in terms of cracking
and deformation. A study of the bond-slip relationship offers a comprehensive
and realistic perspective on the behavioural identity of RC, tension stiffening and
cracking characteristics. It can be more powerful and accurate if sourced from
double pull-out tests, as it provides the local bond stress and slip data extracted
from the core of the RC structure. The test results of 14 RC tie specimens (reported
in the previous chapter) create the ground on which a new bond-slip model will
be developed. The current chapter aims at the process of establishing a novel
three-dimensional bond-slip model defining the material characteristics as far as

59
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the serviceability of RC structure is concerned. The research findings are pub-
lished in the author’s publications, Dey et al. (2022).

3.1. Bond-Slip Model: Theory and Formation

The development of a new bond-slip model must be based on a consistent data-
base and scientific approach. The current database consists of 14 RC tie specimens
of diverse characteristics. As reported in the second chapter, multiple load levels
were applied for each specimen to check the change in their structural behaviour.
This creates a pool of data to develop a new bond-slip model. The subsequent
sections represent the theory behind forming the new bond-slip model and show-
case the model itself.

3.1.1. Data Collection and Normalisation

The examination of bond stress reveals the significance of factors like concrete
strength, depth of cover, diameter of bar, and length of embedment. Different re-
searchers reported the influence of one or multiple parameters in the evolution of
bond stress in RC structures. A detailed discussion of the parametric analysis was
already presented in the first chapter of the dissertation. Keeping that analysis in
mind, this study focused on the “design of experiments” (DOE) while choosing the
characteristics of the specimens. DOE is a scientific way to design a task that can
cover the variation of information under certain circumstances that are assumed to
mirror the variation. It is indeed a powerful tool for data collection and analysis in a
wide range of experimental atmospheres. In the current scenario, the variation was
designed in terms of multiple parameters, such as embedded length (L), bar diameter
(@), reinforcement ratio (pt%), concrete strength (f.) and concrete cover (c). The
variation of these parameters was (Fig. 3.1) designed to make the new bond-slip
model effective and accurate through wide parametric ranges.

| )

Concrete

Embedded
length (mm)

Reinforcement
ratio (%)

Concrete
cover (mm)

Bar diameter

(mm) strength

(MPa)

150, 210 16 44.8,63.3 42,52, 63 0.5,0.78
240, 270 20 65, 67.5 65, 67 0.9,1.22
Ly 713 88, 90 14,2,217

330, 390 25

Fig. 3.1. Variation in parameters for the design of experiment (DOE)
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Data collection was the next crucial step in the process of modelling. In the
current study, the data of all dependent and independent parameters were gathered
systematically. These were sourced from the experimental campaigns performed
by the author and then derived through an algorithm (Fig. 2.9) based on mathe-
matical programming.

It is important to mention that as the current test results (bond-slip) depict the
behaviour of RC structures at service load only, the rising sections of the bond-
slip relationships were taken to model a new bond-slip law. Fig. 3.2a displays
only the ascending branches of bond-slip curves for the case study specimen
200x200x390_D20 after trimming the descending branch of the curves. Similarly,
the descending branches from the specimens’ bond-slip results at multiple load
levels were trimmed and plotted in one frame (Fig. 3.2b). Fig. 3.2b represents
more than 6,300 data points used in formulating a new bond-slip model for the
ascending branch.
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Fig. 3.2. Ascending branches of bond-slip relationships: (a) for the study case specimen
200x200x390_D20 at multiple load levels and (b) dataset plot for all the specimens

As seen in Fig. 3.2b, the database was widely spread through a wide range of
parameters. For further calculation, it was sensible to narrow down its range of
spread. It was possible in the following step towards the modelling, “data normal-
isation”. This is a scientific process to re-organise the dataset in a more normalised
form. The main objectives of this process are to reduce data modification errors,
trim out non-essential data and simplify the query process. It was essential for
easing and securing the establishment of a new bond-slip model. For this purpose,
normalised bond stress was determined by dividing the bond stress () by the max-
imum bond stress (t,,4,)- The latter can be obtained using Eq. 3.1, adopted from
Model Code 2010 (fib Model Code, 2013).
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Tmax = 25T (31)

where, f, signifies the compressive strength of concrete. Differently, the inde-
pendent parameter slip (s) was normalised by dividing it by bar diameter (@). The
entire normalised dataset is presented in Fig. 3.3 below.
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Fig. 3.3. Normalised dataset for modelling

Fig. 3.3 shows that the magnitude of both axes is minimised compared to
Fig. 3.2 due to the data normalisation operation. This way, the influence of con-
crete strength (f,) and bar diameter (@) was removed from the present dataset.
Also, both axes (x and y) of Fig. 3.3 became dimensionless.

3.1.2. Multiple Linear Regression

Now, to deal with the parameters, a regression was the mathematical approach. In
simple words, regression analysis is the linear approximation that fits with the
data most closely to a specific mathematical basis. However, the current case in-
volves multiple variables which could not be solved with linear regression analy-
sis. So, the author relied on the fundamental approach of ‘multiple linear regres-
sion” (MLR), which deals with one dependent parameter and multiple
independent parameters. In the current study, the bond stress () is considered the
only dependent parameter and the others, such as embedded length (L), bar diam-
eter (@), reinforcement ratio (pt%), concrete strength (f,), concrete cover (c¢) and
slip (s), are the independent parameters. In addition, based on the literature review
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and practical experience, the author decided to include some more independent
parameters, such as local reinforcement strain (&), slip/diameter (s/@), cover/di-
ameter (c/®) and diameter/embedded length (@/L), which might influence the
bond-slip relationship of an RC structure (Table 3.1). MLR is an effective statis-
tical process often used for prediction and forecasting purposes. Mainly, it is dom-
inant in estimating the relationship between dependent and independent parame-
ters. So, when the MLR is applied to a reliable, consistent fixed dataset of
dependent and independent variables, a powerful predicting relationship can be
expected.

Table 3.1. Variables used for modelling purposes

Dependent Variable TOr T/Tmax
Independent Variables L9, f, sc?
) ) ) Cl SI 8 ) - ) - ) e
c S @ @ L

A comprehensive regression analysis was undertaken to assess the impact of
various independent parameters on a dependent variable. Specifically, the analysis
involved exploring the influence of these independent variables in a three-dimen-
sional analysis framework by considering all possible combinations of the varia-
bles (mentioned in Table 3.1). Only a few of the various trials of three-dimen-
sional correlations between the variables are presented in Fig. 3.4. Based on the
outcome of the analysis, particular attention was directed towards examining the
two most influential parameters concerning the bond stress (z): concrete strength
(f;) and slip/diameter (s/®). These parameters were identified as the primary fac-
tors that significantly affect the bond stress between the relevant entities under
investigation. The regression analysis provided valuable insights into the influ-
ence of the independent variables on the dependent variable, shedding light on the
significance of concrete strength and slip/diameter in relation to bond stress. The
findings of this analysis contribute to a better understanding of the factors affect-
ing bond stress and can establish a quantitative relationship between them.

The current course of action was to model the entire dataset. It was done by
a powerful surface fitting tool, which can discern an ideal mathematical expres-
sion to explain three-dimensional (3D) empirical data. Finally, from the p-value
of the regression analysis, the most influential parameters were chosen (last sub-
plot of Fig. 3.4). The p-value is a statistical measure that helps determine the
strength of evidence against the null hypothesis in a hypothesis test. It quantifies
the probability of obtaining results as extreme as the observed data, assuming the
null hypothesis is true.
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T/Tmax

T(MPa)

T(MPa)

Fig. 3.4. 3D surface fitting with the experimental dataset for modelling

The succeeding step is to develop a mathematical expression using the most
influential independent variables on the dependent variable.
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3.1.3. Model Selection

The y-axis of the chosen correlation (last subplot of Fig. 3.4) indicates the depend-
ent parameter bond stress (t), whereas the x-axis and z-axis represent concrete
strength (f,) and slip/diameter (s/®), respectively. The surface signifies the best-
fitting correlation among these three parameters based on the given dataset. This
best-fitting 3-D correlation surface (Fig. 3.4) could be mathematically expressed
in various ways.

The succeeding step was “model selection”, which refers to the task of se-
lecting a model among a set of multiple model candidates. This selection could be
based on performance and also the basis of simplicity in the expression. Among
the models, the best performing (in terms of R?) one with a reasonably simple
expression was chosen and presented in Eq. 3.2. R? is a statistical measurement
which explains how well a predicted line/surface fits the dataset.

1.5 s\%
T =1.25-0.0035(f +250(=) ;
()" +250(2) -

a = 0.6 for f, < 50MPa; a = 0.5 for f. = 50MPa .

The simple mathematical expression in Eg. 3.2 can effectively determine
bond stress in terms of concrete strength, slip and bar diameter. During the anal-
ysis, the bond-slip pattern was dissimilar between normal-strength and high-
strength concrete. To reflect this characteristic in the bond-slip model, one coef-
ficient (a) was introduced. Hereby, as a novel bond-slip model for RC structures
under service loads, the author proposed Eqg. 3.2, where a = 0.6 for normal con-
crete strength (lower than 50 MPa), and « = 0.5 for high-strength concrete (equal
to or greater than 50 MPa). This model can predict the structure’s bond-slip be-
haviour based on its inherent material properties, which will further help in ser-
viceability predictions. The upcoming sub-chapter aims to substantiate the credi-
bility of the proposed bond-slip model in terms of validation.

3.2. Model Validation

Model validation is a scientific process to evaluate the performance of a proposed
model. It determines the capability and accuracy of the model in manifesting the
system’s behaviour. So, model validation is utterly essential to establish a novel
model and for its acceptance throughout the field of science.

Fundamentally, two techniques can be used for model validation. The first
can be named “in-sample validation”, where the testing data is taken from the
same dataset used to establish the model. The second technique is “out-of-sample
validation”, which usually picks independent experimental data (collected from
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the literature) to check the correctness of the proposed model. The author has per-
formed both kinds of validation to establish the proposed model, described in the
following sub-sections.

