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Preface

Preface

More than twenty years of author’s research on reinforced concrete members
strengthened with FRP materials ensured to write this book as a summary of the
own experiences and development of modelling of concrete structures strength-
ened in flexure with adhesively bonded (AB) fibre reinforced polymer (FRP)
materials.

The purpose of this book is to provide structural and mechanical engineers
with simplified and advanced model for flexural strengthening of reinforced
concrete members with externally bonded (called in the last nomenclature EB)
FRP reinforcement. The review of existing bond models is to explain phenome-
non of bond losing between FRP and concrete. The detailed analysis of variable
parameters shows complexity this problem.

The latest bond research proved a big effect of nonaxial action on the FRP re-
inforcement, which is observed in the full scale RC FRP strengthened members.
The new knowledge on behaviour induced necessity of revision existing design
approaches to the new generation of guidelines based on more accurate design
approaches.

It should be noted that this book does not specify details of the safety concept
based on the accurate factors for EB FRP strengthened RC members. The scien-
tific research summarized in this book based only on non-anchored externally
applied pre-cured FRP laminates or cured in-situ FRP sheets. The near surface
mounted (NSM) FRP technique is not the object of this book.

The main author’s aim is to emphasize the uploaded design rules based on
the ssimplified and more accurate design approaches. The idea to introduce more
advanced approaches in comparison to the simplified ones is to change existing
conservative approaches for more economically efficient design.

It should be emphasized that he book focuses only on the flexure, while the
shear capacity, which is evidently connected with bending is not considered in
this book. Obviously the RC members flexurally strengthened needs aways
shear analysis as well.

This book steers for the scientific approaches and it shows tendency of
changes in designing FRP strengthened RC members than practical guidelines
referring to the ultimate and serviceability limit states. The long term effects in
flexural strengthening are not considered here.

This book consisting of night chapters collecting the published results of a
mount of researches and experts in applications of the FRP materials for flexural
strengthening of RC structures.

Chapter 1 provides a review of the FRP materials with a specia focus on
their anisotropic structure, strength characteristics and exiting FRP strengthening
systems. Chapter 2 gives a state of art in the published research of the flexuraly
strengthened RC members with an accurate analysis of the failure mechanisms.
Chapter 3 delves into details of the FRP-to-concrete bond mechanisms based on
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variable bond tests with the specia focus on the effective bond strain and the
bond length based on many published theoretical models. Chapter 4 describes
bond behaviour on the simple empirical models, shear bond slip models and
advanced meso-scale finite element models. Chapter 5 gives the most practical
summary of design guidelines and code formulations with a special distinction
on the fib Bulletins (the old and new version) and both Italian guidelines CNR-
DT 200 versions (2004 and 2013). A review of the Swiss guide SIA166 (2004)
was presented due to strong support of PhD thesis by Czaderski, 2012. Chapter 6
presents two advanced design models published in Daf StB (2014) and Oehlers et
a. (2015). One of the accurate method proposed in DafStB (2014) considers
bond strength transmission at the segment of RC members between cracks. The
phenomenon of this method based on effects of curvature, crack pattern and
segmental behaviour of the strengthened RC element. Another much more com-
plex model proposed by Oehlers at al., 2015 based on fundamental mechanics.
The novelty of this method based on the mechanics of displacements in the
three-dimensional partial-interaction moment-rotation model, however due to
complexity of this model is not applicable for practical design. This book fo-
cuses on new generation guidelines, which can be recommended for practical
applications. Chapter 7 presents the author’s analytical model for RC members
strengthened in flexure with EB FRP materials with the parametric analysis of
the steel and FRP reinforcement ratio on the IC debonding failure. It confirms
the important effect of the RC member stiffness on the strengthening efficiency.
This analysis could be useful for practical applications. Chapter 8 presents two
finite element models and comparison with the own author’s experimental tests.
The first one based on collaboration with Prof. K. Neale, U. Ebead and dr. H. A.
Baky from Sherbrooke University. The second one is the result of collaboration
with dr. Serega from Krakow University of Technology, who proposed ad-
vanced model for analysis of author’s experimental test results. Chapter 9 gives
the summary and main conclusions.

This book provides a concise review of existing research on the behaviour
and strength of FRP-strengthened RC structures, with a strong focus on the stud-
ies which based on development of new strength models and advanced design
models. It grew out by a lot of published research of many researches all over
the word mainly from the EMPA, the Hong Kong Polytechnic, the University
Adelaide, the University of Naples Federico 1l, University of Bologna, Univer-
sity of Padua, University of Sannio and others.

The author would like to thank personaly many professors and researches,
who supported this book by their valuable comments and discussions during
scientific meetings, conferences and working committees. The special thanks are
indebted to professors, doctors and researches: U. Meier, J.G. Teng, J.F. Chen,
D. Oehlers, T. Triantefillou, K. Zilch, R. Niedermeier, W. Finckh, K. Nedle, T.
Ueda, R. Al-Mahaidi, R. Seracino, L. Bank, Z. Wu, A. Nanni, J. Dai, B. Ta-
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jsten, S. Smith, X.Z. Lu, C. Modena, C. Pellegrino, Ch. Czaderski, F. Ceroni, C.
Carloni, C. Fadlla, , A. Bilotta, C. Mazzotti, A. Prota, I. lovinella and compa-
nies: Sika, S& P, Mapei, Megachemie and Tyfo. Specia thanks the author sends
to dr. Seregafor his outstanding contribution in modeling analysis.

Remarkable acknowledgements the author would like to send to the fib
Committee Task Group 5.1 members (mainly to prof. S. Matthys, who accepted
to use the new version of fib Bulletin 90, 2019, which is still under publishing
process). Mareover the author renders acknowledgements to the RILEM Tech-
nical Committee for their support and acceptance for using RILEM Report 234-
DUC in this book.

Last but not least thanks are expressed to dr. M. Kaszubska and J. Filipczak,
who put a big effort to edit this book, moreover Phd students and laboratory
technicians for their strong support in high quality research.

Finally, the author addresses unlimited thanks to the Reviewers of this book:
Prof. J. Walraven and Prof. W. Radomski for their valuable comments.

Renata Kotynia
Lodz University of Technology
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Symbols

Symbols

A —areaof concretein tension

Ace —areaof anindividual finite element

Ap —axial tensileforce

A, Ay —cross section area of tensile steel reinforcement

A, —cross sectional area of stedl stirrups

B —shear span

Brax-p» Bic —maximum bond force

Brod —modified shear span

C — coefficient of cohesion

E, —modulus of elagticity of adhesive layer

E., Eem —elasticity modulus of concrete

E:, Efrp —elasticity modulus of FRP

En —elasticity modulus of matrix

E, —elasticity modulus of steel

E, —modulus of elasticity of a ply loaded at an angle & to fibre direc-
tion

E, E —elasticity modulus of composite laminate parallel and perpendicular
to fibres

E..E —secant elastic modulus in normal, tangent directions to first crack

FoLrd —bond resistance at idealized end anchorage body

Fosn —bond force per length

Fe —forcein FRP laminate at last crack

Feg —concrete compressive force

Fo —tensile force in FRP debonding

Fr — ultimate tensile strength of laminate

Fr —anchorage resistance of strip

FiRred —reduced anchorage resistance

Fig —tensile force in CFRP reinforcement

Fleg —acting FRP force without redistribution

Fo — prestressing force

Fad + Fsod —forcein tensile, compressive reinforcement

Fiep —ultimate failure |oad

Fuo —ultimate load of non-strengthened member
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F, () — contact pressure

G —shear modulus

G, —shear modulus of adhesive layer

Gt , G, Gy —fracture energy

G, —in-plane shear modulus of laminate

I A —second moment of area of tooth

I —second moment of area of beam

ips Is —second moment of area of cracked strengthened section trans-

formed to concrete with FRP laminate and an equivaent steel
laminate

fre.c —cracked second moment of area of FRP laminate section trans-

formed to concrete

e, rp —second moment of area of cracked plated section transformed into
FRP

L c —uncracked second moment of area of plated section transformed to
concrete

K, Ky —shear stiffness, normal stiffness

K —dgtiffnessin tangentia direction

Kie —initial stiffness

L, —anchoring length

Lyo —unbonded FRP distance

Lo rex —maximum anchoring length

L —bond length

Lao-p —extension of debonded region

L get —lengths of segment

L g —length of wedge

Le, Lps Ly —effective FRP bond length

M —moment at base of tooth

M — cracking moment

M b end —bending moment in RC beam at plate end t its debonding

M g ¢ —flexural debonding moment

M gq —acting moment

M gg —load bearing capacity

My, My —ultimate bending moment of non-strengthened and strengthened
specimen

Mg — preloading bending moment
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Symbols

N¢, Ny, Py —force in FRP reinforcement

Vay —debonding force

Ve, Vg —concrete and shear steel reinforcement contribution to shear
capacity of RC memeber

Vebend » Vebs —critical shear forcein RC beam at plate end at its debonding

W, o —section modulus of uncracked concrete cross section

P —concrete compressive force

Py —tensileforcein concrete

Pc —maximum force in FRP reinforcement

Poc —FRP prestressing force

op — passive prestress

Per P —tensile and compressive force in steel reinforcement

P, —ultimate normal force per unit width of FRP strip at onset of bond
zone

R —bond strength under pure mode 11 loading

Strps Ss —first moment of area of FRP and steel laminate about neutral axis of
cracked strengthened section transformed to concrete

Sor —primary crack spacing

Tq —glass transition temperature

Wi, W, W, —weight mass of fibre, matrix and FRP composites

a —distance from support to nearer end of FRP laminate

au, ap —midspan displacement for active and passive strengthened beam at
ultimate load

a, a, —material constants determined empirically

b, —width of adhesive layer

b, —width of strengthened RC element

bs, be, by —width of external FRP reinforcement

b —width of transversal shear strap

Ct — constant determined in linear regression analysis

C, G —empirical factors

d, h —effective depth of stedl tensile reinforcement

dp —distance from compressive face of RC beam to centroid of FRP
plate

dya —depth of neutral axis

fosm —mean bond stress of reinforcing steel
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fo, fo, T — characteristic compressive concrete strength

feeue fou —compressive strength of concrete on cubic specimens

fem —mean compressive strength of concrete

fu —cylinder concrete splitting tensile strength

fem —medium tensile concrete strength

f etm surfx —near-surface tensile strength

fi, fo —tensile strength of FRP reinforcement

fep —maximum tensile stress

f o —design debonding strength

fiod.c —lower fractile (5%) value of bond strength

fiodic —design value of FRP bond strength corresponding to intermediate
crack debonding

f fom — 5% debonding strength

ffomic —mean value of bond strength

f ok — characteristic debonding strength

fig —design tensile strength of FRP

ftaa —maximum stress that can be carried by composite preventing end

plate debonding failure

f —tensile strength of matrix

fo, fy —sted yielding stress of steel stirrups

fa — ultimate tensile strength of steel

fi —concrete tensile strength

o —post critical slope of function

h —beam'’ s depth

h — effective depth of cross section

ia —micro-average inclination angle

Ka —concrete coefficient

K. —factor accounting for concrete compaction
m —numerical coefficient

k; — shape factor

ks —geometrical factor related to width of bonded plate

K —width coefficient defined

Ks —fracture energy coefficient

K, —roughness coefficient
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Symbols

k, —empirical coefficient limiting ultimate strain in FRP reinforcement
—crack spacing

Iy —bond length

lha —active bond length at FRP end

b mex —effective bond length

b jim —effective bond length

leo —transfer length of reinforcing steel

< —distance between end of strip and support

lo —axia span length

n — coefficient governing softening branch

Ng; —number of steel bars with diameter J;

q —uniformly distributed load

S —stirrup spacing

s —dip

s —dlip at peak

St —dlip corresponding to complete separation of interface

St max —maximum slip

Sir —dlip of strip

Siax —maximum slip

S —distance between cracks

S So —ultimate dlip between FRP and concrete support

t, —thickness of adhesive layer

te —thickness of concrete member

te, thp —thickness of FRP reinforcement

tm —time of stressincrease

trrex —maximum traction

th, by tesp —normal traction, tangential traction, residual traction

u —average bond strength of steel to concrete

u, —relative normal displacement

U, —relative displacement in tangential direction (concrete-laminate

dip)

U —dlip associated with 54

Vi —volume fraction of fibre

Vi —volume fraction of matrix

w —crack width

Wi —weight or mass fraction of fibre
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W, —weight or mass fraction of matrix

X —distance along FRP laminate from its end

Xiru c —neutral axis depth of this transformed section

A ax —additional strain in strip due to external loads

Aoy —stress variation in FRP between two adjacent cracks

Aog —maximum tensile stress increase transferred by bond stresses along
crack spacing

AF,, —forceincrease in FRP reinforcement due to loading

AF ey —change of tensile force in FRP reinforcement

AF, —total change forcein FRP reinforcement

AF 4 —increase in bond force due to shear wrapping

AFe gt —bond component from additional bond frictional

AFe y BL —bond component from bilinear bond stress—dlip relationship

AR« kF —bond component from curvature effect by bearable CFRP-strip
stress

AR 4 —changein FRP force in segment between cracks

AF g —changein FRP force that can be accommodated by bond

ZQba,S —total perimeter of tensile reinforcing bars

D —diameter of steel reinforcement

a —reduction factor to account for influence of inclined cracks on bond
strength

a —material constant that describes post critical slope of function g,

ey Ot —coefficients of long-term durability of concrete

i —normal expansion coefficient

yij —shear retention factor

La —coefficient factor of loading angle effect

B —width ratio parameter

Veas Vi Voo Yog —SA€ty coefficients

1) —interface dip along diding plane

Omax —maximum slip

Op —FRP laminate slip at crack face

Ecr Eorty —compressive concrete strain

Ecp ‘ —concrete strain in tension
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Symbols

Eib

€1y €iC

€ fdo

Eimax: €fu
Eipsr €Ly €11
gf,p’ Lo gpt
€1 test

‘9num

gSJ

€a1y €510 €520
&t

£0

Uy

p

U

nes

UF;

0
K

Kosk

Kvor» Kyb2
Pss Pt

Pcs Pt Pm

Vi2

—ultimate concrete strain
—concrete strain at bottom cross section
—concrete strain at top cross section

—mean shrinkage strain evolution in time t due to cement hydration

and concrete drying
—bond strain

—maximum axia strain of FRP corresponding to intermediate crack

debonding
—debonding FRP strain

—maximum / ultimate strain in FRP reinforcement
—strainin CFRP strip

— pretensioning strain in FRP reinforcement
—maximal CFRP strain registered in test

—numerical strainsin CFRP at ultimate |oad
—ultimate strain in steel

—gtrainin tensile and compressive steel reinforcement
—tensile strain perpendicular to crack

—mid — plane strains

—strengthening efficiency of prestressed specimens
—strengthening efficiency for non—prestressed specimen
—strengthening efficiency

—strain utilization of FRP reinforcement

—strain efficiency

—angle between tensile force and fibre direction
—curvature
—bond factor

—bond coefficients
—longitudinal steel and FRP reinforcement ratio

—weight density of composites, fibres, matrix
—principal Poisson'sratio of laminate

—dtress at interface between concrete and steel plate
—axia FRP stresses between two adjacent flexural cracks

—stress in FRP at ultimate limit state

—maximum stress

15



Renata Kotynia

Ctp —prestressing stress in FRP reinforcement
O —uniform load applied to ends of FRP laminate
Om —tensile strength of matrix

O min —minimum normal stressin soffit plate
oy — ultimate uniaxial compressive stress

Oy —longitudinal stress

oy —transverse normal stress (peeling)

o, —normal stress

T —bond shear stress

T — maximum shear stress

T —bond strength

T¢ glmax: TfJim —Maximum global bond shear stress
—maximum shear stress

—minimum shear stress
0] —angle of interna friction
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Introduction

1. Introduction

1.1. Overview

The fibre-reinforced polymer (FRP) composites have been used for strength-
ening reinforced concrete (RC) members as an alternative to steel plates bonded
to the bottom surface of structures since 1984. The first experimental tests car-
ried out on flexurally strengthened RC beams were carried out at the Swiss Fed-
eral Laboratory for Materials Testing and Research (EMPA) (Meier et al., 1993).

There have been many published studies on structural strengthening using ex-
ternally bonded (EBR) FRP composites (Hollaway and Leeming, 1999; Teng et
al., 2002; Arduini and Nanni, 1996; Bank, 2006; Wu and Eamon, 2017; Deuring,
1993; El-Hacha, 2000; Garden et al., 1998; Kaiser, 1989; Katsumata et al., 2001;
Labossiere et al., 1997; Meier, 1992; Meier, 1995a, 1995b; Meier, 1997; Meier
et al., 1993; Nanni, 1993; Nanni, 1995; Nanni et al., 2004; Seracino et al., 2007;
Taljsten, 1994). More than three decades of experience developed this technique
in the field applications.

However, the design guidelines are still based on experimental simplified ap-
proaches, which gives rather conservative and uneconomical results. It seems
that it is time to change the current design approaches for a new generation of
models considering curvature changes along RC members dependent on the
cracking pattern and preloading effect. The aim of this book is to review the
existing bond models and to point out the needs in designing flexurally strength-
ened RC members.

1.2. FRP materials

A non-homogeneous structure of composite material is composed of at least
two components: one is a polymer matrix, constituting a binder that guarantees
cohesion, hardness, elasticity and resistance to compression, and the fibres
which perform structural role due to their good mechanical and strength proper-
ties in tension. The properties of this complex composite structure are neither a
sum nor an average of the properties of the composite components, but closely
depend on the volume of each component in the final composite material and the
orientation of fibres (unidirectional, two/or three way structure).

The main function of the matrix is to protect the fibres against abrasion or
environmental corrosion, to bind the fibres together and to distribute the uniform
load. The matrix is an anisotropic material, which has a strong influence on sev-
eral mechanical properties of the composite, such as the transverse modulus and
strength, the shear properties and the properties in compression. The most com-
mon binder matrix in the composite material is the thermosetting polymer the

17
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second one is the thermoplastic polymer matrix. Alternatively, the cement mor-
tars can be used. More physical and chemical characteristics of the matrix are
presented in fib Bulletin 90, 2019; CNR-DT 200/2004, 2004; Teng et al., 2002;
Wu and Eamon, 2017.

The purpose of the adhesive is to provide a shear load path between the con-
crete surface and the composite material, so that full composite action may de-
velop. The science of adhesion is a multidisciplinary, demanding a consideration
of concepts from such topics as surface chemistry, polymer chemistry, rheology,
stress analysis and fracture mechanics (fib Bulletin 90, 2019).

The most common type of structural adhesive is epoxy, which is the result of
mixing an epoxy resin (polymer) with a hardener. Other types of adhesives
based on inorganic materials (mainly cement-based) will be discussed later.
Depending on the application demands, the adhesive may contain fillers, soften-
ing inclusions, toughening additives and others. The successful application of an
adhesive system requires the proper preparation (CNR-DT200/2004; fib Bulletin
90, 2019) of an adequate specification, which must include such provisions as
adherent materials, mixing application temperature, curing temperature, surface
preparation technique, thermal expansion and creep properties.

1.2.1. Fibres

Commercially distributed FRP fibres are made of thin continuous filaments

produced in variable shapes (CNR-DT 200/ 2004):

— monofilaments (with a diameter of 10 um);

— tows made as untwisted bundle of continuous filaments;

— yarns consisting of twisted filaments and fibres formed as a continuous fibres
used for production of weaving textile materials;

— rovings made in a form of a number of yarns or tows joined into parallel
bundles with little or no twist.

Four types of fibres are commonly used in structural strengthening, namely
carbon, glass, aramid and basalt fibres. The new steel fibres have been recently
introduced to the civil engineering market but due to their higher weight and low
corrosion resistance they have not been attractive. Natural fibres with their dura-
bility problems are still not recommended for practical applications. However,
they are still research attractive. The physical and mechanical properties of vari-
able fibres are very different, which is shown in Table 1.1. (fib Bulletin 90,
2019).

The carbon fibres exhibit the highest values of elasticity modulus when com-
pared with other types of fibres, which makes this material more effective from a
structural point of view.

18
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The characteristics of FRP materials can be defined according to the follow-
ing features:
— geometry described by a shape and dimensions of FRP material
— fibre orientation
— fibre concentration defined by the volume fraction and fibre distribution
(CNR-DT 200/2004, 2004).

Table 1.1. Typical properties of fibres (fib Bulletin 90, 2019)

. . . Thermal . s
. . . Tensile | Tensile | Failure . Poisson’s
LFl5iT5 b Density modulus | strength | strain expansion ratio
type | identification coefficient
kg/m’ GPa MPa % x10%/C -
Basalt 2691 90 2999 3.20 4.44
Glass |E-Glass 2547 72 3447 4.80 4.99 0.20
S-Glass 2483 87 4309 5.00 2.90 0.22
Aramid |Kevlar 49 1458 131 3620 2.80 -2.00 0.35
Technora 1410 70 2999 4.60 -5.99 0.35
Carbon |T —300 1762 231 3654 1.40 -0.60 0.20
P-100 2146 69 2413 0.32 -1.45 0.20
As—4 1794 248 4068 1.65 -0.60 0.20
IM-7 1778 300 5309 1.81 -0.75 0.20

Carbon Fibres

Carbon fibres have the highest elasticity modulus and the highest tensile
strength when compared with other types of fibres. They exhibit brittle failure
with quite low energy absorption. Carbon fibres indicate high creep resistance to
the long-term tensile loads and fatigue loads.

Production of carbon fibres based on pitch fibres (produced by using refined
petroleum or coal pitch which is passed through a thin nozzle and stabilised by
heating) or PAN fibres (made of polyacrylonitrile that is carbonised by different
heat treatments). A diameter of pitch-type and PAN fibres is approximately 9-18
pum and that of the PAN-type is 5-8 um (fib Bulletin 90, 2019).

Glass Fibres

There are three types of glass fibres: E-glass, S-glass and alkali resistant AR-
glass fibres. The E-glass fibres are susceptible to alkali. Even the S-glass fibres
have higher elasticity modulus and strength than the E-glass fibres. They are not
resistant to alkali either. The zircon component is added to glass fibres to im-
prove their alkali resistance.
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Aramid Fibres

Production of aramid fibres is not common. They have an anisotropic struc-
ture. Their diameter is about 12 um. Aramid fibres indicate non-linear and duc-
tile behaviour under compression and good toughness, as well as fatigue resis-
tance. Because they can absorb up to 7% of water from the ambient air humidity,
they should be dried before the application. The aramid fibres are very sensitive
to UV radiation, moisture and long-term loads (due to low creep behaviour),
similarly to glass fibres. They can lose up to 70% of their initial tensile strength
under UV expose.exposure. Due to low compressive strength (about 1/8 of their
tensile strength), the compression load evokes localized fibre yielding resulting
in fibre instability and formation of kinks. However, their fatigue resonance is
much better than that of glass fibres.

Basalt Fibres

Basalt fibres are produced from a volcanic mineral by melt-spinning from ba-
salt melt. This technology is quite similar to production of glass fibres but there
are fewer energy requirements. They exhibit similar mechanical properties to
glass fibres but with slightly higher elasticity modulus.

High strength stedl fibres

They are produced in the form of steel wires, which can be bundled into
cords, typically have a protective layer of zinc or brass coating to protect them
againt corrosion. They have a linear elastic structural characteristics in the full
range of loading.

Natural fibres

They have been used for structural applications with both organic and inor-
ganic matrices. The main problem of natural fibres is a large variety of their
mechanical and physical properties. The most often applied fibres are vegetal
fibres, including hemp, flax and kenaf. The tensile strength of natural fibres can
vary within the range from 500 MPa to 1500 MPa, whereas their elastic modulus
varies between 30 GPa and 70 GPa.

The mechanical and physical properties of natural fibres are strongly influ-
enced by their geographic origin as well as by the production processes. The
diameter is largely variable and natural fibres are generally intertwined to form
small chords that are used to prepare sheets, fabrics or grids. Due to microstruc-
tural shear-lag mechanism, their tensile strength and the elastic modulus de-
crease with the increase in the chord diameter. Physical and mechanical proper-
ties can be reduced in their interaction with the matrix due to their loss of bond
to the matrix (fib Bulletin 90, 2019).
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The main advantages and disadvantages of FRP fibres are summarized in Ta-
ble 1.2. The benefit of FRP strengthening is high durability assurance. More
common structural strengthening with FRP materials causes reduction in the cost
of FRP composites and their great need for strengthening work all over the

world.

Table 1.2.

The comparison of advantages and disadvantage of variable fibres

Type of fibres

Advantages

Disadvantage

GFRP

low cost; high tensile
strength; excellent insulat-
ing properties

low tensile modulus; relatively high
specific gravity; sensitivity to abrasion
from handling; sensitivity alkalies; rela-
tively low fatigue resistance;

CFRP

high tensile strength—to—
weight ratio; high tensile
modulus—to—weight; very
low coefficient of linear
thermal expansion; high
fatigue strength

high cost; high brittleness; electrical

conductivity

AFRP

very low thermal conduc-
tivity; very high damping
coefficient; high degree of
yielding under compression

hygroscopic make absorption moisture up
to about 10% of fibre weight; at high
moisture content, they tend to crack
internally at pre-existing microvoids and

produce longitudinal splitting; low com-
pressive strength; loss of strength and
modulus at elevated temperatures; diffi-
culty in cutting and machining; sensitive
to UV lights

1.2.2. Matrices

The main function of a matrix is to protect the fibres against abrasion or envi-
ronmental effects. Moreover, a matrix acts as a binder of fibres and distributes
the uniform load. A matrix has a strong influence on several mechanical proper-
ties of a composite, such as: transverse modulus of elasticity, tensile strength,
shear and compressive mechanical properties. The fabrication process is influ-
enced by physical and chemical characteristics of the matrix, which consists of:
melting, curing temperature, viscosity and reactivity with fibres. The most
common matrix for composite materials used/ used for composite materials_is a
thermosetting polymer. A thermoplastic one is also used but it is not so common
(fib Bulletin 90, 2019).

Thermosetting epoxy, polyester and vinylester resins are most commonly
used with high-performance reinforcing fibres, which are characterised by very
good chemical resistance. They have several advantages, such as low viscosity
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that enables easy fibre impregnation, good adhesive properties, room tempera-
ture polymerization characteristics, good resistance to chemical agents and the
absence of melting temperature. However, their disadvantages are: limited range
of operating temperatures, with the upper bound limit given by the glass transi-
tion temperature, poor toughness with respect to brittle fracture and sensitivity to
moisture during the field applications (CNR-DT 200/2004, 2004).

The epoxy resins have better mechanical properties (Table 1.3) than polyes-
ters and vinylesters. From physical point of view, they have the best durability
when compared with polyesters or vinylesters. However, the latter two are much
cheaper than the epoxy one.

Another type of matrix, namely cement mortars, is produced on the basis of
inorganic materials (cement-based, metallic or ceramic). The inorganic matrix
used in the polymer-modified, cement-based mortars is most commonly applied
in the form of textiles (fib Bulletin 90, 2019).

Table 1.3. Mechanical properties of commonly used FRP epoxies

Epoxy type Sikadur 300 (MPa) Tyfo S epoxy (MPa)
Tensile strength 55.16 0.07
Tensile modulus 1.72 3.18
Tensile elongation 3% 5%
Flexural strength 0.08 0.12
Flexural modulus 3.45 3.12

1.2.3. Adhesives

The most commonly used type of adhesive in structural applications is ep-
oxy, which is a mixture of epoxy polymer resin with a hardener. Other types of
adhesives, like cement-based ones, are made on the basis of inorganic materials.
Variable adhesives may contain fillers, softening inclusions, toughening addi-
tives and others, depending on the application demands, which require a proper
concrete surface preparation, adherent materials, temperature and technique
control (fib Bulletin 90, 2019). A very important parameter influencing strength-
ening is the glass transition temperature, T, . It is considered according to both

components of an epoxy adhesive (resin and the hardener) that strongly depend
on curing time and temperature. If the temperature increases above the glass
transition, the mechanical properties of the adhesive drop in an abrupt manner.

The recommended epoxy adhesives in construction should be used at service
temperatures below the glass transition temperature. The synthetic adhesives are
used in their rubbery domain at service temperatures above glass transition tem-
perature. The mechanical properties of polymers used in their rubbery domain
show only very small temperature dependency.
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The epoxy adhesive demands include two different time concepts during the
application process such as: the pot life, i.e. time after mixing the resin with the
hardener before it starts to harden in the mixture vessel, and the open time, i.e.
time between adhesive application to the adherents and their joining. There are
several advantages of the epoxy adhesives when compared to other polymers.
The most important are : high surface activity, good wetting properties for dif-
ferent substrates, long open time formulation, high cured cohesive strength, low
shrinkage, low creep and superior strength retention under sustained load (fib
Bulletin 90, 2019). The most popular are bi-component epoxy adhesives.

The adhesive bond conditions can be identified by three types of fracture:

— cohesive - localized inside one of the materials, which means the same mate-
rial remaining on the sides of the fracture surface,

— adhesive - localized at the interface between an adhesive and a substructure,
which means lower adhesive strength than the substructure, which confirms
improper application,

— mixed fracture — combining cohesive and adhesive fracture, which occurs
when surfaces are irregular and located in both materials (adhesive and sub-
structure).

1.3. FRP composites

The fibre reinforced polymer materials, made of various types of fibres em-
bedded in a matrix of epoxy, are produced in the form of:

— thin unidirectional pultruded laminates (strips with thickness in the order of

1 mm) (Fig. 1a),

— flexible sheets or fabrics made of fibres in one or at least two different direc-
tions impregnated with resin in-situ (Fig. 1b),
— rods, with diameter in the order of a few mm, made by pultrusion (Fig. 1b, c)

(fib Bulletin 14, 2002),

— profiles (T—shape, L—shape) — Fig. 1.d.

Composite materials are divided into two groups, based on their internal
structure that include single and multi-layer materials. The first group contains
laminates (prefabricated strips) with unidirectional fibres surrounded by the
epoxy matrix. Depending on the saturation of fibres in the matrix, the single-
layer composite laminate has different mechanical properties in the longitudinal
and transverse direction.

In the second case (the multi-layer material), the structure of the composite
consists of a hybrid structure. A single layer is then composed of two types of
fibres (differing in type of material and strength) or consecutive layers of the
same type of fibres arranged in two or three directions (Wu and Eamon, 2017).
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Fig. 1.1. FRP composite materials : a), b), ¢), d)
The mechanical properties of fibres and matrices characterised by the tensile
strength and the tensile modulus of elasticity of FRP materials in the direction
parallel to fibres are calculated according to the equations proposed by (Jones,

1999; Wu and Eamon, 2017):
Uf1=O'fo +C7me (11)

Eflefo+Eme (12)

However, the tensile strength and the tensile modulus in the transverse direc-
tion is calculated according to:

Of2=0p (13)
E. = ! (1.4)
12 Ff Vm ’
7.,,_7
E, E,
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where: o, is the tensile strength of the cured FRP laminate; o, is the tensile
strength of dry fibre; o, is the tensile strength of matrix; v, is the volume
fraction of fibre; v,, is the volume fraction of matrix; F ' is the tensile modulus;
E; is elasticity modulus of FRP in fibre direction; E,, is elasticity

modulus of the matrix.

ve=wLe (1.5)

S

v, =w, £ (1.6)
Pom

where: w, is the weight/or mass fraction of fibre; w, is the weight/or
mass fraction of the matrix; p., p,, and p, are the weight density of

composites, fibres, and matrix, respectively.

”f
Wy . (1.7)
m
w,=—L 1.8
. 'Wi (1.8)

where: W, W, and W, are the weight/mass of the fibre, matrix and FRP

composites, respectively.

A density of the full FRP material containing fibres is calculated
from the following equation:

1
p.=Vpr+V, 0, ————— (1.9)
c frFf m mﬁ_i_ﬂ
Vitv, =1 (1.10)
Wt w, =1 (1.11)

Typically, the volume fraction of fibres in FRP materials is about 50-70% for
strips and about 25-50% for sheets or fabrics. The mechanical properties of FRP
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materials are estimated on the basis of the properties of fibres and matrix and
their volume fractions in the FRP material (fib Bulletin 90, 2019).

Prefabricated strips are the most commonly used FRP materials for structural
strengthening. Their material properties based on the above mentioned calcula-
tions in comparison with the mild steel are summarized in Table 1.4. and they
are shown in Fig. 1.2.

Table 1.4. Typical properties of prefabricated FRP strips in comparison with
steel (fib Bulletin 14, 2002)

. Elastic modulus | Tensile strength | Ultimate tensile
Material E, (GPa) fr (MPa) | strain &, (%)
Prefabricated strips
Low modulus CFRP strips 170 2800 1.6
Mid modulus CFRP strips 210 2800 1.6
High modulus CFRP strips 300 1300 0.5
Mild steel 200 400*/600 2%/25
* - yielding strength

4000

5, MPa CFRP
‘ AFRP

3000 / SFRP
2000 BFRP
/ / GFRP
1000

% steel

0 T T T
0 0,01 0,02 0,03 0,04 0,05

€, %o

Fig. 1.2. Stress-strain diagrams for different unidirectional FRP materials:
carbon fibre reinforced polymer (CFRP), glass FRP (GFRP), aramid
FRP (AFRP), basalt FRP (BFRP) and steel FRP (SFRP).

The FRP laminate is fully anisotropic material with different tensile charac-
teristic in variable directions in relation to the longitudinal one. The elasticity
modulus depends on a & angle between tensile force and the fibre direction
(Jones, 1999; Matthews and Rawlings, 1994). The modulus of elasticity E, of a

ply loaded at an angle & to the fibre direction is calculated on the basis of the
following formula:
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E

X

= EL160S4(0)+ (GLU —%JSinz(H)COS4(9)+Eizsmzl(e) (1.12)

where: E, and E, are the elasticity modulus of the composite laminate parallel
and perpendicular to the fibres, v, is the principal Poisson's ratio of the lami-
nate (generally 0.3) and G,, is the in-plane shear modulus of the laminate (see

Fig. 1.3).