3.2.1. In-sample Validation

As discussed, the proposed model represents the ascending branch of bond-slip
relationships between reinforcement and concrete in RC structures. For validation
purposes, the experimental bond-slip data for all 14 RC ties were taken and com-
pared with the proposed model. Fig. 3.6 represents the rising segment of bond-
slip relationships at multiple load levels for the case study member, RC tie
200x200%390 D20, further compared with the proposed model (Eg. 3.2).
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Fig. 3.5. Comparison between experimental and proposed model
predicted bond-slip relationships for case study specimen
RC tie 200%200x390_D20 at multiple load levels

The solid curves of different colours in Fig. 3.5 represent different load lev-
els, as indicated in the legend. Also, the ascending segments of bond-slip curves
at multiple load levels are usually consistent and extremely close to each other.
On the other hand, the black dotted curve presents the bond-slip relationship pre-
dicted by the proposed model. Fig. 3.5 portrays fair agreement between the exper-
imental outputs and the proposed model predictions on the subject of bond-slip
relationships. Similarly, the validation was performed by comparing the experi-
mental bond-slip data of 13 RC ties with the proposed model’s predictions.
Fig. 3.6 displays the model validation output, where each subplot represents a sin-
gle RC tie tested in the current study.
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Fig. 3.6. Comparison between experimental and proposed model predicted
bond-slip relationships for 13 RC ties at multiple load levels

Fig. 3.6 provides the overall idea about the compatibility of the proposed

model among the dataset used to establish the same. Likewise, in

the case study

specimen (Fig. 3.5), the model-predicted bond-slip data agreed reasonably well
with almost all RC ties. Slight exceptions can be noticed in the case of
specimens 200x200x270 D20, 120x120x210 D16, 100x100x150 D16 and
150%x150%270 _D25. For the latter specimen, the proposed model exhibited satis-

factory agreement with the bond-slip curve at a 40 kN load level.

However, as the load increased, the agreement between the model and the
bond-slip curves deteriorated. This trend was observed consistently across the
specimens mentioned above. The observed deterioration in agreement between
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the proposed model and the bond-slip curve at higher load levels could be at-
tributed to the degradation of bond-slip relationships. As the load increases, var-
ious factors, such as damage, de-bonding, internal cracking, and tension softening,
may come into play, resulting in changes in the bond-slip behaviour. This could
potentially affect the accuracy of the model’s predictions. Previous analyses have
indicated that the formation of internal secondary cracks in concrete can lead to
internal damage and bond deterioration near these cracks. Additionally, the radial
pressure exerted by the reinforcing bar on the surrounding concrete can induce
splitting cracks, further contributing to the deterioration mechanism. Although the
damage near cracks is typically localised, it can significantly impact deformations,
crack spacing, and the crack width of RC elements (Kaklauskas, 2017). The size
of the damage zone is often related to the diameter of the bar and can vary from
2.5t0 5@. Factors such as load level and concrete grade also influence bond stress
distribution near cracks. However, incorporating these parameters into analytical
models poses significant challenges.

In other words, determining a specific RC specimen’s local bond-slip rela-
tionship is highly sensitive. Even slight changes in certain parameters or any distur-
bances due to the abovementioned factors can significantly impact the experimental
bond-slip behaviour. In that case, the author suspects that one or multiple reasons
could be responsible for the slight discrepancies observed between the model pre-
dictions and some specimens’ experimental bond-slip results.

After the in-sample validation, checking the model performance through
some independent experimental data was important. The next section is devoted
to that purpose.

3.2.2. Out-of-sample Validation

This validation part compares the model’s predicted bond-slip relationship with
independent experimental data. For this purpose, the author has collected eight
real-life experimental RC ties from different pieces of literature. Despite the lim-
ited availability of experimental bond-slip data (extracted from short RC ties), RC
ties of diverse characteristics were chosen. Apart from the specimens’ character-
istics, the RC ties were diversified in terms of strain monitoring techniques. As a
common factor, they all underwent a double pull-out test. Their physical dimen-
sions and strain monitoring techniques are mentioned in Table 3.2.

The first RC tie 150x150x405_D25 from Houde (Houde, 1974) was simi-
larly instrumented with strain gauge sensors as the current study. The milled
groove was 9.5x3 mm, where the strain gauges were installed at uneven spacing
(38-50 mm). The second specimen, 150x150x260_D20, was taken from Kaklaus-
kas et al. (Kaklauskas, Sokolov et al., 2019), equipped with an FBG optical fibre
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(0.9 mm @), fixed inside a shallow groove of dimension 2x1.5 mm, milled on the
surface of the reinforcement bar.

Table 3.2. Geometry of independent RC ties taken from the literature for validation

Strain monitoring

Reference Specimen technique

Houde 150x150x405_D25 Strain gauge sensors
Kaklauskas et al. 150x150%x260_D20 FBG optical fibre
Gudonis et al. 100x100x150_D16 Strain gauge sensors
Kankam 150%150x210_D25 Strain gauge sensors
Bado et al. 150x150x210_D20 DOFS

Jakubovskis and
Kaklauskas

150x150x270_D20 |

Strain gauge sensors

150x150x270_D20_II

Strain gauge sensors

150x150x270_D20_Il1

Strain gauge sensors

Next two RC specimens, 100x100x150 D16 and 150x150x210_D25, were
picked from Gudonis et al. (Gudonis et al., 2017) and Kankam (Kankam, 1997),
respectively. In the former, the strain gauges were evenly spaced by 45 mm,
whereas in the latter specimen, they were unevenly spaced by 12.5-37.5 mm. The
specimen 150x150x210_D20 from Bado et al. (Bado et al., 2020) was equipped
with the modern-age monitoring tool DOFS, which was fixed on a 1.5x1 mm
groove on the reinforcement bar surface employing a cyanoacrylate glue and pro-
tected with a water-proof silicone layer. Lastly, the three identical specimens of
dimensions 150x150x270 and 20 mm bar were taken from Jakubovskis and
Kaklauskas (Jakubovskis and Kaklauskas, 2019), instrumented with strain gauges
spaced 20 mm apart.

Fig. 3.7 compares independent experimental bond-slip data with the model-
predicted ones for eight real-life RC ties mentioned above. As the experimental
data were taken from respective literature, the available load levels were limited.
That is why the legends of Fig. 3.7 at different rows are unlike and diversely
ranged.

It is worth mentioning that due to the large diversification in specimens’ di-
mensions and bar diameter, the x and y axes range couldn’t be maintained uni-
formly. For example, the maximum achieved bond stress and slip are 19 MPa and
0.14 mm, respectively, at a 90 kN load level (Fig. 3.7c). On the other hand, under
100 kN load, bond stress is 6.7 MPa, and slip is 0.042 mm (Fig. 3.7¢). This is
mainly because of diverse specimen dimensions and bar diameter.
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Fig. 3.7. Comparison between independent experimental and proposed model predicted
bond-slip relationships for eight RC ties at multiple load levels
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A smaller @ bar has a lesser surface area in contact with concrete, lesser pro-
duction of bond stress and higher slip between two materials. Another fact, a
larger cover and longer embedded length can be the reasons for lesser bond stress
between concrete and reinforcement. For most specimens (Fig. 3.7 a, c, e, f and
h), the model predicted bond-slip relationships (indicated by black dotted lines)
made an excellent agreement with nearly all the load levels. Except for a few cases
(Fig. 3.7 b, d and g), the inconsistency between model predictions and experi-
mental results is small at lower load levels but increases with the load increments.
Nevertheless, reasonably close predictions (in most cases) of bond-slip relation-
ships by the proposed model enhance the reliability and acceptability.

As discussed earlier, the present study is focused on developing a novel
bond-slip model, which is suitable for predicting the serviceability performance
of RC structures. Concerning the fact, the correct prediction of strain distribution
throughout the specimen length is the uttermost credibility of a bond—slip model.
The following sub-chapter performs the validation of the proposed model through
strain distribution on the previously mentioned eight real-life independent speci-
mens and also compares it with some existing popular bond-slip models.

3.3. Reinforcement Strains from Bond-Slip Models:
Application and Validation

A correct prediction of reinforcement strain distribution opens the door to multi-
faceted serviceability predictions of an RC structure. In other words, it creates the
base for accurate predictions of deflections, crack spacing, crack widths, tension
stiffening, creep, shrinkage, etc., which are essential for structural assessment by
means of structural integrity, strength, security, soundness and utility. For this
purpose, an efficient tool was necessary to predict strain distribution from a given
bond-slip law. So far, no such tool has been available in the literature.

On the flip side, few bond-slip models are available in the literature, es-
tablished on direct pull-out tests or beam tests (discussed in the First Chapter).
But it is seen that the bond-slip models are not usually error-free and are con-
flicting among themselves. The primary reason for various incorrect and con-
tradictory bond-slip models is the unavailability of an efficient tool that can
smoothly corroborate and quickly calibrate the newly created models (Dey,
Bado et al., 2022).

Concerning the fact, the author has developed and proposed a validation tool
that can fast-track the strenuous and lengthy mathematical and experimental cor-
roboration and comparison process with similar existing models. Besides, this tool
opens a prospect for investigations on stress transfer analysis, bond-slip model-
ling and, eventually, the serviceability of RC structures. The upcoming section
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elaborates on the theoretical background of the proposed validation tool and its
application.

3.3.1. Validation Tool: Theoretical Background

The proposed validation tool can calculate the reinforcement strain profile from a
case study bond-slip model at a load level. The geometrical and mechanical fea-
tures of the RC specimen must be provided as the program input. The output re-
inforcement strain distribution is useful from multiple aspects, such as (1) the
credibility of a bond-slip model can be checked by comparing the strain output
with experimental strain distribution, (2) the reliability of a monitoring tool can
be checked from the consistency in the strain output, and (3), most importantly,
the serviceability prediction of an RC structure. The fundamentals and the math-
ematical background of the validation algorithm are discussed below.

The validation algorithm was programmed based on the stress transfer ap-
proach, as it offers a highly accurate manifestation of the behaviour of composite
materials. Some assumptions are taken to develop the program, such as:

— Concrete strain is nil at the cracked section, eventually at the end of the
specimen. The applied load is completely taken by the reinforcement.

— The RC specimen produces symmetric behaviour with respect to its mid-
section.

—  Slip becomes zero at the mid-section of the specimen.

The algorithm program analyses only half of the RC specimen block, consid-
ering its symmetric geometry. Here, the half block was divided into n number of
small segments of length Ax. The user can alter segment quantities, which com-
mands the fineness and complexity of the program. According to Fig. 3.8, begin-
ning from the block’s right edge section (segment 1), the program runs till the
mid-section (segment n), which can be referred to as the last segment of this cal-
culation. A sequence of iterative calculations was carried out in each segment to
define the precise and correct output.