The ply orientation in the FRP laminate is determined on the basis of a par-
ticular loading direction, which is known as the maximum applied load direc-
tion, which corresponds to this fibre direction, which transfers the maximum
load and refers to the 0 degree direction.

150 o7
0=15"
100}~
0=35" 0/90
X 8-harness satin
=50 | X Plain weave
) ; Triaxaial fabric
[y
25 y X

10 -
| 1 1 | 1
10 25 30 100 150
E, (GPa)
Fig. 1.3. Predicted E, and E, elasticity modulus in variable directions: + 6

angle-ply (from € =0 to £45°-90°) (Wu and Eamon, 2017)

The balanced FRP laminate is the one in which there is an equal number of
+6 and —60 plies. The symmetric laminate is the one in which the plies are
symmetric in terms of geometry and properties with respect to the laminate mid-
plane.

Balanced symmetric laminates have a simple response based on the compos-
ite structures generally designed to the strain level corresponding to the visible
damage in its structure (Wu and Eamon, 2017).

Classical Laminate Theory is an extension of the theory for bending of ho-
mogeneous plates, but with an allowance for in-plane tractions in addition to
bending moments, and for the varying stiffness of each ply in the analysis.
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Beginning with assumption of knowledge of the tractions N and moments
M applied to a plate at a position x, y:

N

X

N=1N, (1.13)

N

Xy

M={M, (1.14)

M

xy

it is possible to define stressed integrated through the laminate. The average
values of the tensile stress give the in-plane loads N and the linear variation
gives the couples M . The end loads and moments are shown in Fig. 1.4, where:
Ny =N,, N,, =N, . Using the elasticity properties of each ply, rotated to the

fibre directions, the end ultimate loads relate to the mid — plane strains &% and
curvatures x to give the laminate the stiffness properties according to the fol-

lowing formula:
N| [4B]&°
= (1.15)
M BC|| k

where: 4, B and C are the stiffness propitiates: in-plane, the bending stiffness and
the stiffness arises between the bending and membrane actions (shown in Fig. 1.4.).

o

~a, My

Fig. 1.4. Mid-plane forces and moments (Wu and Eamon, 2017)
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The mechanical properties of the FRP materials (£, and f,) are governed
by the fibre properties (£, and [, ) and the cross-sectional area of the bare

fibres, which have much higher stiffness and strength than the matrix ( £,, and
f.n )- There is a strong relation between the fibre volume fraction and the FRP

properties, shown in Figure 1.5.

4000
o, MPa ‘

V5,=100%, t;=0,7mm

3000
/

V5ip=70%, t=1,0mm

2000

Vip=50%, t=1,4mm

1000
/ B
0 ‘

0 4 8 12 16 20

Fig. 1.5. Stress-strain relations corresponding to various fibre volume frac-
tions of 100%. 70% and 50% (fib Bulletin 90, 2019).

Different properties exhibit the in-situ resin impregnated systems with vari-
able final FRP thickness and the fibre volume fraction makes that the precise
calculations of the strength properties are not possible and should be obtained
from testing.

Table 1.5. Anisotropic ratios of fibre-reinforced unidirectional laminates
(CNR-DT 200/2004, 2004)

Type of fibre / matrix E,/E, | E;/Gy; | 0.1/00 o;/a
Silicon carbide/ceramic 1.09 2.35 17.8 0.93
Boron/aluminium 1.71 5.01 11.6 0.30
Silicon carbide/aluminium 1.73 5.02 17.0 0.52
S-Glass/epoxy 2.44 5.06 28.0 0.23
E-Glass/epoxy 4.42 8.76 17.7 0.13
Boron/epoxy 9.27 37.40 24.6 0.20
Carbon/epoxy 13.60 19.10 41.4 -0.07
Aramid/epoxy 15.30 27 26.0 -0.07
E; —=Young modulus of elasticity; Gij : shear modulus; o,; — failure stress; a; - coeffi-
cient of thermal expansion; 1 or 2 — longitudinal and transversal direction, respec-
tively
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Composite materials have an anisotropic structure with entirely different
physical and mechanical properties in the longitudinal and transverse directions.
A degree of complexity of the composite structure is determined by the anisot-
ropy coefficient, which expresses the ratio of physical and mechanical character-
istics in two perpendicular directions. The values of anisotropic ratio in unidirec-
tional laminates calculated as a ratio between values of the composite properties
in the longitudinal and transversal fibre directions are summarized in Table 1.5.

Table 1.6. Characteristics of CFRP laminates (S&P, 2019; Sika® CarboDur®,
2016; MC-Bauchemie, 2005; Mapei, 2018; Megachemie, 2011;
Tyfo® UC Composite Laminate Strip System, 2015)

E
Company CFRP material i Ju Type of adhesive
(GPa) (MPa)
CarboDur XS 165 2.200
. CarboDur S 165 2.800 |Sikadur 30
Sika .
CarboDur M 210 2.800 |Sikadur 41
CarboDur UH 400 1.800
MC-Bauchemie |MC-Dur CFK >167 >2.950 |MC-DUR 1280
Neoxeplate HS >170 >2.512
Megachemie  |Neoxeplate HM >230 ~2.566 | eopoxe 30
Neopoxe 41
Neoxeplate UHS >160 >2.571
CFR-Lamellen 150/2000 |>165 >2.500 )
S&P Resine 220
CFR-Lamellen 200/2000 (>210 >2.500
Mapei FRP Carboplate 160 —250 [>2.000 |Adesilex PG1 +PG2
Tyfo®UC g;?;‘;"s“e Laminate 1, 55 2790 | Tyfo® Epoxy

E;— CFRP elasticity modulus; f; — CFRP tensile strength

Fibre reinforced polymer materials in the form of laminates, sheets and grids
are commonly used for strengthening of existing RC members in flexure, shear
(mostly existing slabs and beams) and confinement by wrapping of columns and
to increase their compressive and seismic capacity. The commercially available
FRP materials unidirectional and bidirectional FRP offered by Sika, S&P, Fife,
and Mapei are summarized in Table 1.6.

1.4. FRP strengthening systems

A division of strengthening systems came from two following technologies
of application of the strengthening materials:
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— bonded on the external surface of concrete, known as externally bonded rein-
forcement - EBR or externally applied reinforcement - EAR (according to a
new nomenclature in fib Bulletin 90, 2019) containing:

— pre-cured systems based on prefabricated elements (Fig. 1.6a., b);

— systems cured in-situ based on flexible sheets (Fig. 1.6.c, d)

— boned into groves cut in the concrete cover known a near surface
mounted reinforcement — NSMR (Fig. 1.7a, b);

— special systems: prestressing, mechanically attached laminates, automated
wrapping, etc. (Fig. 1.8a, b, ¢, d);

— advanced composite systems made of steel fibres in combination with poly-
meric matrices (SFRP) or even fibres in the form of textiles or grids bonded
to concrete surface with inorganic mortars (fextile reinforced mortars —
TRM) (Fig. 17.4, e).

Fig. 1.6. Externally applied FRP systems for flexural strengthening with:
a) laminates; b) bottom and lateral L-shape profiles; c) lateral sheets
in flexural strengthening; d) lateral sheets in shear strengthening
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Fig. 1.7. Near surface mounted FRP system for flexural strengthening with
strips
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Fig. 1.8. Special FRP systems for flexural strengthening: a) prestressed with
anchorages; b) non anchored prestressing system - gradient method
(TULCOEMPA Project); c) mechanically fastened system (SAF-
STRIP® MF-FRP on the bridge over the Meramec River in Missouri
https://www.strongwell.com/wp-content/uploads/2013/04/SAFSTRIP-
Brochure.pdf); d) Textile reinforced mortar (TRM) (Papanicolaou et
al, 2007)
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2. Flexural strengthening
2.1. State of theart in research

FRP application for flexural strengthening was introduced by Urs Meier in
1980s using CFRP laminates at the Swiss Federal Laboratory for Materials
Testing and Research (EMPA) (Meier, 1992; Meier et al., 1993). FRP was first
applied in the United States by the California Department of Transportation,
Caltrans in early 1990s (Wu and Eamon, 2017).

A large amount of research was carried out all over the world (Kaiser, 1989;
Ritchie et al., 1991; Saadatmanesh and Ehsani, 1991; Triantafillou and
Deskovic, 1991; Triantafillou and Plevris, 1992; Uji, 1992; Jones and Swamy,
1983; Ichimasu et al., 1993; Nanni, 1993; Deuring, 1993; Deuring, 1994;
Téljsten, 1994; Chajes et al., 1994; Schwegler, 1994; Sharif et al., 1994; Meier,
1995a, 1995b; Nanni, 1995; Takeda et al., 1996; Swamy et al., 1996; Shahawy
et al., 1996; Arduini and Nanni, 1997; Garden et al., 1997; Meier, 1997;
Labossiere et al.,, 1997; Téljsten, 1997a; Siwowski, 1997; Siwowski and
Radomski, 1998; Garden and Hollaway, 1998; Spadea et al., 1998; Garden et al.,
1998; Grace et al., 1999; Kachlakev and Barnes, 1999; Kotynia, 1999; Naaman,
1999; Ross et al., 1999; Swamy and Mukhopadhyaya, 1999; Labossiére et al.,
2000; Nguyen et al., 2001; Teng et al., 2002; Matthys et al., 2004).

Polish experiences in structural strengthening started from bridges with the
first application of CFRP laminates in 1992 on the bridge over the Wiar river
(Siwowski and Radomski, 1998). One year later the second application with
combined CFRP laminates and sheets was performed on the bridge over thw
Bystry canal (Siwowski, 2012). Other polish CFRP applications on the RC
structures were published by Furtak (1998, 2014), Radomski (2018), Siwowski
and Radomski (2015), Siwowski and Zoéttowski (2012). Much more effective
flexural strengthening with prestressed laminates were carried out by Piatek
(2017), Piatek and Siwowski (2016), Siwowski et al. (2010), Piatek and
Siwowski (2017), Kotynia at al. (2014), Kotynia et al. (2015), Piatek and
Siwowski (2017).

Most research and field applications on flexural strengthening of RC
members were carried out on simply supported beams and slabs strengthened on
the bottom surface of the RC members without additional anchorage in the
support region. However, to prevent debonding at the ends of the bottom
laminates, U-shape sheets (Fig. 2.1.a) and overlapping FRP materials
(laminates/sheets) (Fig 2.1.b) or mechanically anchored (laminates / sheets) can
be installed (Fig. 2.1.c).

The goal of this book is to introduce and describe general flexural
strengthening of RC members by externally bonded laminates without additional
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anchorage systems, so the only non-anchored systems will be further analysed in
this book.

The best summary of variable cases of flexural strengthening configurations
with EB FRP materials on the bottom, top and the lateral surfaces of RC
members was published by Oehlers et al. (2007). More cases considered
multiple span flexural members with possible FRP applications located in
sagging and hogging regions

Fig. 2.1. Anchorage systems for laminates in flexurally strengthened beams
and slabs: a) U-shape sheets (Euro-projekt installation, Bartosik and
Katuza, 2010); b) overlapping FRP materials laminates/sheets Bridge
over Bystry Canal in Augustéw (Siwowski, 2015), c) mechanically
anchored laminates (Siwowski and Radomski, 2015)

2.2. Failure mechanisms of FRP strengthened RC members

The existing research on reinforced concrete members flexurally
strengthened with FRP materials can fail in several different ways, which are
completely different in comparison with original RC members. There is a wide
literature referring classification of the failure modes published for last two
decades (Ajdukiewicz and Hulimka, 2010; André et al., 2002; Bank et al., 2004;
Bartosik and Katuza, 2010; Brandt, 1996; Casadei et al., 2003; Cichocki, 2001;
Czarnecki and Emmons, 2002; Derkowski, 2005; Deuring, 1994; El-Hacha,

36



Flexural strengthening

2000; El-Hacha et al., 2001; Garden et al., 1998; Gorski et al., 2002; Grace and
Sayed, 2003; Gutowski et al., 2003; Kaiser, 1989; Katuza, 2004; Katuza and
Ajdukiewicz, 2008; Kaminski et al., 2006; Katsumata et al., 2001; Kubica et al.,
2010; Lamanna et al., 2004; Lu et al., 2005; Lagoda, 2002; Lagoda, 2005;
Maeda et al., 1997; Matthys et al., 2004; Meier et al., 1993; Menegotto and
Monti, 2005; Michalak, 2000; Monti and Liotta, 2007; Mossakowski, 2006;
Naaman, 1999; Radomski, 2005; Seracino et al., 2007; Sienko et al., 2006;
Siwowski, 1997; Siwowski and Radmoski, 1998; Taerwe et al., 1997; Téljsten,
1994; Teng et al., 2002; Triantafillou and Antonopoulos, 2000; Wan, 2002).

The most common classification based on test results of the existing research
was presented in (Teng et al.,, 2002). Seven categories referring to material
failure and interface debonding failure modes are summarized in Fig. 2.2,
however the ninth mechanism was introduced by (Oechlers et al., 2007, Fig. 2.3
and Fig. 2.4).
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Fig. 2.2.

Failure modes of FRP-plated RC beams: a) FRP rupture (R);

b) concrete crushing (CC); c¢) shear failure; d) concrete cover
separation (CCS); e) plate end interfacial debonding (PE); f)
intermediate flexural/shear crack-induced interfacial debonding (IC);
g) critical diagonal shear crack-induced debonding (CDC) (Smith and

Teng, 2002a).
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The most common failure mode is debonding of the FRP laminate from the
concrete surface which may proceed as: (Fig. 2.2.1, g):

— intermediate crack induced interfacial debonding (ICD) initiates at the
flexural / flexural-shear cracks in the highest bending moment region and
propagates by gradual debonding of the laminate from the flexural crack to
the end of the FRP end (Fig. 2.2.f. and g).

When debonding occur at or near the end of a laminate it may proceed in
three different ways:

— critical diagonal crack (CDC) debonding occurs after formation of a major
shear crack intersecting the plate near its end and develops from the
intersection point to the plate end. This debonding develops along the
laminate-concrete interface (Fig. 2.2.b)

— concrete cover separation (CCS) (Fig. 2.2.¢)

— plate end interfacial debonding (PEI) (Fig. 2.2d).

There is a possible combination of CDC debonding and CCS (Fig. 2.2.¢).
The interface of the concrete cover separation may occur in the concrete,
adjacent to the adhesive layer or at the level of the internal tensile steel
reinforcement.

Two additional failure modes refer to the FRP rupture and concrete crushing,
however the second one is possible only for the RC members of low concrete
strength and high reinforcement ratio.

The stress concentration is the reason of three main debonding mechanisms
(IC, CDC and PE, Fig. 2.3 and 2.4).

uncraced section craced section uncraced section

—

I
|
I
I
I
I
|~
_ —

IclIc2 1c2 13 VAy coc! peE O

Fig. 2.4.  Failure modes of FRP-plated RC beams according to (Oechlers et al.,
2007)

I ntermediate crack debonding

The IC debonding mechanism is induced when a flexural crack intercepts the
laminate. Following the crack widening under increasing load the stress
concentrations in the intercepting point cause the interface FRP debonding (Fig.
9f). It is generally located in the high bending moment region associated with
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the widest flexural crack width and the highest strains of the FRP materials. The
bond shear stress—slip 7 —S condition describes further crack propagation from
the flexural crack to the adjacent region (Fig. 2.5). Gradual IC interface crack
occurrence leads to IC debonding developing to the end of the laminate.

Table 2.1. Description of debonding mechanisms failure modes according to
the existing guidelines (Oehlers et al., 2007)
Codes FRP debonding models
IC1 IC2 IC3 CDC PE
AUST |debonding debonding debonding debonding debonding
EUR |peeling off in |peelinf off at |peeling off at |peeling off concrete rip—
uncraced flexural crack |flexural crack |caused by off
anchorage shear cracks
plate—end
shear
BRIT |debonding debonding debonding, peeling off, peeling
peeling plate end
debonding
HK induced induced induced plate end concrete cover
debonding debonding debonding interfacial separation
USA |FRP peeling away from substrate concrete cover |not recognised
delamination
with bonded
FRP reinf.

Fig. 2.5.

intermediate flexural crack

direction (g

$

f IC interface

crack prog

agation

Pic(éic)

RC beam

IC debonding mechanism (Oechlers et al., 2007)

The intermediate crack debonding was observed in research by Kotynia
(1999). This failure occurred in the bending region close to the flexural cracks
and followed to the end of the laminate (Fig. 2.6.a, b).
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Fig. 2.6. Intermediate flexural crack debonding: a) the beam set—up, b)

debonding process, c¢) failure mode, d) location of the critical cross—
section “CS” in the bending region (Kotynia, 1999)

The plane of delamination was initiated partially in the thin adhesive layer
and the concrete cover. The normal tensile forces in the cross section from the
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bending moment and the shear transverse force did not cause steel yielding in
the cross-section located at the end of the laminate in this section (Fig. 2.6.c).

Critical diagonal crack debonding

The second failure mode named CDC debonding occurs if a crack intercepts
the laminate and the crack widening due to shear stress concentrations at the
intercepting point causes abrupt debonding of the laminate (Fig. 2.7). If the
concrete contribution in the shear strength V. is exceeded, the RC beam fails
under vertical shear due to the critical diagonal crack. It should be noted that the
CDC mechanism is not associated with a flexural crack or a flexural-shear crack
but it is caused only by a single diagonal crack that eventually slides and which
governs the shear concrete capacity V.. When the crack width S, increases, the

tensile force in the laminate increases, which finally leads to the IC laminate
debonding and V, reduction (Fig. 2.7.).

direction of crack

‘_\_P:E,pagation

N

rigid body t
displacement §

g rigid body
l displacement

N

IC interface/ \Criticol
crack diagonal crack

Fig. 2.7.  Critical diagonal crack CDC debonding (Oehlers et al., 2007)

Concrete cover separation

The concrete cover separation induced by the inclined crack located close to
the end of the laminate was described in research by (Kotynia, 1999). The FRP
delamination started the moment the tensile steel reinforcement started yielding
at the not strengthened cross-section of the beam (Fig. 2.8.). A sudden increase
in the inclined crack width occurred close to the end of the strip caused the loss
of bond between concrete and steel in the vicinity of this crack. This is why
delamination occurred at the steel reinforcement level and the concrete remained
joined with the laminate at this critical cross section (Fig. 2.8.).

The application of lateral laminates overlapping the bottom laminate (Fig.
2.9.) delayed delamination of the bottom laminate that lead beneficial effects for
the strengthening efficiency. This failure mechanism was described in Yao
(2004) and Yao et al. (2005). After forming of the inclined crack close to the end
of the FRP laminate in the unstrengthened region, the crack width starts to
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increase, which results in debonding of the bottom laminate with the adjacent
concrete cover (known as the “thick composite plate”) from the tensile steel
reinforcement and reduction of the flexural stiffness of the beam due to
increasing beam’s curvature.

|

flexure | flexure with shear |
T L
crack propogotionK g
c)
x*
| Agy
Te L/2 Ar

CS — critical section T~

envelope line of resisting
of tensile force

l,-anchorage length b
Fig. 2.8. Concrete cover separation failure (CCS): test set—up of the beam,

b) failure mode, ¢) location of the critical cross—section “CS” at the
CFRP termination
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|

flexure flexure with shear

S — ——
crack propagation

bottom strip

Fig.2.9. Plate end debonding at the FRP anchorage debonding due to the
predominant effect of shear stresses: a) test set—up of the beam,
b) failure mode, c) location of the critical cross—section “CS” with
the overlaping length of the lateral laminates on the “CS” position

The “thick composite plate” under such a large curvature increase causes
high interfacial stresses between the “composite plate” and the longitudinal
reinforcement. Debonding failure induces the sudden composite plate tearing off
(Fig. 2.10, Yao et al., 2005).
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steel bar
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inclined crack
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Fig. 2.10. Concrete cover separation failure mode (Yao et al., 2005)
Plate end debonding
The third debonding mechanism induces the plate interfacial (PE) debonding

at the FRP end due the high interfacial shear and normal stress concentration
near the FRP end and the discontinuity of the laminate caused by the curvature.

RC beam

e=0

direction of debonding
crack propagation

Fig. 2.11. Plate end (PE) debonding mechanism (Oehlers et al., 2007)

When curvature increases the axial tensile force, A, in the laminate appears
with the normal force N, induced by the bending moment M, (Fig. 2.11). The

FRP end debonding starts from its end and propagates towards the maximum
bending moment location. Generally, failure plane is localized in a thin concrete
surface following in the interfacial adhesive layer. This failure mechanisms can
be prevented by extending the laminate to the lowest bending moment position.
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The fourth Vj,, debonding mechanism (Fig. 2.4) caused by the stress

concentration due to flexural cracks (IC), neither due to critical diagonal cracks
(CDC), nor due to the discontinuity of the laminate (PE) is not separately
classified and it is very rarely published. The V,, debonding comes from the

elementary structural mechanics referring to the shear 7 and normal stress o,

(Model Bjorn Talijsten (Talijsten, 1997b), Fig. 2.12.).
Berittle failure observed in the PE debonding is caused by complex stress state
at the anchorage distance mentioned above (Fig. 2.12.).

"
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Vi 1T (%_’1 Vitdyy

17 1t t _of
P -

ot 1 1 4
<<Nz_t ] ‘”7"”2) =
VQL—X’I Vv,

Fig. 2.12. Static scheme and complex stress state at the end of the EB FRP
reinforcement (Talijsten, 1997b).

The normal stress o, (Fig. 2.13.) reached relatively much lower value in

comparison with the shear stress that appeared on a very short anchorage
distance (Fig. 2.14.). Hence, it is reasonable not to consider normal stress in the
analysis at the end of the FRP laminate.

However, this failure mode is very probable for beams strengthened with
prestressed FRP laminates. Moreover, it should be considered in the
serviceability limit states as well.

Apart from the critical crack position and its width, the IC debonding
depends on adjacent cracks and the curvature of the cracked RC member that is
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different for slabs and beams (Nidermeier, 1997; Neubauer, 2000; Finckh, 2012;
Zilch et al., 2011, 2012; Teng et al., 2006; Chen et al., 2007; Pan et al., 2009).

Shear stress ¢ [MPa]

0 0,05 0,1 0,15 0,2
x [m]

Fig. 2.13. Calculated (according to Télijsten (1996)) shear stress 7 diagram in
the beam B-04/S (Kotynia, 1999).

5 4

Normal stress 5z [MPa]

0 0,05 01 0,15 0,2
x [m]

Fig. 2.14. Calculated (according to Télijsten (1996)) normal stress o, diagram
in the beam B-04/S (Kotynia, 1999)

Load distribution effect

Flexural behaviour of EB FRP-strengthened RC members depends on the
load distribution, which significantly effects the cracking pattern in the IC
debonding mechanism. Most of experimental programs based on the point
loaded schemes. However the uniformly distributed load is very rarely used in

47



Renata Kotynia

scientific research. On the other hand, this scheme of loading is the most
common one in the engineering practice.

The load distribution strongly effects the curvature of a member and the
cracking pattern, which, in consequence govern the cracking pattern. Although
IC debonding failure was investigated in a vast amount of research, few of them
developed IC debonding mechanism using strong relationship based on IC
debonding and the interfacial shear stress distribution (Lu at al., 2007;
Rosenboom and Rizkalla, 2008). Most of the existing approaches for IC
debonding used the bond strength models for FRP-to-concrete bonded joints
based on the pull-out bond tests or beam-bond tests. They will be described in
Chapter 4.

An effect of load distribution was investigated by Fu at al. (2018). The IC
debonding was analyzed under two-point loading, four-point loading and eight-
point loading schemes. The eight-point loaded beam indicated greater increase
in the mid-span moment from the first appearance of local FRP debonding to the
final IC debonding. More regions with local debonding were observed until the
final failure of the beam. This definitely confirms a huge effect of the load
distribution on the process of crack propagation, the FRP debonding and final
beam failure mode.

In recent years, carbon fibre—reinforced polymer (CFRP) strips and sheets
have been widely used for strengthening RC structures, by using an externally
bonded (EB) technique, in which the strips and sheets are bonded to the concrete
surface with epoxy resin. Many tests performed on RC members strengthened in
flexure with EB FRP materials indicated low efficiency of this technique caused
by premature FRP debonding. Although non-prestressed (passive) CFRP
strengthening systems have shown significant increases in the ultimate strength,
they have indicated slight increase in the serviceability limit state. Moreover,
strain utilization of the EB CFRP laminates generally range from 30 to 35% of
their tensile strength (Kotynia, 1999, Aram et al., 2008; Berset et al., 2002;
Czaderski, 2012; Czaderski et al., 2012; Czaderski and Motavalli, 2007;
Deuring, 1993; El-Hacha and Aly, 2013; El-Hacha et al., 2004a, 2004b; El-
Hacha et al.,, 2001; El-Hacha et al., 2003; Garden and Hollaway, 1998;
Harmanci, 2013; Kaiser, 1989; Kim et al., 2010a, 2010b; Kim et al. 2008a,
2008b; Kotynia et al. 2013a, 2013b; Kotynia et al., 2011; Lees et al., 2002;
Meier, 1995; Meier et al., 1993; Meier and Stocklin, 2005; Michels et al., 2012;
Michels et al.,, 2011; Michels et al., 2014a, 2014b, Michels et al., 2013;
Motavalli et al., 2011; Neubauer et al., 2007; Oudah and El-Hacha, 2012;
Quantrill and Hollaway, 1998; Schlaich et al., 2012; Triantafillou and Deskovic,
1991; Triantafillou et al., 1992; Wight et al., 2001; Wu et al., 2003; You et al.,
2012; Yu et al. 2008; Zilch et al., 2009; Gutowski et al., 2003; Kaluza and
Ajdukiewicz, 2008; Siwowski et al., 2009; Stocklin and Meier, 2003; Xue et al.,
2010; Yang et al., 2009), which confirms the efficiency of this technique only in
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case of RC members that have been slightly preloaded before strengthening.
Such behaviour is caused premature debonding failure of the CFRP composites
from the concrete surface (Seim et al., 2001; Motavalli and Czaderski, 2007;
Sayed-Ahmed et al., 2009).

2.3. Strengthening with prestressed FRP members

The state-of-the-art in prestressing methods were published in (El-Hacha et
al.,, 2001; Kim et al., 2008a, 2008b; Schlaich et al., 2012). The following
prestressing and anchorage commercially available systems have been
developed for the last two decades:

— S&P Clever Reinforcement Company (S&P, 2019)

— “Leoba-CarboDur” system (André et al., 2001)

— Polish modified “Leoba-CarboDur” system (Lagoda, 2001, 2005; Lagoda G.
and Lagoda M., 2009)

— “Stresshead”system by Sika and VSL International Ltd. (Berset et al., 2002)

— “gradient — anchored” prestressing system (Meier and Stocklin, 2005;
Michels et al., 2013; Czaderski et al., 2012)

— TENROC “gradient — anchored” prestressing system (Haghani and Al-
Emrani, 2014)

— Polish Neoxe Prestressing System (Siwowski et al., 2009, Piatek, 2017;
Piatek and Siwowski, 2016a, 2016b; Piatek and Siwowski, 2017; Siwowski,
2012a and b; Siwowski, 2006; Siwowski et al., 2017a, 2017b; Siwowski et
al., 2010; Siwowski and Radomski, 1998; Siwowski and Radomski, 2015;
Siwowski and Zottowski, 2012; Pasko and Siwowski, 2106)

— Several noncommercial systems have been used in the laboratory tests:

— multi-layer CFRP sheets technique (Wight et al., 2001),

— (El-Hacha et al., 2003)

(El-Hacha and Aly, 2013)

— mechanically anchored, CFRP anchored U-wraps sheets (Kim et al., 2008

d, e)

(Schlaich et al., 2012)

In order to maximize the utilization of composites, brittle failure modes
caused by debonding should be prevented by prestressing the composites (Wight
et al., 2001; El-Hacha et al., 2004). This solution, however, has one important
drawback. The tensile force acting on the strip cannot be conveyed directly onto
the concrete surface because the shear stress corresponding to it significantly
exceed the tensile strength of concrete, which leads to debonding of the
composite from the concrete surface. For this reason, the system of
strengthening with pretensioned laminates requires mechanical anchorage of
their ends in the concrete surface (Kotynia et al., 2011; You et al., 2012).
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It should be emphasized that the effectiveness of the flexural strengthening
depends on a number of factors including: FRP type, axial stiffness and the
number of CFRP layers; distance of the CFRP end from the support; the existing
longitudinal and shear steel reinforcement ratio; bending moment distribution.
Although EB CFRPs increase the load-bearing capacity of an RC member, they
do not significantly change the cracking load and deflections under the service
loads. To gain the greatest advantage of the EB technique, CFRP prestressing
has been proposed to improve the serviceability of strengthened structures, to
reduce crack widths effectively, to relieve stress in the internal reinforcement, to
enable control the crack distribution, limit deflection, and increase the stiffness
and the load capacity of RC members.

The application of the prestressed laminates significantly increases the
cracking load, the steel yielding load and finally the load carrying capacity in
comparison with a reference RC member.

Since the 1990s, many researchers who investigated the efficiency of the
FRP prestressing technique for RC members have proved the aforementioned
advantages of this method (Triantafillou et al., 1992; Deuring, 1993; El-Hacha et
al., 2001; Wight et al., 2001; Wu et al., 2003). The application of externally
bonded prestressed FRP laminates/sheets for flexural strengthening of the
existing RC structures is quite a common strengthening technique. The CFRP
materials (made of carbon fibres) are most recommended for prestressing due to
their high strength comparison with other types of fibres. There are some
historical applications with glass fibre-reinforced polymer (GFRP) sheets
(Huang et al., 2005), aramid tendons (Lees and Burgoyne, 1999). However their
strengthening efficiency has been quite low, because of their low elasticity
modulus.

Experimental tests on RC specimens strengthened with prestressed
composites indicated that prestressing levels should be at least 0.25 of the FRP
ultimate strength (Meier, 1995a). For prestressing levels above 0.70 of the CFRP
ultimate strength, failure attributable to the fracture of the composite was
observed. However, for prestressing levels below 0.60 of the CFRP ultimate
strength, strip debonding appeared as to be the most common failure mode
(Meier, 1995a). To use the tensile strength of the composite effectively, a
prestressing level of approximately 0.50 of the CFRP ultimate strength has been
suggested (Garden and Hollaway, 1998).

A review of the available literature on strengthening of RC members with
prestressed laminates was presented in (Garden and Hollaway, 1998; Teng et al.,
2002; Yu et al.,, 2008; You et al., 2012; Kim et al., 2008a; Pellegrino and
Modena, 2009; Wight et al., 2001; Kotynia and Kaminska, 2003; Meier and
Stocklin, 2005; Kotynia et al., 2011; Czaderski, 2012; Czaderski and Motavalli,
2007; El-Hacha et al., 2004; Kim et al., 2010b; Kotynia et al., 2013a, 2013b;
Michels et al., 2014b; Lasek, 2015; Piatek, 2017).
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Reinforced concrete beams strengthened with prestressed CFRP laminates
show three groups of failure modes:

— under-reinforced RC members failed due to FRP rupture (R)

— over-reinforced RC members with composite reinforcement applied
excessively, resulting in concrete crushing (CC), however this failure mode is
possible only for the RC members characterised by low concrete strength and
high reinforcement ratio

— intermediate crack induced by interfacial debonding (ICD), initiates at the
flexural / flexural-shear cracks in the highest bending moment region and
propagates by gradual debonding of the laminate from the flexural crack to
the FRP end

— the group of RC members with the reinforcement not anchored sufficiently,
in which leads debonding of FRP ends (plate end debonding - PE, concrete
cover separation - CCS, anchorage failure - AF).

The parameters effecting strengthening efficiency with externally bonded

FRP prestressed materials may be summarized as follows:

— type of FRP material (laminate, sheet)

— FREP stiffness (thickness, number of layers, elasticity modulus)

— existing flexural tensile reinforcement ratio

— existing shear reinforcement ratio

— stiffness of the strengthened RC member (slab, beam)

— size of the strengthened RC member

— type of strengthening system (mechanically anchored, fully efficient (FRP
rupture) or partially efficient (FRP sliding from the anchored system)

— preloading level

The analysis of variable parameters influencing the strengthening efficiency
was published by Kotynia et al. (2013a).

2.4. Preloading effect

Preloading is one of the most important parameter to be taken into account in
the design of strengthening of existing RC structures. This problem has been
investigated in several publications (Wang and Li, 2004; Mukherjee and Rai,
2009; Gao et al., 2016; Lasek, 2015; Michels et al., 2016; Mahal et al., 2016;
Correia et al., 2015; Aslam et al., 2015). The experimental tests carried out by
[13, 19] revealed that the failure of beams strengthened with EB CFRP with
adhesion was mainly caused by debonding of the laminate from the concrete
surface. Usually, strengthening is applied to an already cracked surface or
cracking appears during loading of the strengthened structure, which initiates a
local slip of the laminate in the close proximity of the flexural crack. The
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subsequent development of local slips of the laminate between two adjacent
cracks leads to incompatibilities between the concrete and laminate strains. If the
structure is cracked and deformed under initial extensive preloading,
strengthening with non-prestressed composites is not effective.