Fundamentally, the program starts with the concept of equilibrium of forces
(Eq. 2.2 and 2.3). Based on these, the reinforcement strain for the i segment can
be evaluated by Eq. 3.3 or in a more simplified way by Eqg. 3.4.

giEsAg+ 1, m @ Ax = &g;_1 Eg Ag; (3.3)

e — Esi-1 Es As—Tim 0 Ax (3_4)
St Eg Ag '
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Fig. 3.8. Segmental divisions in half of the specimen and free body diagram of
a segment: (a) full specimen, (b) symmetrical half of the specimen,
(c) the first segment under consideration, and (d) the i segment

In Eq. 3.4, the acting bond stress (z;) in the section was directly calculated
from the study case bond-slip model, where the initial slip s, was assumed and
input by the user, followed by Eq. 2.5 for calculating the concrete strain (e, ;), and
Eqgs. 2.6 and 2.7 for evaluating slip (s;) in that section. It must be noted that all the
above-mentioned equations are effective at both ends of each small segment, but
the bond stress (z;) remains the same throughout one segment.

Accounting for the fact, for the calculation of bar strain (&, ;) at the beginning
of the segment, the considered bond stress value will be an average of the current
(t;) and previous segment’s (7;_;) bond stresses. Therefore, except for the first
segment, for all other segments (when i > 1) bar strain will be calculated by
Eg. 3.5.

_ Ti+Ti—1 TP Ax 3.5
Esi = Esi-1 (T oAy ) (35)
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Fig. 3.9. Flowchart of the validation algorithm for determining reinforcement strains by
an iterative process on the ground of a set bond-slip model
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The rest of the calculations of &, ;, As; and s; will be the same as in the first
segment. The sequential logical steps of the entire program are represented in a
flowchart in Fig. 3.9.

The algorithm (Fig. 3.9) asks the user to input some required data, such as
(1) the geometrical characteristics of the RC specimen under investigation, (2) rein-
forcement strain ( &) at the loaded end of the RC specimen, and (3) the length of
each small segment (Ax). The latter opted by a user, will define the “spatial resolu-
tion” of the numerical analysis. As shown in the flowchart (Fig. 3.9), the program
first calculates the acting tensile force (P) by Eq. 2.3. The next step checks whether
the current segment is the first or not (if i = 1). For the first segment only, the pro-
gram asks for the assumed slip value (s,) for further calculations. For all other seg-
ments, it automatically takes the slip value from the previous segment (s;_,). In both
cases, the program next calculates the bond stress (t;) value from the given bond-
slip law, followed by determining reinforcement strain through Eq. 3.4 for the first
segment only and Eq. 3.5 for the rest of the segments. Then, the program calculates
concrete strain, change in slip and slip at that section through Egs 2.5, 2.6 and 2.7,
respectively. Finally, the result of the slip (s; ;) is compared with the slip taken at the
beginning of the analysis of that segment (s; ;_,). Here, i denotes the number of
segments, whereas j indicates the number of iterations. If not a match, the program
runs another iteration until the slip at the beginning and the end of one iteration
matches (s; j = s; j—1). Hereafter, the program moves to the next segment and fol-
lows the same algorithm loop. The indication of the last step comes from the final
checking, s; ; = 0. At this condition, the program stops the loop and provides the
result; otherwise, it runs another loop for the next segment.

The output of this algorithm provides a series of reinforcement strain values
depending upon the spatial resolution chosen by the user. It must be noted that the
output from the validation tool is the reinforcement strain distribution for half of
the specimen only. The full strain profile of an RC specimen can be obtained con-
sequently on the ground of its symmetric geometry by duplicating on the other
half. Further, the application of this validation tool will be demonstrated in the
upcoming section.

3.3.2. Validation Tool: Application

This section demonstrates the application of the above-discussed validation tool.
This tool fulfils two-fold objectives: (1) it portrays the capability of this tool in
determining reinforcement strains from a given bond-slip model, and (2) the pro-
posed bond-slip model (Eq. 3.2) is validated by comparing it with other existing
models in terms of reinforcement strain distributions. A total of seven bond-slip
models were compared and validated by calculating the strain distribution data for
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specific case study loads using the algorithm. Among them, six models are exist-
ing, taken from the literature, and the last was the new model, expressed by
Eq. 3.2. The chosen six existing models are the only available ones, including the
slip in their models for determining bond stress between the concrete and rein-
forcement, shown in Table 3.3 with a brief background. This demonstration will
showcase the accuracy and effectiveness of all bond-slip models (including the
proposed one) in predicting the reinforcement strain distributions.

Table 3.3. Existing bond-slip models assessed using the validation tool

(Kankam, 1997)

ribbed bar; 7 =(55-0.5x)s*®
cold-worked ribbed bar

References Bond-slip model Notes/Description
Model Code o/ Y Determined with pull-out
. T=Ty = Tpy being tests, s, =1 and ¢ =04 f
2010 (fib Model b (Alj ci)sni;nzld cone::r;eteaandogét)o;)r
Code, 2013 -
) Fmax 2.5\/f concrete—rebar bond

= (35—0.3x)s°'5 hot-rolled Determined with double pull-

Kankam out test x = distance between

the measuring point and the
middle of the concrete prism

Barbosa and
Filho (Barbosa
and Filho, 2016)

7=19.365*" for f, <50MPa
7 =32.58s5" for f, >50MPa

Determined with pull-out
tests

Houde, 1978)

1.39x10%s* —0.33x10"s*

Shir_na etal. r=009f % (1—9'4050'6 ) Determined with pull-out
(Shimaetal., c T

1087) test, S = slip/diameter

Mirza and Houde | , _1 95x10°s—2.35x10°s2 + Determined Yvith fjouble pull—
(Mirza and outtests (z inpsiand s in

inches)

Nilson (Nilson,
1971)

7 =3.606x10°s —5.356x10°s” +
1.986x10%s*

Determined with double pull-
out tests (z inpsiand s in
inches)

For the application of the validation tool with set bond-slip models, real-life,
independent experimental specimens were needed. As this is the extended validation
part of the proposed model, previously selected eight RC ties of diverse characteris-
tics were used. Their geometry and reinforcement strain monitoring techniques were
discussed in sub-chapter 3.2.2 and Table 3.2. For further details on their mechanical
characteristics, the readers can refer to the cited articles. The author has decided to
portray the reinforcement strain distribution based on multiple stress levels in steel
reinforcement. Three different stress levels were chosen from the range of 30-70%
of the steel yield strength. As the experimental data were collected from various li-
terature, the chosen stress levels were not uniform for all eight RC ties. As an
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example, for the first RC tie, 150x150x405 D25 from Houde (1974), three chosen
stress levels were 150 MPa, 180 MPa and 220 MPa, as provided by the source lite-
rature for the mentioned range (30-70% of steel yield strength). The following will
demonstrate the data input procedure for the first RC tie (150x150x405 D25 from
Houde) required for strain derivation.

Following the algorithm (Fig. 3.9), some input data needs to be inserted to
begin the program. The input data example for the first sample specimen
(150x150x405, _D25) were b = 150 mm (specimen width), d = 150 mm (speci-
men depth), L = 405 mm (specimen length), @ = 25 mm (bar diameter), E, =
31 000 MPa (modulus of elasticity of concrete), E; = 204 GPa (modulus of elas-
ticity of steel), 5 o = 650 pe (reinforcement strain at the loaded end) for 140 MPa
stress level, n = 60 (the number of equal segments of the prism for running the
mathematical calculation) and s, = 0.05 mm (assumed slip at the endpoint of the
prism). It is worth mentioning that the values &5, and s, were the same as exper-
imentally obtained for a particular stress level. With the above data input, the al-
gorithm was run through MatLab programming and the strain distribution profile
at that specific stress level was obtained as an output. In this case, the mathemat-
ical iterations were performed for every 60 segments, and each segment’s one
strain value was evaluated and recorded accordingly. This procedure was executed
for seven bond-slip models (six existing as in Table 3.2 and one proposed in the
current study) to produce their strain predictions. Similar operations were done
for 180 MPa and 220 MPa stress levels separately. The strain distribution outputs
are presented in Fig. 3.10 at multiple stress levels.

In strain comparison diagrams (Fig. 3.10), the x-axis represents the specimen
length, and the y-axis signifies reinforcement strains (pg). It must be noted that
the y-axis range couldn’t be kept the same because of large strain differences. For
example, at a 150 MPa stress level, the maximum strain achieved by reinforce-
ment is 650 pe (Fig. 3.10a), whereas, for 220 MPa, the maximum attained strain
is 1010 pe (Fig. 3.10c).
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Fig. 3.10. Experimental and predicted strain distributions on the specimen
150x150x405_D25 by Houde at stress levels (a) 140 MPa, (b) 180 MPa,
and (c) 220 MPa
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Although the strain predictions by all the models are quite consistent at
all stress levels, most of the models overestimate the strains except the pro-
posed model and Kankam’s model (at the central zone only). Mirza and
Houde’s model shows the maximum overestimation though the magnitude be-
comes smaller for higher stress levels. The least overestimation was observed
by Shima’s model, followed by Barbosa and Filho’s model, the MC 2010
model and Nilson’s model (Fig. 3.10). The proposed model made an excellent
agreement with the experimental model at a stress level of 150 MPa, though
the underestimation increased at higher stress levels, mainly near the mid-cen-
tre of the specimen. The strain prediction curves of Kankam’s model are
steeper than others, and it underestimates the strains near the central zone of
the specimen. Similar model predictions compared with the independent ex-
perimental data of Kaklauskas et al. (Kaklauskas, Sokolov et al., 2019) are
presented in Fig. 3.11.
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Fig. 3.11. Experimental and predicted strain distributions on the specimen
150x150x260_D20 by Kaklauskas et al. at stress levels (a) 180 MPa, (b) 260 MPa,
and (c) 330 MPa

Fig. 3.11 displays a moderate match by the proposed model prediction
with the experimental counterpart at 180 MPa and 260 MPa stress levels; it
worsens at 330 MPa stress level. At the first two stress levels, Mirza and
Houde’s model and Nilson’s model overestimate and the rest underestimate the
strain predictions (Fig. 3.11a and b). However, only Mirza and Houde’s model
overestimates the strain for the highest stress level (330 MPa). Interestingly,
Nilson’s model had an excellent agreement with the experimental strain curve
(Fig. 3.11c). The remaining models consistently underestimated the strain dis-
tributions, where Kankam’s model and Shima’s model show large discrepan-
cies but the MC 2010 model and Barbosa and Filho’s model display compara-
tively lower discrepancies at all stress levels. Next, the model-wise strain
comparison for Gudonis et al. ( 2017) specimen is portrayed at various stress
levels in Fig. 3.12.
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Fig. 3.12. Experimental and predicted strain distributions on the specimen
100x100x150_D16 by Gudonis et al. at stress levels of (a) 250 MPa,
(b) 310 MPa, and (c) 380 MPa

Fig. 3.12a displays a good agreement between the experimental strain profile
with the proposed model as well as Shima’s model predictions; the rest of the
model overestimates the strains throughout the specimen length. The proposed
model has shown consistency in its agreement with the experimental model for all
stress levels. But for other models, the discrepancy with the experimental model
increases gradually at 310 MPa and 380 MPa stress levels (Fig. 3.12b and c). The
next strain comparisons are displayed in Fig. 3.13 on the specimen taken from
Kankam (Kankam, 1997).
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Fig. 3.13. Experimental and predicted strain distributions on the specimen
150x150x210_D25 by Kankam at stress levels of (a) 125 MPa, (b) 170 MPa,
and (c) 200 MPa

This independent experimental data was extracted from an RC tie with
a @-25 mm hot rolled steel reinforcement bar (Kankam, 1997). Kankam’s model
prediction has shown an excellent match with the experimental models at all stress
levels, particularly at 200 MPa (Fig. 3.13c). Also, Barbosa and Filho’s model and
the proposed model made a reasonably fair agreement with the experimental coun-
terpart (Fig. 3.13). Further, common in all stress levels, Mirza and Houde’s model
and Nilson’s model overshoot strain values, whereas Shima’s model and MC 2010
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model underestimate the predicted strains. The following Fig. 3.14 represents the
experimental and model-predicted strains for the specimen taken from Bado et al.
(Bado et al., 2020).
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Fig. 3.14. Experimental and predicted strain distributions on the specimen
150x150x210_D20 by Bado et al. at stress levels of (a) 180 MPa,
(b) 260 MPa, and (c) 330 MPa

The experimental curves (Fig. 3.14a, b and c) display a somewhat undulating
strain profile, which is because of the use of DOFS sensing technology for strain
sampling. Some common trends can be noticed for all the stress levels. Such as,
the proposed model prediction matches the experimental results only at the central
zone of the specimen, whereas Nilson’s model made a reasonably good agreement
with the experimental strain curves near the specimen edges only (Fig. 3.14).
Moderate underestimation by the MC 2010 model and Barbosa and Filho’s model,
and excessive underestimation by Kankam’s model and Shima’s model can be
noticed in Fig. 3.14. Mirza and Houde’s model constantly overestimated the strain
predictions at all the stress levels. The next specimen is one of the three identical
double pull-out specimens from Jakubovskis and Kaklauskas (Jakubovskis and
Kaklauskas, 2019), displayed in Fig. 3.15.
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Fig. 3.15. Experimental and predicted strain distributions on the specimen
150x150x270_D20_I by Jakubovskis and Kaklauskas at stress levels of (a) 180 MPa,
(b) 220 MPa, and (c) 260 MPa
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All subplots of Fig. 3.15 indicate a good agreement between experimental
strain profiles and the ones predicted by the proposed model. Although slight un-
derestimation at the central zone can be noticed, otherwise, correct estimations are
visible on both sides. On the other hand, moderate overestimations are observed
for the MC 2010 model and Barbosa and Filho’s model.

High discrepancies in strain predictions are seen in Mirza and Houde’s model
and Nilson’s model in terms of overestimation, and Kankam’s model and Shima’s
model in terms of underestimation (Fig. 3.15a, b and c). Overall, all models fol-
lowed a similar trend through all the stress levels. A similar analysis of the second
identical specimen from the same literature is presented in Fig. 3.16.
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Fig. 3.16. Experimental and predicted strain distributions on the specimen
150x150%270_D20_I1 by Jakubovskis and Kaklauskas at stress levels of (a) 180 MPa,
(b) 260 MPa, and (c) 330 MPa

Despite being identical to the previous specimen, a higher stress level (like
330 MPa) has been chosen because of the availability of independent experi-
mental data. The proposed model predictions were somewhat fine at 180 MPa and
260 MPa stress levels (Fig. 3.16a and b) but slightly underestimated at 330 MPa
(Fig. 3.16c). Reasonably good predictions (slight overestimation) can be seen us-
ing the MC 2010 model at all stress levels. Barbosa and Filho’s model also pro-
duced a good match with the experimental counterpart except for the central zone.
The strain discrepancy at this zone is increasing gradually with higher stress lev-
els. Just as in the previous specimen, Mirza and Houde’s model and Nilson’s
model constantly overestimate, and Kankam’s model and Shima’s model under-
estimate the strain profiles with high magnitude. The following Fi. 3.17 displays
a similar analysis for the third identical specimen from the same authors (Jaku-
bovskis and Kaklauskas, 2019).

Almost similar strain prediction pattern to the previous specimen, the best
agreement is obtained by the proposed model, followed by the MC2010 model
and Barbosa and Filho’s model (Fig. 3.17). Among them, the proposed model
marginally underestimates, and the MC2010 model marginally overestimates the
strain profiles.
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Interestingly, Barbosa and Filho’s model overestimates the strains in
180 MPa and 260 MPa stress levels (Fig. 3.17a and b) but underestimates at
330 MPa stress levels (Fig. 3.17c¢). Persistent overestimation by Mirza and
Houde’s model and Nilson’s model, and underestimation by Kankam’s model and
Shima’s model can be noticed.

Overall, from the models’ strain prediction comparisons on different real-life
RC ties at multiple stress levels (Fig. 3.10-3.17), the following excerpts can be
summarised:

Mirza and Houde’s model persistently overestimates the strain predic-
tions for all the specimens at multiple stress levels. It produced the high-
est discrepancies in terms of overestimation with respect to experimental
data.

Nilson’s model mostly overestimated the strain profiles except for a few
cases. The highest stress level of Kaklauskas’ specimen, it underestimates
the strain profile slightly (Fig. 3.11c), and for Bado et al. specimen,
shows a good match with the experimental strain curve along the speci-
men edges only (Fig. 3.14).

In most of the cases, the MC2010 model and Barbosa and Filho’s model
made a reasonable agreement (small discrepancies) with the experimental
strain curves. Exceptionally, in the case of Kankam’s specimen, the
MC2010 model showed a large disparity in all stress levels (Fig. 3.13).

Shima’s model prediction mostly underestimates the strain profiles. The
model overestimated the strain only for the Gudonis et al. specimen and
the Houde specimen. However, in the latter case, the model predictions
closely matched the experimental results (Fig. 3.10).

The slopes of Kankam’s model predict comparatively steeper strain

curves. Expectedly, this model made the best agreement with the experi-
mental data of the Kankam specimen (Fig. 3.13). Apart from that, in most
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cases, it overestimated near the specimen edges but underestimated at the
central zone of the specimen (Fig. 3.17).

— The proposed model predictions are rather close to all the experimental
strain outputs, except for the Kaklauskas specimen at 330 MPa
(Fig. 3.11c). Importantly, irrespective of specimens, the model always
underestimated the strain distributions.
Now, to quantify the models’ performance in reinforcement strain prediction,
a statistical analysis is needed. The following section demonstrates such an anal-
ysis based on the above results to mathematically justify the performance of the
models.

3.3.3. Statistical Analysis

A statistical study was performed on the ground of the comparisons between ex-
perimental and calculated strains through the novel validation tool. To quantify
the amount of mismatch in strain profiles, five equidistant locations were chosen
along each specimen’s length, as illustrated in Fig. 3.18.
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Fig. 3.18. Layout of selected points for statistical analysis

Further, the prediction accuracy was calculated through a ratio (€), expressed
in Eqg. 3.6. The ratio was determined at all five locations for each specimen and
each model.

gi = Emodel,i/eexp,i | i=12 ---'5' (36)
Here, &, refers to the strain value from the experimental curve and
Emoaerindicates the strain value from the model-predicted curve at a particular
location i. For each specimen and one particular model, i varies from 1 to 5, as
there are five location points chosen for the calculation. This parameter (&;) gives
a clear idea about the prediction accuracy of the models. For example, &; = 1 sig-
nifies the perfect assumption by the model, whereas & < 1 or & > 1 indicates
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underestimation or overestimation, respectively. Fig. 3.19 reflects the perfor-
mance of Kankam’s model predictions over the experimental strain values of the
Houde specimen at a 220 MPa stress level.
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Fig. 3.19. Performance of Kankam’s model on the Houde specimen 150x150x405_D25
at a 220 MPa stress level in terms of the ratio £

The x-axis of Fig. 3.19 indicates five location points where the strains were
measured for the statistical calculation, and the y-axis represents the strain ratio
(€). The circular symbols signify the strain ratio values (&;) at five location points.
For the first location, & = 1.17 means that Kankam’s model strain prediction at
that particular point is 17% higher than the experimental strain. As can be ob-
served in Fig. 3.19, there is a maximum overestimation of 21% at location 5 and
a 19% underestimation at location 3, which are also visible in Fig. 3.10c. Now,
the average of all £ values at five locations are calculated to determine the mean
strain ratio (&,,). In this case, &, = 1.06 signifies that on average, Kankam’s
model overestimates the strain prediction by 6%, based on the experimental strain
profiles of the Houde specimen at a 220 MPa stress level.

Similarly, the mean strain ratio (&,,,) was calculated for each model based on
each experimental strain profile. So, each model has three &,, values for three
different stress levels corresponding to one experimental RC tie. In total, 24 &,
values (samples) for eight independent specimens were calculated, which repre-
sents the performance of one model. Calculated &,, values for all the models are
given in Table 3.4.