Still few experimental studies considered an effect of preloading on flexural
strengthening efficiency of RC members (Arduini and Nanni, 1997; Bonacci and
Maalej, 2000; Shahawy et al., 2001; Yeong-soo and Chadon, 2003). Lam and
Teng (2001) indicated that the effect of preloading due to self-weight and
service loads is generally beneficial if a beam fails by FRP rupture. However, if
the concrete strength is low and the initial preloading level is high the
strengthening capacity is notably governed by the concrete crushing failure
mode. This effect should be considered in the sectional design analysis of the
strengthened cross section. This problem will be more developed in Chapter 5.

The research by Kotynia at al. (2013a) and Gao at al. (2016) indicated that
the preloading load level had marginal effect on the flexural capacity of the
strengthened beams when failure is governed by FRP rupture. However, if the
FRP anchorage failure is the mode of failure, the prestressing level has the
significant effect on the strengthening efficiency. Although the preloading levels
exceed the serviceability limit states prior to strengthening, the application of
prestressed CFRP laminates results in a significant reduction of deflections and
strains due to subsequently applied loads. The prestressing technique led to
partial recovery of the beam stiffness similar to specimens without preloading.
Even the imposed sustained load was 40% (Gao et al., 2016) or 70% (Lasek,
2015) higher than the load of the steel yielding in the reference beam, the
increase in the beam strength after strengthening was between 50-76% of the
reference beam capacity.
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3. FRP to concrete bond behaviour

3.1. Debonding mechanisms

In genera, the bond of externally bonded FRP reinforcement is governed by
the brittle loss of adhesion between FRP and concrete that may occur in the thin
adhesive layer, concrete surface or within the FRP reinforcement (it occurred in
the interface between layers of the FRP sheets with different inclination of fibres
bonded each other). The adhesive strength is generally much higher than the
tensile concrete strength, hence debonding always takes place within the
concrete in its thin surface layer or in the whole concrete cover (Fig. 3.1).
Generally, the process of debonding is very rapid.

The most common FRP debonding begins in a short distance of a
strengthened element and it further propagates to the end of the EB FRP
reinforcement (fib Bulletin 90, 2019). This failure mechanism is known as the
localized debonding, which is defined as a reduction of the bond performance
between concrete and FRP. The bond loss proceeds along the short bond Iength
limited to a few millimeters next to the flexural or shear crack (see Fig. 2.3,
Fig. 2.4.).

On the contrary, when localized debonding propagates and the composite
action is lost in such away that the FRP reinforcement is not able to carry loads
anymore, failure is called pedling-off (Fig. 2.11). If no stress redistribution from
the external FRP to the internal steel reinforcement is possible, peeling-off will
occur as a sudden and brittle failure.

Debonding in the concrete (cohesive concrete failure; fib Bulletin 90, 2019)

Fig. 3.1. Debonding failure: @) in athin concrete cover; b) in a deep concrete
cover (Kotyniaet al., 2013; Lasek, 2015)
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Due to the adhesive penetration into the concrete micro-structure, athin layer
of concrete in contact with the adhesive reaches a higher strength, resulting in
debonding along a surface paralel to the FRP, a few millimeters inside the
surrounding concrete (Fig. 3.1.a). Moreover, debonding may occur along a
weakened layer and quite often along the internal steel reinforcement.

Debonding in the adhesive (cohesive failure in the adhesive)

This failure mode occurs very rarely through the adhesive layer only if its
strength is lower than that of the concrete.

Debonding at the interfaces between concrete and adhesive or adhesive and
FRP reinforcement (adhesion failure)

Bond loss aong the interfaces between concrete and adhesive or adhesive
and FRP reinforcement may only occur if there is an insufficient surface
preparation before the strengthening application process, since the cohesion
strength of epoxy resins islower than the adhesion strength.

I nterlaminar shear failurein FRP

Since the FRP reinforcement is a composite material, debonding may also
occur through the FRP material system. This failure mechanism initiates when
the maximum shear stress in the FRP reaches its shear strength. However,
typical polymer matrix materials have the shear strengths that are several times
higher than that of concrete, so this failure mechanismisvery rare.

FRP debonding in the concrete cover interface

Most failure mode observed in experimental tests on RC members flexurally
strengthened with FRP materials are caused by peeling-off of the external
reinforcement. The weakest region in the FRP/concrete system is in the concrete
layer near the surface. The debonding failure modes can be classified into two
following main categories, depending on the location in which debonding
OCCUr'S:

— a the anchorage end of the FRP reinforcement — end plate debonding
(Oehlers and Moran, 1990; Oehlers, 1992; Garden and Hollaway, 1998; Teng
and Smith, 2002a, 2002b; Oehlers et al., 2003; Yao and Teng 2007; Oehlers
and Seracino, 2004)

— a the flexural-shear or flexural cracks region — intermediate crack
debonding (Arduini and Nanni, 1997; Rahimi and Hutchinson, 2001,
Sebastian, 2001; Smith and Teng, 2002a, 2002b; Teng et a. 2003; Teng et al.
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2006; Liu et al., 2006; Chen et al., 2007; Seracino et a., 2007b; Liu et al.,

2007; Czaderski, 2012)The first failure mechanism starts at the end of the

FRP laminate (plate end debonding — PE), when the inclined microcracks

propagate inside the concrete cover to several millimetres depth (if the

concrete strength is lower than that of the adhesive) (Fig. 3.1.b).

The second failure mode is observed in the RC members subjected to the
bending moment and shear deformation. Due to the curvature increase the
peeling stresses increases leading to local detachment of the FRP laminate. The
mixed mode of failure is possible for both mechanisms acting together.

3.2. Bond behaviour between FRP and concr ete

There are following five set-ups for the bond tests published in literature
(Holzenkaempfer, 1994; Chajes et a., 1996; Ueda et al., 1999; Focacci et d.,
2000; Chen et a., 2001; Ahmed et al., 2001; Teng et a., 2002; Smith and Teng,
2002a; Chen and Teng, 2003; Smith and Teng, 2003; Yuan et a., 2004; Y ao et
a., 2005; Lu et al., 2005; Ceroni et al., 2008; Olivito et al., 2009; Pellegrino and
Modena, 2009b; Savoia et a, 2009; Zhou et a., 2010; Alam et a., 2012;
Guadagnini et al., 2012; Serbescu et al., 2013; Mazzotti et al., 2016):

— double-shear pull test (Fig. 3.2.9)

— double-shear push test (Fig. 3.2.b)

— single-shear pull test (Fig. 3.2.¢)

— single-shear push test (Fig. 3.2.d)

— beam-bond test (Fig. 3.2.€).
The test procedure depends on two main parameters:

— loading condition in the concrete block

— symmetry of the specimens that based on a single (with one side of block) or
double (with two sides of blocks) tests.

In the double and single shear pull tests the tensile load is applied to the
external FRP composite material and to the concrete block (Fig. 3.2.a, c).
However in the next two set-ups tensile load is applied to the FRP material with
the pushing force applied to the concrete block causing local compression in the
pushed block (Fig. 3.2.b, d). Each set-up configuration can be symmetrical
(double test, Fig. 3.2.a, b) or asymmetrical (singletest, Fig. 3.2.c, d).

The pull shear test (single / double) reflects the real situation existing in RC
structures flexurally strengthened with externaly bonded FRP reinforcement
applied on the tensile surface of the member. In this test set-up, tensile loading is
applied into the steel bars embedded in the block realized by applying tension
(Holzenkaempfer, 1994; Brosens and van Gemert 1997; Maeda et a. 1997; Ueda
et a., 1999; Wu et d., 2001; Savoia et a., 2009; Bilotta et al., 2011, Serbescu et
a., 2013). However, this test set-up is rather complicated, so more bond tests have
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been redlized on the single shear push tests, where the compressive force is
applied into the small part of concrete block (see Fig. 3.2.d).

Fig.3.2. FRP to concrete bond test set-ups. a) double-shear pull test;
b) double-shear push test; ¢) single-shear pull test; d) single-shear
push test; €) beam-bond test (Mazzotti et a., 2016)

For the RILEM standard beam-bond test set-up referring to steel bars in
concrete elements was adapted with the FRP reinforcement bonded on the
tensile face of the beam (Fig. 3.2.€). The beam consists of two separate concrete
blocks connected at the bottom by the FRP reinforcement and on the top side by
a steel hinge loaded by two vertical loads (De Lorenzis et al., 2001; Cruz and
Barros, 2002; Ceroni et a., 2008; Kotynia, 2012).

The single and double shear tests reflect only pure shear test. However, in
practice flexurally strengthened RC members with EB FRP reinforcement
indicated under loading curvature changes that made the bond subjected to both
normal and shear stresses under loading, mainly at the cracking zone (Karbhari
et a., 1997; Mukhtar and Faysal, 2018). This problem can be successfully
simulated in the beam-bond tests and other mixed-mode tests. However, the FRP
in the bending test is not directly loaded but somehow subjected to tensile
stresses due to bending action (Mazotti et al., 2016). In genera, the specimens
subjected to the mixed-mode type of test set-ups are reported to have less
bonding strength compared to other test set-ups (Ghorbani at a., 2017). If the
FRP material is bonded to the bottom surface of the beam under flexure, the
orthogonal compressive state appears to FRP bonded length leading to increase
in the bond strength (Miller and Nanni, 1999; Ghorbani at al., 2017). The reason
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of the higher bond strength is the orthogonal compressive stress, which makes
anti-peeling effect in the FRP-to-concrete bond behaviour.

Mosgt of the exigting FRP-concrete bond tests based on the direct tension pull-off
test. It should be noted that the direct tensile test is difficult to performin real tests.

If debonding is induced by a flexural-shear crack the vertical displacement
between the two sides of this crack appears (Fig. 3.3). Then the FRP
reinforcement starts to be loaded by the positive inclination angle to the
longitudinal axis on one side and at the same but negative angle on the other side
of the crack (Yao et a., 2005).

Due to acting flexure and shear, curvature deformation causes displacement of
two sides of the crack, which generates relative vertical displacement across the
crack. The flexure and shear lead to the mixed-mode loading, resulting in plate
end debonding and intermediate crack-induced debonding, followed by crack
opening and vertical shearing of the two faces of the crack interface (Fig. 3.4).

Flexural shear crack l

[ { |

E FRP strip | x \Flexural 'crack

Line of incipient

% fracture

of mortarcrete

\L \L \L Relative displacement
Vertical FRP pulling \L \L \L

Vertical FRP pulling

Fig. 3.3. Initiation of FRP peeling by vertical displacement between two sides
of aflexural-shear crack (Sebastian, 2001;Y ao et al., 2005).

Inclined
crack

Flexural
crack

When the normal tensile stress acts the FRP-to—concrete interface is under
positive eccentricity that makes the positive angle between FRP and concrete
interface. However if the FRP-to-concrete interface is exposed to the normal
compressive stresses the negative eccentricity appears with the negative angle
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(Triantafillou and Plevris, 1992; Yao et a., 2005; Ghorbani at a., 2017). In this
case the tensile stresses is more dominant contribution to the interface fracture
than the axial tensile debonding load in the pure loading in the common single
lap-shear bond test.

Flexural /shear crack mouth

Relative vertical displaceme

Positive angle

Negative angle

Flexural crack mouth

Negative angle

Fig. 3.4. State of FRP sheet at the location of: (@) flexural/shear crack (Y ao et
a., 2005); and (b) pure flexural crack (Ghorbani at a., 2017).

Positive angle

To find an effect of the load inclination on the FRP-to-concrete interface 31
experimental single bond tests with variable bond length, loading angle and
positive or negative angle inclination were performed by Ghorbani et al. (2017),
Fig. 3.5.

Ghorbani at a. (2017) proposed the formula to predict the mixed—mode
loading:

Pi .« =8aR (3.1

where: B, isthe bond strength under pure mode Il loading; g, is a coefficient
factor accounting for the effect of loading angle and is determined by:

0.08L; —61 855+1.1L¢
= + (3.2

1000 1000
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where: « [°] isthe loading angle in degrees; L; is the FRP bond length [mm].
If <0, the coefficient g, (3.2) is greater than that in pure mode Il loading,

resulting in a higher debonding load obtained from (3.1). However, if >0, a
lower S, isobtained from (3.1).

a)

" 7,
m@

compressive support x>0 . P, =Ptan(a)

(]
HH

d=35mm (unbonded length)

the bond zone

b)

P

fetemp Py =Pt

compressive support a<D

0,

s (unbonded length) YR
=35mm (unbonded leng P, =Ptan(a)

the bond zone

tP
P =Pt

%
T

compressive support

d=35mm (unbonded length)

the bond zone

Fig. 3.5. Single lap-shear test under: a) positive angle; b) negative angle; ¢)
pure (zero angle) loading (Ghorbani at al., 2017).
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The relationship between ultimate axial force, B, , and the ultimate normal
force, B , was proposed in by Ghorbani at al. (2017) as:

o —0.061P? —3.695P, +228.7 L; =100mm
=

= (33)
0.011P? - 2.414R +2232 L; =150mm

where: B, [N/mm] is the ultimate normal force per unit width of FRP strip at the
onset of bond zone; B, [N/mm] is the ultimate axial force developed in the unit
width of FRP sheet.

Ghorbani at a. (2017) indicated that the load-slip curves of all tested
specimens under compressive mode | loading confirmed 4 distinct regions, with
linear-nonlinear and hardening-softening branches. Moreover, specimens
experiencing compressive mode | loading showed a stiffer bond between FRP
and the concrete substrate, in a way that the debonding crack opens at a higher
load in comparison with the control specimen. It strongly emphasized that the
effect of normal compressive stresses on the strength specifications of FRP-to-
concrete joints should be considered. The proposed model confirmed
compatibility of predicted and test results.

a) b)

tTensiIe force

Induced
bending
_ = moment

Peelin
stress

Tensile force

Induced ( —
bending Reaction

moment

Contrast reaction

lReoction

Fig. 3.6. Single-shear push bond test set-ups. @) horizontal; b) vertical
(Mazotti et a., 2016)

Another parameter investigated in the bond tests refers to position of the
concrete block, that makes differences referring to debonding load effecting by
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the different restraint conditions of the concrete blocks. The difference is caused

by the tensile force applied to the FRP reinforcement:

— in the horizontal set-up the FRP is axially tensioned without any restrains
from the tensile plane (Fig. 3.6.9)

— inthevertical set-up the FRP material isloaded with a small eccentricity that
makes a misalignment to the FRP (Fig. 3.6.b).

3.3. Effective bond length

The effective bond length L, is the minimum bonded length of the FRP

reinforcement that ensures the maximum tensile force transfer between the
concrete element and the external FRP reinforcement. Variable guidelines give
empirical equations based on the experimental tests. The following existing
guidelines propose the effective bond length (without any safety coefficient y; ,

7c and 7bd )
3.3.1. fib Bulletin 14, 2001

The formulation suggested by fib (2001) and CNR (2004) for the effective
bondis:

Erts

"\ 2fem

(3.4)

where: E; , t; arethe elasticity modulus and thickness of FRP reinforcement,
respectively, fy, 1Sthe medium tensile concrete strength.

3.3.2. CNR-DT 200 R1, 2013

A new version of CNR_DT200 R1 (2013) proposes the following formulafor
the effective bond length:

2
T°E;t: G
Le=fi — TR < 200mm (35)
bd

2Gg

fbd = (36)
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k
GFd = E_IéG\/ fcm fctm (3-7)

2—b; /b,
ke = 270b g (38)
1+by /b

s, = 0.25mm (3.9)

where: kg =0.023 in case of pre-impregnated laminates, and kg =0.037 in
case of post-impregnated sheets; k; isthe shape factor; b; and b, are the width

of external FRP reinforcement and the width of the strengthened element,
respectively. FC is an additional safety factor (only for design value).

3.3.3. fib Bulletin 90, 2019

A generic 7, —s bond law is characterized by a softening branch leading to
an ultimate slip s,. An accurate analysis of the bond—slip law is presented in
Chapter 4 (Fig 4.3, Table 4.2, with s5=S;, 7 =7,a)- The effective bond
length is the length necessary to attain the slip s, at the loaded section of the
FRP reinforcement, defined as:

E:t
L =2 |5 (3.10)
2 T
or
L= sy |1 (3.11)
e =" &G, :
where: G; isthe fracture energy, defined as:
G, = o1 (3.12)

2
where: 7, isthe bond strength (7., )-
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In general, for any relationship 7, —s, the fracture energy depends on the

strength properties of concrete and adhesive and on the characteritics of the
concrete surface. In particular, if the FRP reinforcement is correctly applied,
debonding occurs in the concrete and the fracture energy can be expressed as a
function of the bond strength, 7,,; . Since z,,; the bond depends on the concrete

tensile strength, the fracture energy can be directly expressed as a function of the
mean tensile, f,, or mean compressive, fg,, strength of concrete:

The fracture energy is calculated from the formula:
Gy =k%*? 23 (3.13)
2—-b; /b
K = 2-by Jb (3.14)
1+ bf /bC

Thus, the effective bond length L, may be estimated from the following
general expression:

L. =
° kk|81Z°

E
N (3.15)

The coefficient k is calibrated by a statistical procedure; s, =0.25mm, the
values of the coefficient kg can be assumed as 0.25 for the mean value or 0.17

for characteristic value (5%) of the compressive concrete strength. Thus, the
effective bond length L, may be expressed as:

r | Efty

=— |—= for meanvalue 3.16
° k| 8137 (319

E:t E:t
L= 0.257 f—f3 ~157% f—zfs for 5% characteristic value (3.17)
0.17k, | 812, kp |82
3.3.4. ACI 440.2R-08, 2008
23300

L 7—r (3.18)

where: n; isanumber of FRP layerswith t; thickness of the layer.
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3.3.5. Other approachesto the effective bond length

The following approaches were proposed in chosen research on FRP-to-
concrete bond:

E:t
Holzenkampfer, 1994 Lo = /2Ef ! (3.19)
ctm

where: Eg, isthe elasticity modulus of concrete.

Chen and Teng, 2001 Le= [—/— (3.20)
Vi
2
T Ef tf
Faellaet al., 2002 Le=5, (3.2)
8G;
041K (3.22)
s, =0. :
v fctm
Gf = 003kf ka fctm (323)
, Etty
Pellegrino et al., 2008 Le= <140mm (3.24)
C2 fom
c, =215 (3.25)

The comparison of the effective bond h in the function of the compressive
concrete strength, according to the above presented formulas is shown in Fig.
3.4 for separate four cases referring to: @) cured in-situ one layer of CFRP sheets
(t; =0.165mm, E; =216GPa), b) cured in-situ three layers of CFRP sheets

(t; =0.495mm, E; =216GPa), c) pre-cured CFRP laminate (t; =1.4mm,
E; =210GPa), d) pre-cured CFRP laminate (t; =1.2mm, E; =165GPa).

It isvisible that flexible cured in-situ sheets require the shortest bond length in
comparison with the rigid CFRP pre-cured laminates. It is a well known rule, on
the basis of the axial stiffness ( E;t; )of the FRP externally-bonded reinforcement,

which indicates that with the increase in the FRP thickness and its modulus of
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eladticity E; , the bond strain ¢ j, decreases. For one type of FRP reinforcement

(e.g. CFRP materials), the elasticity modulus varies from 165PGa to 220M Pa,
However, the thickness varies from 0.165mm to 1.4mm, which gives 8.5 times
higher difference). Thisiswhy the main effect on the bond properties comes from
the CFRP thickness. This phenomenon is described in detailsin Chapter 5.7.

— —CNR, 2013
100 \\EN&

=

a)
300
—_ CERP sheet —Chen&Teng,.2001
E t = 0.165mm, E; = 216MPa —— CNR, 2004; Fib, 2001
= by = 100mm, b = 300mm ——Fib, 2019, k=0.17
- ——Fib, 2019, k=0.25
F_: 200 — — Pellegrino, 2008
87 Faella, 2002
Q ——— ACI440-2R-8
© —_—
= CNR, 2013
8100
[
= —_—_,——
o é
9]
=
i
0 T
15 30 45 60
Compressive concrete strength, f, [MPa]
300
— CFRP sheet Chen & Teng, 2001
E t = 0.495mm, E; = 216MPa ——CNR, 2004; Fib, 2001
o by = 100mm, b = 300mm ——Fib, 2019, k=0.17
4 ——Fib, 2019, k=0.25
i:a— 200 — — Pellegrino, 2008
g’ Faella, 2002
L T —— ACI440-2R-8
o
c
o
Q0
()
=
=
[&]
()
=
w

15 30 45 60
Compressive concrete strength, f, [MPa]

Fig. 3.7. The comparison of the effective bond length according to variable
formulations for: a) one layer, t; =0.165mm, E; =216GPa, b)

threelayers, t; =3x0.165mm, E; = 216GPa)

A consequence of the stiffness effect (E;t; ) the bond length of pre-cured
laminates is much higher than the FRP cured in-situ sheets. The effective bond
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length by Chen and Teng (2001) and by ACI 440-2R-8 is the most conservative
one, when compared to other codes and formulas. The new fib Bulletin 90 (2019)
gives effective length similar to the new version of CNR-DT200 (2013). However,
the previous version of CNR-DT200 (2004) follows the formula by by Pellegrino

(2008).

shests.

<)

0 T
15 30 45 60
Compressive concrete strength, f., [MPa]
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s = ——Fib, 2019, k=0.25
= 200 —— — — Pellegrino, 2008
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Fig. 3.7.cont. c¢) t; =1.4mm, E; =210GPa, d) t; =1.2mm, E; =165GPa

Effective bond length, Le [mm]
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The CFRP sheets are not sensitive to the concrete strength (mainly if one
0.165 mm-thick layer is considered). However, 3 layers of CFRP sheets require
almost 2 times higher effective bond length Le when compared to one sheet
(t; =0.165mm). The CFRP laminates with much higher thickness than CFRP

sheets require amost twice higher effective bond length when compared to

CFRP laminate

== t = 1.4mm, Ef = 210MPa
\\ - -
~—_ bf =100mm, b = 300mm
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3.4. Theoretical bond modéds

The model on the basis of the general deboning failure mode due to the
concrete cover separation with the attached soffit FRP laminate bonded to the
separated concrete cover (described in Chapter 3.1) has severa different names:
end-of-plate failure through the concrete, concrete rip-off failure, debonding at
rebar layer, concrete cover delamination and plate end interfacial debonding.

The published debonding strength models were classified into following four

categorles (Smith and Teng, 2001, 20023, 2002b):
shear capacity models — on the basis of debonding failure strength related to
the shear strength of the concrete with none or partial contribution of the steel
shear reinforcement (Oehlers, 1992; Ahmed and van Gemert, 1999; Jansze,
1997)

— concrete tooth models (Wang and Ling, 1998; Raoof and Hassanen, 2000;
Raoof and Zhang, 1997)

— interfacial stress based models (models | and 1l of Ziraba et al., 1994;
Varastehpour and Hamelin, 1997; Saadatmanesh and Malek, 1998; Tumialan
et al., 1999)

— bending-shear interaction model (Oehlers, 1992)

3.4.1. Shear capacity based models
Oehlers model (Oehlersand Moran, 1990; Oehlers, 1992)

This strength model considers two positions of the bottom FRP laminate
termination:
a) in the constant moment region
b) in the FRP laminate terminated closed to the support.

For the first flexural debonding moment M, ¢ at the end of the laminate is

defined on the basis of the formula calibrated for the steel plates on the bottom
surface of abeam:

ECIII’C,C fCt

_cuecd (3.26)
0.901E ot

db,f =

where: E. and Ey, ae the elasticity modulus of concrete and FRP,
respectively; |l is the cracked second moment of area of the FRP laminate
section transformed to the concrete; f, is the cylinder concrete splitting tensile

67



Renata Kotynia

strength (if not experimentally determined, f =O.5(f;)0'5); typ iSthethickness
of FRP laminate. This bending moment should be taken as the additional
moment applied to the beam at the FRP end. For the second model at the plate
FRP terminated close to the support, it is assumed that debonding occurs, when
the shear force at the plate end V, 4 reaches the shear concrete capacity, without

the steel shear reinforcement contribution defined by formula (according to the
Audtralian Concrete Standards; AS 3600, 1988):

d

/3
Vi« =V.=|1.4——— b.dip.f 3.27
do,s = Ve ( ZOOOJ c (ps c)l/ ( )

A

where: p,—> is the tensile steel reinforcement ratio; A, is the cross section
°bed

area of the tensile steel reinforcement; b, is the concrete cross section width;
d isthe effective depth of the section and 1.4 —(d/2000)>1.1.

M V

doend , doend -9 17 (3.28)
Mot Vibs
Mapend <M.t Vabend <Vab,s (3.29)
1.17
Vibend = a—+1 (3.30)
Mat  Vabs

Vab,end@<Mgp 1+ Vabend <Vib,s (3.31)

where: a is a distance from the support to the nearer end of the FRP laminate;
My, ¢ istheflexural debonding moment; Vy, ¢ is the shear concrete capacity in

the beam without steel shear reinforcement; My, ong and Vi, &g are the bending
moment and critical shear force in the RC beam at the plate end at its debonding.
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Jansze' smodel (Jansze, 1997)

This model is based on the initiation of shear cracking in the RC beam
without contribution of the shear reinforcement. The critical shear force in the
RC beam at the FRP end causing its debonding Vg, g is calculated from:

Vb end = 7pesbed (332
d 200)
Tpgs = 0.18° \/33 (1+\/ ; J J100p, f, (3.33)
mod

Brod = {(1_/)—\/’3—5)2 da® (3.34)

where: B is the shear span, B, is a modified shear span. If B4 iS greater
than the actual shear span B of the beam, the modified shear span should be
given by w :

Jansze’'s model (Jansze, 1997) is not vaid for the bottom FRP laminates
terminated at the support, where B4 =0.

Ahmed and van Gemert’s model (Ahmed and Gemert, 1999)

This mode is the modified Jansze’' s model

Vo end = (Tpes + A7rpq Jcd (3.35)
S _
Aty = Toeched % | 6188.5%&121 (3.36)
I s¥frp I frp™a (o
. f
7 =015776 1, + 17'2326’) <09 A;V . (3.37)

C

where: 7peg isthe same asin Jansze's model; Sy, and S are the first moment

of area of the FRP laminate and steel reinforcement, respectively, concerning the
neutral axis of the cracked strengthened section transformed to concrete. The
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equivalent steel laminate is one that has the same total tensile capacity and width
as that of the FRP laminate, but with an equivalent thickness determined
assuming that the yield stress of steel is 550 MPa; I ¢, and I are the second

moments of area of the cracked strengthened section transformed to concrete
with an FRP laminate and an equivalent steel laminate, respectively; by, and

b, are the widths of the FRP and adhesive, respectively; sis the stirrup spacing;
Ay and f,, are the cross sectional area and steel yielding stress of the steel

stirrups, respectively; b, = by, .

3.4.2. Concretetooth models

The fundamental assumption of these models based on a cantilever formed
between two adjacent cracks under the action of horizontal shear stress at the
base of the beam (Fig. 3.4.b). If the shear stresses exceeds the tensile strength of
concrete at the root of this tooth, FRP debonding occurs (Fig. 3.4.).

a) ) b)

|

Flexural reinforcement

— — —
Irin
bmin

Fig. 3.8. Concrete tooth model: a) cracked beam, b) concrete tooth between
two adjacent flexural cracks (Zhang et al., 1995)

Raoof and Zhang's model

First approach to externally bonded steel plates was proposed by Raoof and
Zhang (Raoof and Zhang, 1997; Zhang et a., 1995). Then the model was
developed for the concrete cover separation failure in FRP-strengthened beams.
The minimum crack spacing is the boundary condition for the FRP debonding
determined by the minimum crack spacing defined as:

A fe

g (3.38)
m UZ Qbars + bfrp
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where: A, isthe area of concrete in tension; u is the average bond strength of
steel to concrete, ZQbars isthetotal perimeter of the tensile reinforcing bars; it

is assumed that u=0.28,/f,, and f,=0.36,f, ; f, is the compressive

cubic concrete strength.

The tooth failure occurs when the stress at point A (Fig. 3.4.) exceeds tensile
concrete strength. The tensile stress at point A can be determined on the basis of
the formula:

_I M,
_ET
where: M =7lbg,h and 1,=by,I%/12; | is the crack spacing, h is the
effective depth of steel tensile reinforcement; ¢ is the shear stress at the
interface between the concrete and the soffit plate; | 5 is the second moment of
area of the tooth; M 4 is the moment at the base of the tooth; o = f is the

stress at the interface between the concrete and the steel plate.
The minimum shear stress 7,;,, 1S calculated from the formula:

(3.39)

oA

yin = cmin_B (3.40)
6h by

The minimum normal stress in the soffit plate o, corresponding to the

flexural cracking and failure of a tooth covering the minimum stabilized crack
spacing is calculated on the basis of the formula:

Lohb?y/ fo, 341
h bfrpt frp (Z Qbars + bfrp)

Og(min) = 0.

where: L is an effective length of the FRP plate for end anchorage; hy is the

effective depth of the cross section; f, isthe compressive concrete strength.
On the basis of the Raoof and Zhang model (Raoof and Zhang, 1997) the
effective length for end anchorage is the minimum FRP length from L, and

Lpo:

Lpo =lmin(21-0.25L ), i < 72mm (3.42a)

Lp2 = 3|min! lmin > 72mm (342b)
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Wang and Ling’'s model (Wang and Ling, 1998)

A modification to the Zhang et al.’s tooth model originally dedicated to steel
plates (Zhang et al., 1995) was proposed by Wang and Ling (1988) for the FRP
plate debonding. This approach considers bond strength between the concrete
and the FRP laminate, leading to the following formula for the minimum crack

spacing:

A\e fct (
o 3.43)
mn USZ Qbars +u frpbfrp

where: ug =0.313,/ f, is the average bond strength between the steel tension
reinforcement and concrete assumed as f. =0.8f,,ug, isthe average FRP to
concrete bond shear strength, uy, =1.96MPa.

3.4.3. Interfacial stressbased models

On the basis of the existing knowledge, failure due to concrete cover
separation or plate end interfacial debonding occurs at the end of the laminate,
where the shear stress 7, transverse normal stress o, (peeling) and longitudinal

stress o, exceed the limit values (Fig. 3.5.) (Ziraba et al., 1994; Varastehpour
and Hamelin, 1997; Saadatmanesh and Malek, 1998; Tumialan et al., 1999).

concrete element

I
[ il
' T

E \odhesive layer \FRP laminate
concrete element

Fig. 3.9. Interfacial stress based model at the end of the FRP laminate
(Saadatmanesh and Malek, 1998)

Ziraba et al."smodels

Ziraba et al. (1994) proposed two debonding models dedicated to RC beams
reinforced with steel plates: the first one (Ziraba et a.’s mode 1) considers
interfacial debonding of the steel plate end, and the second one (Ziraba et a.’s
model |1) refersto the concrete cover separation.

72



FRP to concrete bond behaviour

Ziraba et al."smodel | —is called plate end interfacial debonding

Based on the Mohr—Coulomb approach the critical stress state at the plate
end interfacial debonding is defined:

r+o,tan(p)<C (3.44)

where: 7 and o, are the maximum interfacial shear and normal stresses at the

y
plate end; C isthe coefficient of cohesion; ¢ isan angle of internal friction. All

these parameters are given by:

Ty = Rt (3.45)
y 2%~R2
V2
K M Biiptr
Cra=|14| —s | o | ToTib (4 y o) (3.46)
(Efrpbfrptfer Vo |ltre,frpPa L
k.
rp[4Efrp| fl‘p

where: Cg and Cg, are obtained from analytical solution by Roberts
(1989) for internal shear and normal stresses, while o and «, are

empirical multipliers calibrated from numerical studies (Ziraba et al.,
1994) for RC beams retrofitted with steel plates. The shear stiffness K

and the normal stiffness K,, of the adhesive layer are given by:

K, = Cala (3.48)
ta

K, - Eaba (3.49)
ta

where: E,, G,, b, and t, are the modulus of elasticity, shear modulus,
width and thickness of the adhesive layer, respectively; Iy ¢, is the

second moment of area of the cracked plated section transformed into
FRP; Xyc.1rp 1S the neutral axis depth of this transformed cracked section;
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| p the second moment of area of the FRP plate alone; dy,, the distance

from the compressive face of the RC beam to the centroid of the FRP
plate; M, and V, are the bending moment and shear force at the plate
end, respectively.

The shear force at the plate end causing the plate end interfacial debonding is
calculated from the equation:

f C e
c } (3.50)the
Cra | o1 fer(1+ 2,Cro tan(p))

Vib,end =

where: h is the beam’'s depth and %33. Ziraba et al. specifies: oy =35,
a, =11, ¢=28° and two values of C equal to: 2.68 MPaand 5.36 MPa.
Ziraba et al.’smodel |1 - concrete cover separation

Ziraba et al. (1994) modified the ACI code (ACI 318-95, 1999) prediction of

the shear capacity of an RC beam into the following equation, where Kk is the
efficiency factor of steel shear reinforcement:

Vio,end =Ve +KVs (3.51)

where: V., and Vy are the contributions of concrete and steel shear reinforcement
to the shear capacity of an RC beam, respectively and are given by:

v, - %(\/TC +1oopsjbcd (352)
f..d
= ASVSW (3.53)

where: p, islongitudinal steel reinforcement ratio

k=24e" and n=-0.08CgCpr,x10° (3.54)
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Saadatmanesh and Malek’s model (Saadatmanesh and Malek, 1998)

This model predicts concrete cover separation in the FRP strengthened RC

beams. The shear stress r and the normal stress oy, a the end of the FRP

laminate are derived from Malek et al.’s (1998) approach, while the longitudinal
stress o, is caculated from the bending analysis on the basis of an uncracked

section. This closed-form solution was derived assuming the following quadratic
distribution for the bending moment, which can accommodate both point and
uniformly-distributed loads:

M =a(x+a)’ +ay(x+a)+ag (3.55)

where: x is the distance along the FRP laminate from its end. For a simply
supported beam subjected to three or four point bending, the bending moment at
the plate end Mg, for FRP laminate terminated in the shear span, is given by

Mg =aya+ag. The interfacial shear stress 7 at the end of the FRP laminate is
given as.