Now, to put it in a nutshell, the average from the 24 mean strain ratio (&,,)
samples (Table 3.4) were determined for each model, which can be referred to as
the global mean. The latter reflects the overall performance of a case study model
in terms of strain prediction accuracy.
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Table 3.4. Calculated mean strain ratios for all assessed bond-slip models with respect

to eight experimental RC tie specimens at multiple stress levels

SUESS | Mc2 | Kank | B0~ | gpio | Mirza g | pro
Reference level 010 am sa and ma and son osed
(MPa) Filho Houde P
140 151 | 121 |131 |118 |220 [202 | 095
Houde 180 140 | 114 |121 |116 |195 |172 | 093
220 123 | 106 |107 |108 |162 |141 | 092
180 088 |077 |087 |070 [124 |1.14 |090
Kaklaus-
e [ 260 093 |081 |091 |o079 [122 [111 o093
330 088 |077 |084 |o079 |108 [098 |089
250 116 | 108 |118 |104 |130 |1.25 | 099
Gudonis
o 310 118 | 110 |118 |108 |130 |1.25 | 099
380 118 | 110 |118 | 109 |128 |123 | 099
125 095 |097 |104 |092 |120 [1.23 098
Kankam | 170 096 |099 |104 [094 |125 [1.22 099
200 094 |100 |103 [o095 |121 [1.19 |0.99
180 090 |08 |092 [o074 |117 [1.00 093
Bado etal. | 220 092 |084 |094 [o078 |112 [1.05 |0094
260 091 |086 |093 |08 |109 |1.03 095
Jakubov- | 180 109 | 093 |108 |083 |150 |135 | 097
skisand | 96 107 | 092 |108 |o085 |142 |128 | 0097
Kaklaus-
kas | 330 108 | 094 |107 |o088 |134 |124 | 0097
Jakubov- | 180 104 | 089 |099 |077 |143 |128 |0098
skisand | 56 104 | 090 |096 |083 |128 |117 | 099
Kaklaus-
Kas I 330 104 | 090 |095 |087 |124 |114 |0097
Jakubov- | 180 1.09 | 093 |108 |083 |154 |137 |0097
skisand | g 107 |093 |105 |087 |134 |123 |099
Kaklaus-
kas 11 330 104 |091 |097 |oss [124 [114 099
Global Mean 1.07 0.94 1.05 0.90 1.37 1.25 | 0.97
Std. Dev. 016 |012 |012 o014 |o027 [o022|003
cv 015 |012 |015 |o015 |o020 [o0.18 |0.03
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Table 3.3 reflects the closest prediction performance by the proposed model
with a global mean of 0.97. It means that overall, the proposed model underesti-
mates the strain distribution by almost 3%. On the other hand, the maximum over-
estimation was 37%, predicted by Mirza and Houde’s model (1.37). Apart from
these, 25%, 7% and 5% overestimated predictions were performed by Nilson’s
model (1.25), the MC2010 model (1.07) and Barbosa and Filho’s model (1.05),
respectively. 6% and 10% lower predictions were performed by Kankam’s model
(0.94) and Shima’s model (0.90), respectively.

Furthermore, to check the number of samples (mean strain errors), that differ
from the global mean value, the standard deviation (Std. Dev.) for each model was
calculated (Table 3.4). The minimum standard deviation was acquired by the pro-
posed model (0.03), and the maximum was by Mirza and Houde’s model (0.27).
The coefficient of variation (CV) represents a statistical measurement of the rela-
tive dispersion of samples among a set around its global mean (Table 3.4). The
lower the CV value, the lesser the level of dispersion from the global mean value.
It can be seen from Table 3.4 that the proposed model produced the least CV,
which is 0.03. This implies that 3% of samples (mean strain errors) are distributed
away from the mean (Fig. 3.20a). Kankam’s model has shown the second lowest
CV (12%). The highest CV was observed for Mirza and Hode’s model (20%),
followed by Nilson’s model (18%). For every single model, a single global mean,
standard deviation and coefficient of variation provide an effective assessment of
the ability of strain prediction. These are summarised through probability density
curves or bell-shaped curves for individual models, shown in Fig. 3.20b.
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Fig. 3.20. Performance of bond-slip models through statistical analysis:
(a) global mean strain ratios of the proposed model; (b) probability density curves
for all the assessed bond-slip models

Fig. 3.20a represents the scatter plot of mean strain ratios for the proposed
model, where the black line signifies the global mean of 0.97. The probability
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density curves for all the models are displayed in Fig. 3.20b. As anticipated ear-
lier, the proposed model displays the narrowest and tallest normal distribution
curve due to its smallest standard deviation and coefficient of variation. It signifies
a large data concentration around the mean value. On the other hand, the maxi-
mum spread in normal distribution can be seen for Mirza and Houde’s model,
indicating a large data spread and hence, the most inconsistent one.

It is worth mentioning that the present investigation represents the prelimi-
nary stage of a comprehensive bond-slip study, where the author has primarily
concentrated on the general aspects of the subject. Undoubtedly, exploring the
other parameters, such as the influence of rib pattern, can be an intriguing avenue
for future research, encompassing steel bars with different rib patterns as well as
plain bars. This aspect holds promising potential for further investigations in the
field.

3.4. Conclusions of the Third Chapter

The Third Chapter centred on developing and validating a novel bond-slip model.
The essential takeaways can be summarised as follows:

1. The regression analysis determined that the slip/diameter ratio and con-
crete strength exhibit the most significant influence on the bond stress of
RC structures.

2. The proposed model exhibits the ability to forecast the bond-slip behav-
iour of an RC member, particularly focusing on the ascending section of
the bond-slip curve, encompassing its intrinsic material characteristics.
In the future, the model holds the potential for utilisation in the advance-
ment of constitutive bond-slip models aimed at predicting the servicea-
bility of reinforced concrete structures.

3. The proposed validation tool’s ability to predict reinforcement strain can
greatly streamline the strenuous and time-consuming process of mathe-
matical and experimental verification and comparison with existing mod-
els. Besides, this tool opens a future scope of investigations on stress
transfer analysis, bond-slip modelling and, eventually, the serviceability
of RC structures.

4. As demonstrated by statistical analysis, the proposed model underesti-
mated reinforcement strains by 3%. Similarly, Kankam’s model and
Shima’s model underestimated the strains by 6% and 10%, respectively,
whereas the predictions by the remaining model were on the safe side:
5% for Barbosa and Filho’s model, 7% for the MC2010 model, 25% for
Nilson’s model, and 37% for Mirza and Houde’s model. The proposed
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model has demonstrated the best prediction results in terms of scatter with
the coefficient of variation (CV) being 3%, followed by 12% for
Kankam’s model, 15% for the MC2010 model, Shima’s model, and Bar-
bosa and Filho’s model, 18% for Nilson’s model, and 20% for Mirza and
Houde’s model.



General Conclusions

The present study aimed to introduce a better and more modern approach to un-
derstanding the concrete—reinforcement interaction and its importance in the ser-
viceability of RC structures. A new bond-slip model was developed as a result of
investigating and analysing multiple RC ties subjected to tension. The author has
developed and proposed a validation tool that can derive reinforcement strain dis-
tribution from a given bond-slip law. To summarise, the implementation of the
stress transfer approach, the development of a novel model for the ascending part
of the bond-slip relationship and a validation tool for reinforcement strain predic-
tion have yielded the following observations and findings:

1. The standard pull-out test is unsuitable for predicting the local bond-slip
behaviour of RC members under service load due to various constraints.
Conversely, the double pull-out test, which overcomes these constraints
and involves recording reinforcement strains along the bonded length,
offers a more reliable approach for evaluating bond behaviour. However,
a very limited number of double pull-out tests have been conducted in the
past, and none of them has been aimed at forecasting the serviceability
analysis of RC members.

2. The conducted regression analysis determined that the slip/diameter ratio
and the concrete strength exert the most significant influence on the bond
stress observed in RC structures.

89
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GENERAL CONCLUSIONS

The proposed bond model exhibits the capability of accurately predicting
the correlation between bond stress and slip along the cracks of an RC
tensile element.

The developed validation tool has demonstrated that the proposed bond—
slip model is capable of accurately predicting the reinforcement strain
distribution in RC tension members subjected to service load.

According to a statistical analysis that involved independent test data of
RC ties, the proposed model displayed a 3% underestimation of rein-
forcement strains, along with a coefficient of variation (CV) indicating a
scatter of 3%. These values represent the lowest levels when compared
to existing bond-slip models. Consequently, the proposed model can be
considered the most accurate and optimal in its ability to predict rein-
forcement strains in RC elements.

The proposed model exclusively encompasses the ascending branch of a
constitutive bond-slip law, while the descending branch, which involves
various phenomena such as damage, de-bonding, internal cracking, ten-
sion softening etc., can be a potential avenue for future research. This
may enhance the model’s ability to predict the serviceability analysis of
RC structures, thus offering potential utility in practical applications.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Viena svarbiausiy gelzbetonio (toliau — GB) konstrukcijy savybiy yra jy tinkamumas
eksploatuoti atsizvelgiant j konstrukcijos praktiskuma, efektyvuma ir jos eksploatacing
biukle viso gyvavimo laikotarpiu. Nors tinkamumg eksploatuoti galima vertinti pagal dau-
gelj kriterijy: deformacijas, pasireiskiancias vibracijas, iSvaizda, galima konstrukcijy Silu-
minj judéjimg, atsparuma ugniai ir kt., taiau vienais svarbiausiy, susijusiy su bitinomis
eksploatacinémis savybémis grjstu projektavimu, laikomi jlinkio ir pleisé¢jimo kriterijai.
Siais laikais, siekiant uztikrinti konstrukcijy tinkamuma eksploatuoti, daznai taikomas vi-
dutiniy deformacijy metodas. Sis metodas neretai grindziamas tam tikromis supaprastin-
tomis prielaidomis, pavyzdziui, tariama, kad sukibimo jtempiai tarp betono ir armatiiros
per visg nagrinéjamojo GB elemento ilgj yra pastovis arba kad tarp betono ir armatiiros
egzistuoja ideali sgveika. Sios prielaidos smarkiai supaprastina armatiiros ir betono sgvei-
kos analizg, ta¢iau pakeicia realig sukibimo elgseng fiktyvia. Dél Sios priezasties, remian-
tis tokiomis klaidingomis prielaidomis, sukurti modeliai tarpusavyje daznai prieStarauja ir
néra patikimi (netikslis).

Siekiant efektyviai jveikti Siuos i88likius, disertaciniame darbe norima sukurti nauja
modelj, nusakantj sukibimo jtempiy ir slinkties tarpusavio rysj GB konstrukcijose. Bus
taikomas Siuolaikiskas ir tikroviskas jtempiy perdavimo metodas, pagristas tiksliais be-
tono ir armattiros saveika apibrézianciais duomenimis, naudojant galimas eksperimentines
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deformacijos stebéjimo priemones. Kaip neatskiriama platesnio tyrimo sudedamoji dalis,
dabartinis modelis apima tik kylan¢iaja sukibimo jtempiy ir slinkties fizikinio modelio
dalj. Krentancioji dalis, apimanti jvairius reiSkinius, tokius kaip sukibimo pazeidimas dél
didéjancios apkrovos bei isilginiy plySiy, vidiniy plysiy, tempiamojo betono jtempiy
plySyje ir kt., reikalauja i§samesniy eksperimentiniy duomeny ir lieka blisimiems tyri-
mams. Ateityje eksperimentinius rezultatus papildZius naujais duomenimis, tikimasi su-
kurti tokj sukibimo jtempiy ir slinkties modelj, kuriuo bus galima tiksliai prognozuoti GB
konstrukceijy pleisé¢jima ir deformacijas.

Iki $iol vis dar néra pasitilytos efektyvios priemonés, skirtos jau esamiems ir (arba)
naujai sukurtiems modeliams patikrinti ir kalibruoti. Siame tyrime taip pat sickiama isp-
resti ir $ig problema, sukuriant programinj paketa, skirta armattiros deformacijy pasiskirs-
tymui GB elemente nustatyti, Zinant konkrety sukibimo ir slinkties model;.

Darbo aktualumas

Itempiy perdavimo metodas — Siuolaikiné teorija, pagal kurig betono ir armatiiros saveika
priklauso nuo sukibimo jégos perdavimo elgsenos. Siy medziagy saveika, paprastai vadi-
nama sukibimu, daro didel¢ jtaka konstrukcijos elgsenai. RySiui paprastai budingi pagrin-
diniai $lyties jtempiy (atsirandanciy sasajos srityje) ir slinkties (santykinio poslinkio tarp
§iy medziagy) principai. RySio jtempis ir slinktis laikomi dviem tarpusavyje susijusiais
pagrindiniais jégos perdavimo elementais.

Yra nustatyta, jog itempiy perdavimo metodas visiSkai nusako fakting vidine elgsena
betono ir armatiiros saly¢io zonoje, todél tai yra universali priemoné, skirta GB konst-
rukcijy pleiséjimui, plySio plociui ir deformacijoms tirti. Deja, egzistuojanciais sukibimo
ir slinkties modeliais vis dar negalima tiksliai prognozuoti GB konstrukcijy sukibimo
elgsenos. Tikétina to priezastis — iki $iol néra patikimy priemoniy, kuriomis biity galima
veiksmingai ir tiksliai jvertinti armattiros deformacijy pasiskirstymg gelZzbetoniniame ele-
mente. D¢l §ios prieZasties buitina sukurti naujg sukibimo ir slinkties modelj, kuris biity
paremtas jtempiy perdavimo metodu bei sudaryty salygas tiksliai prognozuoti armatiiros
deformacijas ir tokiu biidu uztikrinty GB konstrukcijy tinkamuma eksploatuoti.

Be to, §iuo metu svarbu sukurti priemong, leidzianc¢ig patikrinti skirtingy sukibimo
ir slinkties modeliy patikimuma bei prognozuoti deformacijy pasiskirstyma armatiiroje.

Tyrimo objektas

Sio tyrimo objektas — sukibimo jtempiy ir slinkties tarpusavio ry$ys GB konstrukcijy be-
tono ir armatiiros salycio zonoje, tarp dviejy gretimy plySiy veikiant eksploatacinéms apk-
rovoms.

Darbo tikslas

Sio darbo tikslas — sukurti nauja armatiiros ir betono sukibimo modelj, skirta tempiamie-
siems GB elementams, veikiamiems eksploataciniy apkrovy.
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Darbo uzdaviniai

Darbo tikslui pasiekti keliami Sie uzdaviniai:

1. Atlikti i§samig esamy sukibimo modeliy literatiiros apZzvalgg ir nustatyti jy pati-
kimuma.

2. vertinti jvairiy veiksniy jtaka GB konstrukcijy sukibimo jtempiy ir slinkties ry-
Siui.

3. Naudojant deformacijy stebésenos jranga, atlikti dvipusio armataros iStraukimo
bandymus, skirtus gelZbetoniniy elementy armatiiros deformacijy pasiskirsty-
mui nustatyti.

4. Sukurti fizikinj armatiiros ir betono sukibimo ir slinkties modelj.

5. Siekiant patikrinti naujus ir esamus sukibimo ir slinkties modelius, sukurti prog-
rama (skaiciavimo algoritma), skirtg deformacijy pasiskirstymui nustatyti.

6. Atlikti jvairiy modeliy deformacijy lyginamajg statistine analize.

Tyrimo metodika

Sioje disertacijoje taikoma nauja metodika, leidzianti nustatyti betono ir armatiiros suki-
bimo ir slinkties rysj, nagrinéjant jy saveikos mechanizma eksploatacinés apkrovos saly-
gomis. Si metodika grindziama dvigubais armatiiros strypo istraukimo i§ betono bandy-
mais, iSilgai armatiiros strypo tenzometriniais jutikliais matuojant deformacijas. Atlikus
matemating ir parametring analize, buvo pasitlyta nauja GB konstrukceijy sukibimo jtem-
piy ir slinkties modeliavimo formulé. Sukurta ,,MatLab* kompiuteriné programa naudo-
jama armatiiros deformacijy pasiskirstymui konstrukcinio elemento ilgyje nustatyti, tai-
kant siiloma modelj, kurio adekvatumas buvo patvirtintas tick autoriaus eksperimentiniais
bandiniais, tiek nepriklausomais eksperimentais. Taip pat buvo atlikta statistiné analizé,
jvertinant siilomo modelio patikimuma ir pagrjstumg ir palyginant jj su kitais zinomais
metodais.

Darbo naujumas

Toliau iSvardyti teoriniy ir eksperimentiniy tyrimy mokslinio naujumo aspektai.

1. Dvigubo istraukimo bandymo metodas veiksmingai pasalina apribojimus, su ku-
riais susiduriama atliekant standartinius iStraukimo bandymus, jskaitant proble-
mas, susijusias su vidutiniais sukibimo jtempiais, idealia medziagy sgveika, be-
tono gniuzdymo jtempiais ir t. t. Naudojant tenzometrinius deformacijy jutiklius,
eksperimentais patikimai gali biiti nustatyta sukibimo jtempiy ir slinkties
elgsena.. Siose eksperimentinése programose gauti nauji bandymo duomenys
leis papildyti turimus ribotus duomenis.

2. Siame tyrime konceptualiai remiamasi jtempiy perdavimo metodu, o eksperi-
menti$kai — dvipusio armatiiros iStraukimo bandymy rezultatais. Remiantis Siuo-
laikinémis skai¢iavimo metodikomis, buvo sukurtas naujas fizikinis modelis, lei-
dziantis prognozuoti kylanciaja sukibimo ir slinkties rysj apibiidinancios kreivés
dalj GB konstrukcijose. Pasitelkus §j model;j taip pat galima prognozuoti tiksly
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eksploatacinés apkrovos veikiamy GB elementy armatiiros deformacijy pasis-
kirstyma.

Siame tyrime pasiiilytas algoritmas, skirtas sudétingam ir ilgai trunkan¢iam eks-
perimentiniam modelio patikros ir palyginimo su pana$iais esamais modeliais
procesui paspartinti. Be to, §i priemoné atveria naujas GB konstrukcijy jtempiy
perdavimo analizés, sukibimo ir slinkties modeliavimo galimybes.

Darbo rezultaty praktiné reikSmé

1.

Siuo tyrimu patvirtinama, kad jtempiy perdavimo metodas pritaikomas spren-
dziant su konstrukcijos tinkamumu eksploatuoti susijusias problemas. Norint
suprasti realia GB konstrukcijos elgseng ir ekonomiskiau bei patikimiau projek-
tuoti biisimas GB konstrukcijas, pasitilyta modelj galima integruoti j analitinius
ir skaitinius metodus.

Naujas disertacijoje sitilomas algoritmas atveria placiy galimybiy esamiems ir
biisimiems sukibimo ir slinkties modeliams tikrinti, vertinti bei palyginti. Zinant
atitinkama sukibimo ir slinkties ry§j, $is algoritmas taip pat leidzia gauti GB
elementy armatiros deformacijy pasiskirstymo tendencijas.

Ginamieji teiginiai

Ginamieji teiginiai grindziami atlikto tyrimo rezultatais ir darbo autoriaus sukaupta patir-

timi:

1.

Nevirsijant eksploatacinés apkrovos sitilomas sukibimo ir slinkties modelis gali
tiksliai prognozuoti sukibimo jtempiy ir slinkties elgsena tarp dviejy gretimy
tempiamojo GB elemento plysiy.

Modelis rodo, kad betono stipris bei slinkties ir armatiiros strypo skersmens san-
tykis turi didelg jtaka GB konstrukcijy sukibimo elgsenai.

Ivairiy modeliy armattiros deformacijy prognozavimo tiksluma galima
jvertinti, patikrinti bei palyginti naudojant disertacijoje sifiloma programa.
Esant cksploatacinéms apkrovoms, palyginti su esamais modeliais, sitilomas

modelis gana tiksliai prognozuoja GB konstrukcijy armatiros deformacijy pa-
siskirstyma.

Darbo rezultaty aprobavimas

Doktorantiiros studijy metu (2019-2023 m.) autorius disertacijos rezultatus paskelbé tri-
juose tarptautiniuose Zurnaluose, jtrauktuose } Web of Science duomeny bazeg (Dey et al.,
2021a; Dey et al., 2021b; Dey et al. 2022), ir dviejuose tarptautiniy moksliniy konferen-
cijy straipsniy rinkiniuose:

1.

Dey, A., Bado, M. F., Sokolov, A., and Kaklauskas, G. (2020). Distributed sen-
sing, fiber Bragg gratings and strain gauges for strain monitoring of RC tensile
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elements. In Proceeding of the fib Symposium 2020, Concrete Structures for Re-
silient Society, 22nd to 24th November, Shanghai, China.

2. Dey, A., Valiukas, D., Sokolov, A., Jakubovskis, R., and Kaklauskas, G. (2021).
Experimental and numerical investigation of bond performance of RC tension
members. In fib Symposium, 2021, 14-16th June, Lisbon Portugal.

Disertacijos struktura

Disertacijg sudaro jvadas, trys skyriai, bendrosios iSvados, literatiiros saraSas (83 Salti-
niai), autoriaus moksliniy publikacijy disertacijos tema sarasas ir santrauka lietuviy kalba.
Disertacijos apimtis — 112 puslapiy, joje pateiktas 41 grafikas ir 12 lenteliy.

Padéka

Naudodamasis proga, autorius noréty iSreiksti didziule padéka visiems, kurie jj palaiké
rengiant $ig daktaro disertacija. Visy pirma autorius dékoja savo tévams Asima Dey ir
Swapan Kumar Dey, seseriai Subarna ir nuolatinei gyvenimo bendrazygei Sarmistha uz
ju nepalauziamg meile, padrasinimg ir suteikta motyvacija visais doktoranttiros darbo me-
tais.