7=ty DV A+Dy) (3.56)
where:
:i (3_57)
tatfrpEfrp
_ Efrp (d X
bz - frp — Xiru.c 2ala+ az) (3-58)
Itru,cEc
1
b; = Efp ﬁ(d frp — Xtru,cxalaz +aa+ a3)+

tru,cc (3.59)

alEfrp tat frp

+2—"° (d;, —
Itru,cEc ( frp Xtru,c) Ga

where: 1y, . is the uncracked second moment of area of the plated section
transformed to concrete, and X, . is the neutral axis depth of this transformed
section. The normal stress o, at the plate end is (Malek et al., 1998)
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Y 2baﬂ 3 Efrplfrp Eclc bfrpEclc

where:
VG =Vo — 0.5hbyot o (b5 3/A + b, | (3.61)
Virp = —0.5bfrpt%rp(b3\/Z+ bz) (3.62)

and
14
" K.b
B =0 (3.63)
4baEfrp| frp

where: | isthe second moment of area of the beam and g isauniformly

distributed load if such aload exists.
The longitudinal stress o, at the base of the RC beam, at the end of the soffit

laminate, due to a bending moment M, can be determined from a bending
analysis of an uncracked section. The bending moment in the concrete beam at

the end of the FRP laminate isincreased by the bending moment M,
M, = 0.5haby 7 (3.69)

The maximum principal stress can be calculated from:

2
o1 = Ix* %y + Ox "%y +72 (3.65)
! 2 2

At the plate end, the concrete is generally subjected to biaxial tension.
Concrete cover separation occurs, when the maximum principal stress reaches
the concrete splitting tensile strength:

o1 = 1, =0.208(1, f° (3.66)
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_ E
TZCRiz frp

Vo

Gy = Csz

where: Cp, isgiven by

—(d frp Xtru,c)

12
Ks m bfrpt frp
VO Itru,cba

C_:R].: 1+
{Efrpbfrpt frp

(3.67)

(3.69)

(3.69)
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4. Bond strength models

The existing shear anchorage strength models published in literature contains
variable approaches. On the basis of experimental results and general division of
the existing approaches proposed by Faella et. al. (2004). They consisted of:

— models determining the maximum axial strain of FRP materials &gy

corresponding to intermediate crack debonding,
— models determining the maximum gradient of axial FRP stresses o

between two adjacent flexural cracks,
— models defining a maximum shear stress 7., corresponding to the

intermediate debonding. (Bilotta et al., 2013; Pellegrino et al., 2008).

The intermediate crack debonding model has been studied by limited number
of research. Simple shear tests describe the most common debonding behaviour
corresponding to debonding due to flexural cracks. Hence, the simple strength
models for FRP plate-concrete joints can be used to predict the intermediate
flexural crack debonding failure. Many available studies about the intermediate
crack debonding are based on the bond-slip model derived from direct shear
bond tests (Fig. 4.1). In this approach there is a stress concentration near the
crack. The interfacial slips occur on both sides of the flexural crack and the total
amount of interfacial slip is equal to the width of the flexural crack.

SI'l‘l‘l

.
Tmux
-uJ- = O +HAG
|Srm | Srm | s —Emm———

Ts
A /_\Tmux A ‘ll:fdm

Tmax

N
<

Fig. 4.1. The bond-slip model for the flexural intermediate crack debonding

A review of existing models with a division into models that consider or not
consider the effective bond length in calculation of the anchored load is provided
in the following subchapters.

4.1. Empirical models

On the basis of various experimental shear tests described in Chapter 3.1, a
considerable mount of models were published by: Bizindavyi and Neale (1999);
Brosens and Van Gemert (1997); De Lorenzis et al. (2001); Maeda et al. (1997);
Miller et al. (1999); Nakaba et al. (2001); Neubauer and Rostasy (1999);
Pellegrino et al. (2008); Taljsten (1997); Yao et al. (2005); Chen and Teng
(2001); Maeda et al. (1997); Nakaba et al. (2001); Neubauer and Rostasy (1999);
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Khalifa et al. (1998); Horiguchi and Saeki (1997); Chen and Teng (2003); Chen
and Teng (2001); Yao et al. (2005); Ceroni and Pecce (2002); Blontrock et al.
(2002); Brosen and van Gemert (1997); Guadagnini et al. (2012); McSweeney
and Lopez (2005); Ceroni et al. (2008), Mazzotti et al. (2005); Matana et al.
(2005); Ceroni et al. (2014); Guo et al. (2005); Dai et al. (2003).

Table 4.1. Empirical bond models

Authors Ultimate load Ny
van Gemert (1980) N¢ =0.5b¢ Ly, fom
Tanaka (1996) N = by Ly(6.13-1n(Ly))
Hiroyuki and Wu (1997) N; = by L,5.88L, "%

Maeda et al. (1997)

N; =bf L110.2Et; x107°

6.13-0.580In(Ef t ¢ )

L.=e (mm), E;t; [GPa-mm]

Brosens and van Gemert
(1997)

N f = OSbf Le fctm

Adhikary and
Mutsuyoshi (2001)

N =b;L,0.25f2°

Khalifa at al. (1998)

Izumo’s (JCI, 2003)

2
Ny = (3.8¢2/3+152)0; LyE t; x107 for CFRP
N =(3.41¢2/3+69 b L,E;t; x107 for AFRP

Chen and Teng (2001)

Efts

Nf,max :aﬂpﬁLbf Le\/?;:v Le: -
I

. 2=D; /b,
1+by /b
oAy ).

e

N; — ultimate load [N]; b, — width of the beam [mm]; b; — composite width [mm];

L. — effective bond length [mm]; t; — thickness of FRP material [mm]; E; — elasticity

modulus of the FRP material [MPa]; fy,, — surface tensile strength of concrete [MPa];

fé — compressive strength of concrete [MPa]
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The existing knowledge of the FRP-to-concrete bond behaviour confirms the
main difference between the anchorage design of the externally bonded FRP
materials in comparison with internal steel reinforcement which fulfils a
sufficiently long anchorage length in a concrete member. This fundamental
principle in the EB FRP-to-concrete and internal steel-to concrete bond
behaviour leads the difference in exhaustion of the tensile strength of both
materials.

The aim of the flexural strengthening is to use the thin CFRP laminates with
the highest level of exhaustion of the tensile strength. However, the most
common failure mode is debonding of the externally bonded FRP materials from
concrete due to shear failure. This failure mode occurs in the thin concrete cover
few millimeters above the bottom of the adhesive layer. This failure mode
significantly depends on:

— the concrete strength,
— the bond width of the FRP material to comparison with to the concrete width

(bf / bC)’

— an effective bond length.

Another investigated parameter governing the bond strength is the bond
length. On the basis of the bond test data published in Chen and Teng (2001),
the effective bond length is the length beyond which any increase in the bond
length does not cause any increase in the bond strength. The effective bond
length issue is presented in Chapter 3.3.

4.2. Shear bond dlip models

There are two ways to determine the local bond-slip chracteristics on the
basis of the pull tests (Lu et al., 2005a):

— on the basis of the axial strain measurements from the strain gauges bonded
on the externally bonded FRP laminate/sheet
— on the basis of the load—slip curves at the loaded end.

The first simple method is not precise and it gives not accurate local bond—
slip characteristics., because the strain measurement is local and does not reflect
the real FRP strain. The shear stress calculated from the strain is thus not
reliable, even though the slip is less sensitive to variations of crack pattern.

The second method is an indirect method and on the basis of the local bond—
slip curve from the load—slip curve. It was indicated that even different local
bond-slip curves may lead to similar load—displacement curves (Lu et al.,
2005a).

To describe the FRP-to-concrete bond phenomenon (Fig. 4.2) the fracture
plane (marked with a dotted line) shows debonding plane that is wider than the
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width of the FRP laminate and extend more on the free zone at the concrete
prism edge, where the FRP laminate is not bonded.

| ’-—-‘Free zone

Adhesive

\___ Fracture plane
Fig. 4.2. The scheme of the FRP to concrete pull-out test (Lu et al., 2005a)

There are several parameters effecting the local FRP-to-concrete bond—slip

behaviour:

— the concrete strength, f;

— the bond length, L

— the FRP laminate axial stiffness, E;t;
— the FRP-to-concrete width ratio,

— the adhesive stiffness,

— the adhesive strength.

It should be pointed out that the main difference between the internal
reinforcement and externally bonded reinforcement is the effective bond length
L. beyond, which an extension of the bond length L cannot increase the
ultimate load. This justifies the opinion that the full tensile strength of the EB
FRP reinforcement cannot be achieved (without any anchorage system).

4.2.1. Fracture mechanics models

Fracture energy G; is the parameter directly characterising the FRP—to—

concrete bond behaviour, which is used for determining the ultimate bond load
Frax taken from the pull-out test. However, the only fracture energy parameter

G; is not sufficient to obtain the full range behaviour of the FRP—to—concrete

interface in the intermediate debonding in the FRP strengthend RC memebers.
This phenomenon was described in the publication by Faella et al. (2008a). The
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accurate local bond—slip model is the most important one in modeling EB FRP
RC members.
The interfacial fracture energy G; is the energy required to create and fully

break the elementary unit area of the cohesive crack (Mazzotti et al., 2016). The
physical meaning of the fracture energy G; is determined by the area under the

shear stress-slip (rzy - S) curve of Bazant and Planas (1997):
Sf
Gi = jo 7,(s)ds 4.1
where: S; is the slip corresponding to complete separation of the interface. The

mean values of G; Rabinovitch (2004) developed fracture energy of the

concrete model to study the end plate debonding on the basis of the fracture
mechanics concept of energy release rate.

On the basis of the direct shear tests Tiljsten (1996) proposed the
relationship between the fracture energy and the load-carrying capacity
determined by the formula:

Nf bedefEftf (42)

One of the first bond strength models between steel and concrete on the basis
of nonlinear fracture mechanics (NLFM) was investigated by Holzenkdmpfer
(1994). It was modified by Niedermeier (1996) as follows

0.78b; (2G{E(t;  if L>L,
N = 4.3)
O78bf4}26f Eftf %(2—%J if L< Le

(5] e

where: N; is the bond strength [N], E;t; [MPa-mm)], L, is the effective bond
length [mm] and Gy is the fracture energy given by

Ests

Le= 4.4
4fum

Gf =Cs k% 1:ctm (4-5)
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where: fy,, is the average surface tensile strength of the concrete determined in

the pull-off test [MPa], C; is a constant determined in linear regression analysis
using the results of double shear or similar tests, K; is a geometrical factor
related to the width of the bonded plate b; [mm] and the width of the concrete

member b, [mm]

2-b; /b,
k= [l.125—— ¢ (4.6)
1+b; /400

Neubauer and Rostasy (1997) modified Holzenkdmpfer’s bond strength
model for the FRP strengthened concrete

0.64K; s JEfts f om it L>L,

N¢ = 4.7)
0.64kfbdeftf fCtmLL( —LLJ |f L< Le
e e
where:
E:t
Lo=.|— (4.8)
2fCUT'I

The nonlinear fracture mechanics analysis by Taljsten (1996) used to
developed the bond strength formula

Ni = [—lb, oy = 4.9)
1+ar Ect.

where: E. and t are the elastic modulus and thickness of the concrete member.

Yuan and Wu (1999) developed the bond strength between FRP and concrete
on the basis of linear elastic fracture mechanics (LEFM) and NLFM given by

Ny = |—""Th o= (4.10)
l+ay b Ect,
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On the basis of the results of different shear tests Yuan and Wu (1999)
performed the most real linearly ascending and then descending response shown
in Fig. 44 (with §5=S, and s; =5,). For this shear-slip model the bond

strength was given by Yuan at al. (2004)

Nf =ﬂ|bfd2Efthf (411)

where:

1 if L>Lg

ALl b i e
LT L

e

5o 2.25-b; /b, @.13)
Y \1.25+b; 1400 '

Le:a+ilnﬂl+ﬂatan(/12a) (4.14)

b A -Ahtan(La)

T T
= | o= (4.15)
' soEqt (s¢ _SoiEftf

1 . St —So |. _ 2G;
azzsn 0.99  Trax = 158w e S =0.01958,,f4,Sf =—— (4.16)
T

, Gy =0.30842./f4 (4.12)

(0]

Sf max
where fy is the concrete splitting tensile strength.

Yang at al.’s model (2001) considers the tensile strength of concrete and the
constant value of the effective length L, =100mm.

Ny =] 0.5+0.08 = Lb, (05 ) (4.17)
f : : 100f¢t eV f \V-~ fct :

where:
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1 if L>Lg

. G, =0.30882.[f 4.18

Teng et al. (2002, 2003) based their model on the NLFM analysis developed
by Yuan and Wu (1999). Chen and Teng’s model predicts the bond strength and
the effective bond length given by

N; =0.4278; B/ fubsLe, [N] (4.19)

1 2
, b, /b, , N for L Le. ) Et, 420
f:1/—1 L™\ , = . :
1+b; /b, Sl for L<L,/ °® /fc

e

Chen and Teng (2003) modified their expression above to the ultimate
strength design to the form given by

Ny =0.3154; Ay fobsLe, [N] @4.21)
Teng et al. (2004) presented a smeared crack approach for a finite element

simulation of intermediate crack-induced debonding. A design model, on the
basis of interfacial stress distributions defines the limiting FRP strain, ¢y,

given by

f
Equp = 0.171K; (4.32—05)#Ct (4.22)
Efty

where f,, a and Gy are given as follows

225-b; /D, 1 )
_ | = . Gy =030842[f, (4.3

TrexSo 3

The comparison of four chosen bond-slip models for normal-adhesive
interfaces is shown in Fig. 4.3 and in Table 4.2 (Lu et al., 2005a). The following

86



Bond strength models

parameters were used for the comparison: f,=32MPa, f, =3.0MPa,
by =50mm, b, =100mm, E;t; =16.2GPa—-mm, by /b, =0.5

] —o— Nakaba et al. [12]

7t —o— Neubaver & Rostasy [34]

—a— Monti et al. [35]
—a— Savioa et al. [36]
— Proposed, bilinear model

Proposed, precise model

Bond stress (MPa)
y -

0 0.1 0.2 0.3 0.4 0.5 0.6
Slip (mm)

Fig. 4.3. Comparison of curves on the basis of existing bond—slip models by
Lu et al. (2005a)

The linear-brittle model of Neubauer and Rostasy (1999) stands out of other
three models. Several published bond tests indicated that the bond—slip curve
have an ascending branch and a descending branch, similar to the curve from
Nakaba et al.’s (2001) model or Savioa et al.’s (2003) model. From comparison
shown in Fig. 4.3 seems that the linear-brittle model by Neubauer and Rostasy
(1999) is rather unrealistic. However, other models confirm reasonably close
agreement both in ascending branch and a descending branch.

The summary of existing bond—slip models is shown in Table 4.2 with
determination of the local bond shear stress, 7 ; the local slip s, the local bond

strength, 7., ; the slip for the maximum bond stress 7, ; S the slip for the

bond stress reduced to zero, S; ; the width ratio factor, f,, and the compressive

concrete strength, f. .

4.2.2. Meso-scale finite el ement model

Lu et al. (2005a) proposed three bond—slip models of different sophistication
levels on the basis of meso-scale finite element model. These bond—slip models
on the basis of a combination of finite element results and the test results predict
both the bond strength and strain distribution in the FRP plate.