Autorius taip pat iSreiSkia nuoSirdzia padéka savo doktorantiiros studijy vadovui,
GelZzbetoniniy konstrukcijy ir geotechnikos katedros profesoriui habil. dr. Gintariui Kak-
lauskui uz visokeriopg pagalba, patirtj, kantrybe ir pasitikéjimg autoriumi. Vadovo per-
duotos Zinios ir motyvacija labai prisidéjo prie autoriaus akademinio ir profesinio augimo.
Autorius nuosirdziai dékoja savo vyresniesiems kolegoms dr. Mattia Francesco Bado ir
dr. Aleksandrui Sokolovui uz visokeriopg parama atlickant §j tyrima. Jy draugiskas pad-
rasinimas, atsiliepimai ir idéjos buvo labai naudingi tobulinant §j darbg ir paverté ji paciu
tikriausiu bendradarbiavimu. Autorius taip pat dékingas visai prof. G. Kaklausko tyrimo
komandai, ypa¢ Domui Valiukui, uz draugiska palaikyma ir pagalbg atliekant §j tiriamajj
darba.

Autorius reiskia padéka ir prof. dr. Dariui Bac¢inskui, dr. Aidui Jokiibaiciui, dr. Vla-
dimirui Popovui ir dr. Raimondui Blitidziui uz patarimus ir pastabas tobulinant disertacija.
Jis taip pat nori iSreiksti nuosirdzia padéka prof. dr. Juozui Valivoniui ir doc. dr. Ronaldui
Jakubovskiui uz paramg ir patarimus. Autorius yra dékingas ir dr. Skirmantei Mozirit-
naitei, Vaivai Miskinytei, Daivai Jurénienei ir Dovilei Jodenytei uz draugiska ir palaikan-
¢ig motyvacija. Taip pat dékoja Amarjeet, Simran ir Karoliui uz jy nuolatinj palaikyma.

Galiausiai autorius yra dékingas Gelzbetoniniy konstrukceijy ir geotechnikos kated-
rai, Doktorantiros mokyklai, Tarptautiniy studijy centrui ir Lietuvos moksly tarybai uz
finansing paramg doktoranttiros studijy metu. Jis taip pat dékoja Vilniaus Gedimino tech-
nikos universiteto Tarptautinio mobilumo biurui ir Trento universitetui (UniTN) uz su-
teikta galimybe stazuotés metu jgyti vertingos ir naudingos patirties.
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1. Betono ir armatiros sgveikos ir sukibimo stiprio tyrimo
metody apzvalga

Siame skyriuje autorius i§samiai apzvelgia sukibimo ir slinkties tyrimy tematika, kuri yra
Sios disertacijos pagrindas. Pirmoje Sio skyriaus dalyje i§samiai pristatomas GB konst-
rukcijy tinkamumo eksploatuoti aktualumas ir aptariama jo priklausomybé nuo betono ir
armatiiros sgveikos. Antrojoje dalyje pateikiama esamy sukibimo ir slinkties modeliy apz-
valga. Sioje dalyje taip pat aptariami galimi atitinkamy tyrimy metodai ir bidai. Be suki-
bimo ir slinkties modeliy, taip pat apzvelgiami kai kurie sukibimo stiprio modeliai ir svar-
biausi jy parametrai. Galiausiai aptariami prietaisai, naudojami armatiiros deformacijy
stebésenai — nuo klasikiniy, tokiy kaip tenzometriniai jutikliai, iki itin moderniy DOFS —
su pagrindiniais jy veikimo principais ir iliustracijomis.

Atlikus iSsamig literatiiros apzvalga, paaiSkéjo keli prieStaringi faktai, j kuriuos bu-
tina atkreipti démesj. [vairiuose tyrimuose nustatyta daugybé skirtingy parametry, lemian-
¢iy armatiiros ir betono sukibima, taciau jvairiuose literatiiros $altiniuose $ie parametrai
ne visada sutampa. Tarp jy dazniausi yra Sie: betono stipris, apsauginis sluoksnis, armatii-
ros strypy skersmuo, inkaravimo ilgis ir armavimo koeficientas. Be to, pateikta daugybé
metody, skirty betono ir armattiros sukibimo ir slinkties mechanizmui tirti: tiesioginio ar-
matiiros i$traukimo bandymas, vieno sijos galo bandymas, visos sijos bandymas, dvipusio
armatiiros iStraukimo bandymas ir kt. I§ jy tik keli buvo pripazinti neatitinkanciais realy-
bés ir turinciais daug trikumy. Be to, Siame tyrime svarbus vaidmuo tenka deformacijy
stebésenos jrangai. Matyti tendencijos, jog tenzometriniais jutikliais gaunami rezultatai
yra patikimiausi ir tiksliausi, 0 FBG ir DOFS atveju pastebéta tam tikra rezultaty neatitik-
tis ir pernelyg didelis jautrumas. Dél iy priezaséiy ir dél to, kad néra universalios naujy
modeliy patikros ir kalibravimo priemonés, esami modeliai néra tiksl@is ir vienas kitam
neretai priestarauja. Sie trilkumai taip pat neleidZia nusakyti tikslaus sukibimo jtempiy
priklausomybés nuo slinkties matematinio modelio. Atsizvelgiant j minétus veiksnius, bii-
tina sukurti patikimag armatiiros deformacijy nustatymo algoritma, skirtg esamy ir bisimy
modeliy patikrai, bei sukurti tiksly betono ir armatiiros sukibimo ir slinkties modelj, skirta
GB konstrukcijy tinkamumui eksploatuoti uztikrinti.

2. Plieno deformacijy stebésenos gelzbetoniniuose
elementuose tyrimai

Siame skyriuje aprayti autoriaus atlikti eksperimentiniai tyrimai, skirti GB konstrukcijy
elementy betono ir armatiiros sukibimo ir slinkties ry$iui nustatyti. Pirmoje skyriaus dalyje
aprasoma visa bandymy eiga, pradedant nuo elektriniy tenzometriniy jutikliy (naudojamy
armatiiros deformacijoms matuoti) tvirtinimo proceso ir baigiant dvipusio armatiiros ist-
raukimo bandymais laboratorijoje. Skyriuje taip pat pateikiamos trijose bandymy serijose
naudoty bandiniy geometrinés ir medziagy charakteristikos. Antrojoje dalyje pristatomi
eksperimentiniy bandymy rezultatai — armatiiros deformacijy pasiskirstymas. Galiausiai
pateikiama, kaip i§ eksperimentiniu biidu gauto deformacijy pasiskirstymo gaunamas su-
kibimo ir slinkties rysys.
Pirmoje $io skyriaus dalyje i§samiai pristatomos trys bandymy serijos (S2.1 pav.).
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S2.1 pav. Modeliui kalibruoti pasitelkty GB tempiamy elementy geometrinés iliustracijos:
a) 1 serija; b) 2 serija; c) 3 serija



108 SUMMARY IN LITHUANIAN

Siekiant nustatyti betone esané¢ios armatiiros deformacijas, prie iSilgai perpjauty mo-
difikuoty plieniniy strypy buvo pritvirtinti elektriniai tenzometriniai jutikliai. Pasiruo$i-
mas $ios eksperimentinés programos bandymams buvo itin subtilus ir pareikalavo daug
laiko. IS viso buvo paruosta 16 GB tempiamy elementy, centriskai armuoty vienu armati-
ros strypu. Sioje programoje panaudoti trijy skirtingy skersmeny rumbuotieji strypai (916,
20 ir 25 mm). Siekiant i§vengti nepageidaujamy plysiy, buvo specialiai pasirinkti trumpi
GB tempiami elementai (trumpesni uz vidutinj atstumg tarp plysiy).

Atlikus GB tempiamy elementy dvipusio armatiiros iStraukimo bandymus, buvo
gauti deformacijy pasiskirstymo iSilgai bandinio ilgio duomenys. Pastebéta, kad, didéjant
apkrovai, deformacijy profiliy kreivés staigiai kyla aukstyn (S2.2a pav.).
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S2.2 pav. Nagrinéjamo bandinio 200x200x390 D20 analizé esant keliems jtempiy lygiams:
a) armatiros deformacijy pasiskirstymas; b) sukibimo jtempiy priklausomybés nuo slinkties

Tai rodo deformacijy gradiento funkcijos — sukibimo jtempiy didéjima. Sukibimo ir
slinkties rySys nustatomas naudojant programa, parasyta programiniame pakete MAT-
LAB. Programos algoritmas pagrjstas jtempiy perdavimo metodu, kuris remiasi tiesiogine
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sukibimo jtempiy ir armatiiros deformacijy priklausomybe. Numatomo sukibimo ir slink-
ties modelio kreivé tikroviskiau ir tiksliau atskleidZia betono ir armatiiros sgveikos me-
chanika nei klasikiniai iki $iol taikomi metodai (S2.2b pav.). Kylan¢ioji sukibimo ir slink-
ties rysi nusakancios kreivés dalis atspindi medziagoms biidingas savybes, o krentanc¢ioji
kreivés dalis rodo zymy lokaliy antriniy plySiy poveikj armatiiros ir betono sukibimui.
Atsizvelgiant | bandinio geometrijos simetrisSkuma jo vidurio pjivio atzvilgiu, sukibimo
ir slinkties rySiui nustatyti buvo naudojama tik pusé deformacijy pasiskirstymo profilio.
Visais atvejais buvo pastebéta, kad, didéjant apkrovai, didéja didziausias sukibimo jtempis
ir jj atitinkanti slinktis.

Taikant minétajj algoritma, buvo nustatytos visy 14 GB tempiamy bandiniy suki-
bimo priklausomybés nuo slinkties funkcijos. Rezultatai parodé, kad tempiamuosiuose
elementuose, armuotuose mazesnio skersmens rumbuotosios armatiiros strypais, esant
tam tikrai slinkties reik§mei, atsiranda didesni sukibimo jtempiai, lyginant su elementais,
armuotais didesnio skersmens strypais.

Eksperimenty metu gautos kylanciosios sukibimo ir slinkties priklausomybeg iSreis-
kianciy kreiviy dalys naudojamos kuriant sukibimo ir slinkties model;. Jis i§samiau apra-
Sytas kitame skyriuje.

3. Naujasis sukibimo ir slinkties modelis:
kdrimas ir patvirtinimas

Pirmoje Sio skyriaus dalyje autorius aptaria teorinius tyrimus ir pagrindines aplinkybes,
kuriomis remiantis buvo sukurtas naujasis sukibimo ir slinkties modelis. Pirmiausia buvo
gauti ir iSanalizuoti 14 GB tempiamy bandiniy dvipusio armatiiros iStraukimo rezultatai
(aprasyti 2 skyriuje). Tuomet sudarytas duomeny rinkinys, kuriame jtrauktos eksperimen-
tiniais metodais gautos GB tempiamuyjy elementy sukibimo ir slink¢iy kylandiosios krei-
viy dalys, veikiant skirtingy lygiy apkrovai. Kuriant modelj buvo pasitelkta daugialypé
tiesiné regresija (toliau — DTR), nes duomeny rinkinys buvo surinktas naudojant platy
jvairiy parametry diapazong. Galiausiai, atlikus tam tikras surinkty duomeny matematines
operacijas, kaip antai reik§miy normalizavima, tinkamo matematinio modelio pasirinkimg
ir kt., buvo sukurtas ir pasitilytas sukibimo jtempiy priklausomybés nuo slinkties modelis
(S3.1 lygtis). Remiantis $ia analize nustatyta, kad, lyginant su kitais iStirtais parametrais,
betono stiprio (f_c) bei slinkties ir skersmens (s/@) santykis turi didZiausia jtaka GB konst-
rukcijy sukibimo jtempiams.
a
T = 1,25 — 0,0035(£.)15 + 250 (%) ;
fe <50 MPa=a=0,;f, =50MPa=a=0,5.

Antroje $io skyriaus dalyje apraSomas patikros procesas, atliktas lyginant pasitlytus
sukibimo ir slinkties modeliy rezultatus su eksperimentiniais. Visy pirma, atlikta patikra
pasitelkiant 14 eksperimentiniy GB tempiamy elementy, naudoty sukibimo ir slinkties
modeliui sukurti. Antra, atlikta patikra jtraukiant im¢iai nepriskiriamus duomenis, pasitel-
kiant 8 nepriklausomus eksperimentinius jvairiy parametry GB tempiamus elementus, Ku-
riy rezultatai buvo surinkti i§ jvairiy Saliy literatiiros Saltiniy. Abiem atvejais gautas labai
geras sitilomo modelio ir eksperimentiniy rezultaty sutapimas.

(S3.1)
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Paskutinéje $io skyriaus dalyje atlickama naujo modelio patikra pasitelkiant ekspe-
rimentinj deformacijy pasiskirstymg aStuoniuose realiuose nepriklausomuose bandi-
niuose. Gauti rezultatai taip pat palyginami su keliy labiausiai zinomy sukibimo ir slinkties
modeliy rezultatais. Siam tikslui pasiekti autorius sukiré ir pasitilé algoritma, skirtg sude-
tingam ir ilgai trunkan¢iam matematiniam modelio patikros ir palyginimo procesui pas-
partinti. Aptarus teorinj kontekstg ir matematinj priemonés pagrinda, jos pritaikymas pa-
rodytas jvertinus septynis sukibimo ir slinkties modelius (jskaitant sitilomg model;), tiriant
aStuonis nepriklausomus eksperimentinius GB elementus, esant skirtingiems jtempiy ly-
giams. Lyginant eksperimentines ir modeliais apskaiciuotas deformacijy reikSmes, galima
susidaryti aiSky vaizda apie modeliy tiksluma. Esamy modeliy prognozuojamos armatiiros
deformacijy kreivés, esant skirtingiems armatiiros jtempiy lygiams, atsizvelgiant j Houde
bandinio eksperimentinius duomenis, pavaizduotos S3.1 pav. Cia aiskiai matyti, kad sia-
lomas modelis armatiiros deformacijas prognozuoja tiksliausiai.
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S3.1 pav. Eksperimentais nustatytas ir prognozuojamas deformacijy pasiskirstymas bandinyje
150x150%405 D25, remiantis Houde, esant jtempiy lygiams: a) 140 MPa; b) 180 MPa;
¢) 220 MPa

Remiantis astuoniy nepriklausomy bandiniy rezultatais (kiekvieng bandinj veikiant
trims skirtingy lygiy jtempiams), atlikta statistiné vidutiniy armattros deformacijy analizé
(S3.1 lentelé). S3.1 lenteléje matyti, kad, lyginant su kitais modeliais, sialomo modelio
rezultatai yra geriausi — teoriniy ir eksperimentiniy reik§miy santykiy (teorija / eksperi-
mentas) vidurkis artimiausias vienetui (0,97). Kankam, Shima, Barbosa ir Filho teoriniy
bei eksperimentiniy reik§miy santykiy vidurkiai atitinkamai lygas 0,94, 0,90, 1,05, 1,07,
1,25ir 1,37.

S3.1 lentelé. vairiy sukibimo ir slinkties modeliy vidutiniy teoriniy deformacijy reikSmiy
palyginimas su eksperimentinémis, naudojant 8 GB tempiamuosius elementus i$ jvairiy autoriy
eksperimentiniy programy

Statistiniai duo- [vertinti modeliai

menys, pagrjsti Lo .
deformacijy | MC2010 | Kankam Salzl?lc;]sa Shima Mlezaé "1 Nilson | Sitlo-
santykiu ir Filho oude mas

Vidurkis 1,07 0,94 1,05 0,90 1,37 1,25 0,97

Standartinis 0,16 012 | 012 | 014 | 027 | 022 | 003

nuokrypis

VK 0,15 0,12 0,15 0,15 0,20 0,18 0,03




SUMMARY IN LITHUANIAN 111

14 — T

1,05 a) T T T T b) ———mMc2010
» Kankam
= Barbosa and Filho
€ 1,00 1 @10} Shima et al.
o o000 _©o ° o o = Mirza and Houde
= e & ._0.0.0._._Q_Q_.9- S — Nilson
é 0,950 0O Vid. 0,97 g Sialomas modelis

>

s 0, © o £
(3} X
© 0,90 o 1F
o (o]
>

0,85 . . . .

0 5 10 15 20 25

0,5 1,0 1,5 2,0
Vid. deformacijy santykis

Bandiniai

S3.2 pav. Sukibimo ir slinkties modeliy palyginimas atlickant statisting analizg:
a) sitilomo modelio vidutiniy deformacijy santykiai; b) visy jvertinty sukibimo ir slinkties
modeliy tikimybiy tankio kreivés

Atsizvelgiant | vidutiniy armattros deformacijy teoriniy ir eksperimentiniy reikSmiy
santykiy (teorija / eksperimentas) sklaida, sitilomas modelis taip pat yra tiksliausias — va-
riacijos koeficientas nevirsija 3 %. Kity modeliy: Kankam, MC2010, Shima, Barbosa ir
Filho, Nilson, Mirza ir Houde — teoriniy ir eksperimentiniy reikSmiy santykiy variacijos
koeficientai atitinkamai lygts 12 %, 15 %, 15 %, 15 %, 18 % ir 20 %. Sitlomo modelio
sklaidos rezultatas parodytas S3.2a pav. Visy modeliy tikimybiy tankio kreivés pavaiz-
duotos S3.2b pav. Cia matyti, jog siiilomam modeliui biidinga siauriausia ir auk§¢iausia
normaliojo skirstinio kreivé, nes jo standartinis nuokrypis ir variacijos koeficientas yra
maziausi. Kita vertus, didziausia normaliojo skirstinio sklaida galima pastebéti Mirza ir
Houde modelyje, kurio duomenys yra labai pasklidg, taigi ir maziausiai patikimi.

Bendrosios iSvados

Siame tyrime pasiiilyta geresné ir modernesné betono ir armatiiros sgveikos modeliavimo
koncepcija. I8analizavus i$ jvairios literatiiros surinkta ir turima tempiamyjy GB elementy
imtj, buvo sukurtas naujas sukibimo jtempiy priklausomybés nuo slinkties modelis. Di-
sertacijoje taip pat pristatytas algoritmas, skirtas esamiems ir biisimiems sukibimo mode-
liams vertinti, patikrinti ir palyginti. Zinant sukibimo ir slinkties modelj, algoritmas taip
pat leidZia nustatyti armattiros deformacijy pasiskirstymg. Pritaikius jtempiy perdavimo
metoda, sukiirus naujg sukibimo ir slinkties modelj bei programa, skirtg armattros defor-
macijoms prognozuoti, toliau pateikiami pastebéjimai ir i§vados:

1. Standartiniai tiesioginio armatiiros iStraukimo bandymai dél daugelio apribojimy
netinka GB elementy, veikiamy eksploatacinés apkrovos, lokaliai sukibimo ir
slinkties elgsenai modeliuoti. Siuo atveju sukibimo elgsenai vertinti racionaliau
taikyti patikimesnius dvipusio armatiiros iStraukimo bandymus, kurie eliminuoja
Siuos apribojimus, kai iSilgai tempiamojo elemento matuojamos armatiiros de-
formacijos. Deja, praeityje atlikta labai nedaug dvipusio armataros istraukimo
bandymy ir né vienas i§ jy nebuvo skirtas GB elementy tinkamumo eksploatuoti
analizei.
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Atlikus regresing analize nustatyta, jog slinkties ir skersmens santykis bei betono
gniuzdomasis stipris turi reikSminga jtakg GB konstrukcijy sukibimo jtempiams.

Sitilomas sukibimo modelis GB elemento ruoze tarp plySiy geba tiksliai numa-
tyti rysj tarp sukibimo jtempiy ir slinkties.

Remiantis disertacijoje pristatytu algoritmu, nustatyta, kad sitilomas sukibimo ir
slinkties modelis tiksliai prognozuoja armatiiros deformacijy pasiskirstyma vei-
kiamuose eksploatacinés apkrovos tempiamuosiuose GB elementuose.

Statistiné analiz¢, atlikta naudojant aStuoniy nepriklausomy GB tempiamy ele-
menty bandymy duomenis, parodé, jog sitilomo modelio prognozuotos armatii-
ros deformacijos vidutini§kai 3 % buvo mazesnés uz eksperimentines. Modeliui
nustatytas variacijos koeficientas nevirsija 3 %. Sios reik§més buvo maziausios,
pasitlytaji modelj palyginus su kitais metodais.

Sitilomas modelis apima tik kylanciaja sukibimo jtempiy nuo slinkties priklau-
somybeés kreivés dalj, o krentancioji kreivés dalis, apimanti kitus reiskinius, to-
kius kaip sukibimo pazaidos zona, vidinis pleis¢jimas, betono elgsena plysyje ir
kt., gali biiti potenciali ateities tyrimy kryptis. [vertinus Siuos veiksnius bty ga-
lima dar tiksliau modeliuoti GB konstrukcijy sukibimo elgsenag.
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