These models can be recommended for the numerical modelling of FRP
strengthened RC structures. However, these modes are limited to the joints with
the adhesive layer shear stiffness no less than 2.5 GPa/mm.
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The simplified bilinear bond—slip model on the basis of the simple explicit
design equation for the bond strength. This bilinear model has the same local
bond strength and total interfacial fracture energy, so the bond strength is
unaffected by this simplification if the bond length is longer than the effective
bond length. This bilinear model is described by the following bond equations
(Lu et al,. 2005a):

s .
T=Tpa— If S<§

St —S

T=T1 if y<s<s; (4.24)
e St =S
T= 0 |f S> Sf
where:
Sf = 2Gf /Tmax (425)

Regardless of the bond—slip model, the bond strength of the FRP-to-concrete
bonded joint in terms of the interfacial fracture energy is given by equation:

Pu=ﬂ|bf‘[2Efthf (426)

where f, is the bond length factor. When L>L,, £ =1, but when L<L,
f, <1. The analytical solution for L, with a bilinear bond—slip model is
given by Yuan et al. (2004):

Le=a+

L Ay + 2, tan(1,a) @27)
24 \ A4 -, tan(1,a)

where

[z
A = max 4.28
| SE (4.28)

T

= 4.29
& (s¢ _S()iEftf (*29)
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S —
a:iarcsin(o.% f s‘)] (4.30)
A St

According to Chen and Teng (2001), the effective bond length factor f is
defined as:

ﬂ| =Sin ﬂL
2L,

J if L<L, (4.31)

4.0 —— Meso-scale FEA

& Proposed, simplified model

3.0k —e— Proposed, bilinear model

Proposed, precise model

fo=30MPa
fi=3.0MPa

E st ;=26 GPa-mm
K, =5 GPa/mm

Bond stress (MPa)
d

Lotf

0.0 L L L . i
0.00 0.05 0.10 0.15 0.20 0.25
Slip (mm)

Fig. 4.4. Bond-slip curves from meso-scale finite element simulation and
proposed bond—slip models (Lu et al., 2005a)

Among the three models proposed by Lu et al. (2005a) (Fig. 4.4), two of
them are precised and the third simplified one is a bilinear, identified by the
following relationships for determining the three parameters: 7,5, S and §,

(Fig. 4.5, Bilotta et al., 2012):

Tax = 1.5 8w Tt

s, =0.0158,f, (4.32)
2G;  2x0.30882yf 0418,

Tmax - 1.5, f; - \/f_t

SJ:

A simplified curve was achieved by using the experimental results of bond
tests performed on wet-lay-up sheets with thickness between 0.133 and 0.5 mm
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for one or three layers. The model by Lu et al. (2005a) proposed the approach
for assessing the interface relationship and, consequently, the fracture energy
value, considering only the strength of the concrete, but neglecting the influence
of the axial stiffness of the FRP reinforcement, in particular the FRP thickness.
However, it is known that the reinforcement thickness is one of the main
parameter affecting debonding behaviour. With the increase of the FRP
thickness, the normal and shear stresses in FRP-to-concrete interface increases
leading to the probability of premature FRP debonding.

(=)

‘Elllﬂx

kc Gy

\

Se Sy s

Fig. 4.5. Bilinear (elastic-softening) law at the FRP-to-concrete interface
(Bilotta et al., 2012)

This problem was developed by Bilotta et al. (2011b) using the statistical
analysis of the variable experimental bond tests, containing both wet lay-up
sheets and laminates. They indicated limited application of the Lu et al.’s
(20052) model (limited only to the FRP sheets). Regardless of Bw value, the
same values of maximum shear stress were calculated for the FRP laminates and
sheets bonded to concrete.

The indirect identification method (IndIM) procedure of the bilinear curve
published by Bilotta et al. (2012) indicated reliability of this method regardless
of a type of FRP reinforcement (sheet or laminate).

4.3. Parameter s effecting the FRP to concr ete bond behaviour

The most important factor effecting the proper bond between FRP and
concrete is the concrete strength, its surface roughness, FRP and concrete
cleanliness.

There are several surface preparation methods, which affects the bond
properties: brushing, bush-hammering, sandblasting, grinding and steel
shotblasting. One of the most common techniques in the experimental tests is
sandblasting, while other techniques have been described to a very small extent
(Mazzotti et al., 2007).

A wide analysis of over 200 pull-off tests carried out on different types of the
concrete surface roughness was published by lovinella et al. (2013). The
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roughness index |g determined by (4.28), was used to provide precise

information concerning the magnitude of the roughness and the type of
discontinuity.

I R~ RiA (433)

where: R is the average of all individually measured peak to valley heights (Fig.
4.6); i, is the micro-average inclination angle which is the average of the pixel

to pixel angles of the stripe profile.

RI]I!I‘G
T

[
centerline

Fig. 4.6. Roughness parameters (lovinella et al., 2013)

On the basis of two values of concrete strength and variable surface
preparation (grinding, brushing, bush-hammering and sandblasting) dependency
of the roughness index |r on the bond strength was determined. The bush-
hammering and sandblasting were the most effective techniques, increasing the
bond strength by more than 30 and 50% of the reference strength, respectively.
Irrespectively of the type of surface preparation the correlation between the bond
strength and the roughness index |y for both types of concrete was observed.

This relationship was proposed in the following expression:
alg+b (4.34)

where: a is the effectiveness of the roughness increasing for a specific concrete
and b is the limit strength if the theoretical roughness value is zero (referring to
the case of no roughness surface). Two curves were proposed for two values of
concrete strength: 15 MPa and 20 MPa (Fig. 4.7).
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Fig. 4.7. Roughness index-bond strength relationship (Iovinella et al., 2013)

The calculated curves of the bond strength dash-dot lines according to the
Italian Guidelines DT-200 concerning these two values of concrete strength
(15 and 20 MPa) on the basis of the following expressions:

Fszf,¢2Efthf (435)

where: G; is the interface fracture energy defined as:

Gf = kaf Y fcmfc‘[m (4.36)

and Kg is the fracture energy coefficient kg =0.77, K; is the width coefficient

2—b; /b
I e T (4.37)
1+bf/bc

fem and fy, are the mean values of compressive and tensile concrete strength.

defined as:

f

On the basis of the collected test data the new formula of the bond strength
by introduction of new roughness coefficient k, for CNR DT200 guideline was

proposed by lovinella et al. (2013):
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_0.059+0.00621 5

kl’
0.077

=0.766+0.081 (4.38)

which gives the final form shown in Fig. 4.8:

Gf = kaf kr\/ fcm fctm (4.39)
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Fig. 4.8. Relationship kg factor vs | g parameter (Iovinella et al., 2013)

In order to compare interface laws obtained from specimens subject to
surface treatments, the following new non-linear interface law was proposed by
Lu et al. (2005a) and Ferracuti et al. (2007):

S n

b,
S s \"
n—1+(_pj

s

where: 7 is the maximum shear stress, S is the slip at the peak, n coefficient
governing the softening branch, calibrated for each surface condition by a mean
square fitting procedure according to Table 4.3.

=7 (4.40)

Very good compatibility of the proposed model with the test results is shown
in Figure 4.9.
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Fig. 4.9. The comparison of the predicted shear stress-slip model with the test
results (Iovinella et al., 2013)

Table 4.3. Parameters used in the proposed shear stress—slip calibrated curves

Surface preparation n Smax » (Mm) Trrax > MPa

None 420 0.070 235

Gringing 3.50 0.090 2.17

Brushing 3.11 0.053 2.00

Bush Hamm. 322 0.100 1.94

Sandblasting 3.20 0.120 3.20

One of the main conclusions from Iovinella et al. (2013) research is that the
effect of concrete surface roughness should be included in the design
formulas (codes, guidelines) by introduction of the roughness coefficient k; .
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5. Design guidelines and code for mulations
5.1. ACI 440.2R-08
In order to avoid the intermediate crack debonding failure of the RC

members strengthened with EBR FRP, the ACI 440.2R-08 (2008) propose to
limit strain in FRP to

-
cqq =041 ¢ <09¢;, fi=E:¢ 51
fd W/nEftf fur Tre=Etége (5.1

where: ¢y, isthe FRP design rupture strain.

The ACI 440.2R recommendations indicate that if the stiffness of the
laminate increases, the strain limitation becomes more severe. It is important to
recognize that ACI does not include the effect of existing internal longitudinal or
transverse steel, concrete strength, the properties of the adhesive layer bonding
the FRP to the concrete or the width of the FRP laminate relative to the concrete
width.

In case of shear or pure axial strengthening, the maximum bond strength is
calculated according to the following formula:

Kikale

e =K, <0004, Kk, = 11900¢
fu

<0.75 (5.2)

where: k, is an empirical coefficient limiting the ultimate strain in the FRP
reinforcement.

5.2. fib Bulletin 14

The fib Bulletin 14 (2001) takes a design approach, recommending a direct
use of a shear stress-dlip relationship to predict the debonding failure. In the fib
model the critical bond stress and dip parameters are determined from
experimental analysis of the FRP system and substrate condition. The Bulletin
14 presents three approaches to assessing the potential for debonding modes.
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Approach 1 - FRP Tensile Force

The maximum axia force in the FRP that may be anchored N ., and the
corresponding required anchorage length Ly, @e given by

Nt max = aCKckpbs ([ E¢ts fom (5.3
| Efty
meax - ' [ mm] (5-4)
2 'ctm

where: o is a reduction factor to account for influence of inclined cracks on
bond strength, typically a =0.9, whereas o =1.0 should be taken for beams
having sufficient internal or external shear reinforcement and for dabs, k; isa

factor accounting for concrete compaction, k. =1.0 for FRP bonded to concrete
faces cast against formwork, k. =0.67 for FRP bonded to concrete faces not
cast against formwork, b is the width of a beam soffit, fy,, is the tensile
strength of concrete, ¢, and ¢, are empirical factors determined for CFRP to be
0.64 and 2.0, respectively.

bf bf .
K =1.06\/(2—bj/(1+400J >1.0, b,b; in[ mm] (5.5)

where: b; is the FRP width. The maximum axial force in FRP and the

debonding FRP strain ¢y, are given by

Nf :Efgftfbf (56)
f
Etdp = ACIKKp Ed{n (5.7)
frf

Approach 2 — FRP bond stress

The second fib approach involves determining the critical increase in tensile
stress in the bonded FRP, transferred by bond stress, between adjacent concrete
flexural cracks. This model requires determination of a critical crack pattern and
the corresponding bond stresses transferred to the FRP. This aspect of analysisis

98



Design guidelines and code formulations

beyond the scope of the present discussion. However, the maximum stress
O max @A Strain ey, that may be transferred are given by

/E \ for fo /,/f f
Ofmax =C1 % Etdo =C1 % (5.8
f ity

Ests

Lomax = C2 .
N e

where: f. isthe compressive strength of concrete, ¢, =0.23 and ¢, =1.44 for
CFRP.

In both 1 and 2 fib approaches, the FRP capacity is reduced if the available
bonded development length, Ly <Ly IN cases were Ly isless than Ly

(Fig. 5.1), the FRP capacCity ¢ and the FRP strain limit ¢y, are reduced by
the following factor

(5.9)

Lo (2— Ly J (5.10)

meax meax

Otad

Gfod,mox

— g|b

Ib,mc1>< Ib

Fig. 5.1. Anchorable tensile stress related to anchoring length (fib Bulletin 14,
2001)

Approach 3 — Concrete bond strength

The third fib approach comprises two steps. The first step involves
verification of the end anchorage as in Approach 1. The second step involves
verifying that the substrate concrete can transfer the expected shear stress
developed across the FRP-concrete interface. The main assumption of this
approach is that if shear stress is maintained below the concrete bond shear
strength, flexural cracks will not lead to debonding.
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5.3. fib Bulletin 90

The simplified method presented in the new version of fib Bulletin 90 is
based on the analysis of two main approaches corresponding to debonding at:
— the end of anchorage zone,
— intermediate crack debonding based on the ultimate FRP strain.

The second approach is more conservative than that predicted by the more
accurate method, which is further presented in Chapter 6.

Approach 1 - Ultimate strength for debonding at the end anchorage zone
The main assumption of this approach is the predominant effect of the

interfacial shear stress, which indicates that normal stress can be neglected.
The maximum tensile stress fg, and corresponding tensile force in the

FRP debonding Fy, are determined from:

2E,G,
ty

Fio(ln)= il Jos \2E;1: Gy (5.12)

where: f, isafactor that depends on the bond length according to the following
equation:

fiollp) = Billp)

(5.11)

I—b(2—|—b]<l if 1y <lg
Br=1le le (5.13)

1 if lp>lg
Solution with the bilinear bond stress-dip relationship

If bilinear bond law model presented in Fig. 4.1 is assumed, the fracture
energy can be expressed by

G, =% (5.14)

and the maximum stress in the FRP at debonding can be calculated from:

100



Design guidelines and code formulations

2E
o) = Al )= 519

The solution based on the “ design by testing” approach

For debonding at the end of anchorage zone approach, the mean, the 5%
characteristics and the design debonding strength, fq,,,, fri ad fgy, in the

FRP reinforcement can be calculated as:

2E,

ffbm = kmkf ﬂl t_ fczrr/13 (5-16)
f
2€,
f ok = KKt By . f23 (5.17)
f
K 2F,
frg = —< k¢ By [ —— 123 (5.18)
7 fo ty

where: forcesin [N], lengthsin [mm] and the partial factor y 4 =1.5.

The numerical coefficient k,, can be calibrated by a statistical procedure as
k,=0.25 (Bilotta et al., 2011), or it can be obtained considering the 5%
characteristic value of the parameter k as kg =kygs =0.17 (presented in
Chapter 3).

Thus the tensile FRP force can be calculated as:

Fom = Dt KK B14/ 2E ¢t f 23 (5.19)

Approach 2 - Ultimate strength for debonding at intermediate cracks

FRP debonding at intermediate cracks is analysed in four main approaches:

a) asimplified approach based on the maximum strain in the FRP

b) a more accurate approach based on the bond force transfer at the concrete
elements between cracks

¢) the one based on bending—shear interaction

d) the approach based on the shear transfer between the concrete and external
FRP reinforcement.
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Simplified approach based on maximum strain in the FRP reinforcement

At the ultimate limit state, the maximum the tensile stress does not exceed
the lower fractile value (5%) of the bond strength fg, o, obtained by the

corresponding mean vaue fg, ¢, by applying the following equations:

ftomic = Ker m f fom (5.20)
ftok.1c = Ker k ok (5.21)
; e

fod,IC = (5.22)
Yo

where: K =21 and kg  =1.8.

The maximum values of interfacial shear stress are significantly lower when
compared to the stress devel oped close to the end of the FRP itself. Thisimplies
that the value of the maximum FRP strain related to the intermediate crack
debonding can be assumed higher than that pertaining to end debonding. The
tensile stress at the intermediate crack ( fem c, frokic fmaic) has to be

calculated. The safety factor y ¢, can be assumed 1.5.

The corresponding value of the design strain in the FRP reinforcement,
Efpd IC » IS

fod.1c
E¢

Etbd,IC = (5.23)

This limiting value of strain in the FRP reinforcement should be adopted in
the critical sections of the strengthened element, i.e. in the sections where the
bending moment is maximum and where it is assumed that a flexural or
shear/flexural crack will form.

Bond force transfer at the concrete elements between cracks approach

In this approach, the stress variation, Ao ¢ , in the FRP between two adjacent

cracks should not exceed a suitable limiting value Aoy, which corresponds to

the maximum increase in tensile stress that can be transferred by means of bond
stresses along the crack spacing. The value of Aoy depends, in general, on the
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bond constitutive law, on the distance between cracks, s, and on the stress
level, o , inthe FRP reinforcement under the ultimate load condition.

The formulation given in DAfStb (2014) is based on the definition of the
shear strength and includes the effect of the bond of the external reinforcement,
the bond friction and the curvature of the element. Both simplified and detailed
approaches are suggested in DAfStb (2012) and are presented in Chapter 6.1.

The analysis of flexural strengthening for non-prestressed members may be
simplified as the analysis of flexural load-bearing capacity, using general stress
of the FRP. In this approach, an analysis of the bond force transmission at an
element between cracks is not necessary.

The stressin the FRP at the ultimate limit state can be calculated as

otq =mintfapg o, fraf (5.24)

where:  fqq,c is design value of the FRP bond strength corresponding to
intermediate crack debonding Eq. (5.22) (with g, =1) or (5.24), and f¢ is
design tensile strength of FRP.

2E;
Ker ik |~ e
f

fibdic = (5.25)
Vb
where: kg, =1.8, k, =017, k, = 2=be/b
ek T T b b T

More accurate method

The more accurate method comprises the verification of bond strength
transmission at the elements between cracks. For this verification, it must be
checked whether the change of the tensile force of the FRP, AF,, is lower

than the resistance, AFzy , at each concrete element between cracks:
AFieq < AF iy (5.26)

The increment of FRP tensile force at the element between cracks can be
caculated from the difference of the FRP tensile forces at both cracks:

AF g = AFgeg (X + 5 ) — Freq (%) (5.27)
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where: s, isthe crack spacing. Then, either a detailed analysis of bond strength

transmission at the elements between cracks or a simplified analysis may be
performed, as given next (DAfStb 2012).

Determining the crack spacing for reinforced concrete members

The crack spacing s, may be determined as
S =15l (5.28)
where: |, istransfer length of the reinforcing steel, equal to

Mo (5.29)

ZFosr

where: M, is cracking moment, z;~0.85h (h is total member height) and
Fusm IS bond force per length. In reinforced concrete members, the cracking
moment may be approximated as

Ie,O =

Mg = Kflfcthc,O (5.30)

where: Kf1=1.6—$21, h in mm and W,, is section modulus of the

uncracked concrete cross section (moment of inertia divided by the distance of
the extreme tensile fibre from the neutral axis). When determining M, for T-

beams, the effective flange width shall be taken into account. The bond force per
length may be calculated as

Fosm = Zinzlns,iﬂ@s,i fosm (5.31)

where: f,q,, is mean bond stress of the reinforcing steel, ng; is the number of
steel rebars with diameter J; .
The mean bond stress iy, may be obtained as follows:

(5.32)

0.43k,, T2 for ribbed bars
s 0.28x 04/ femy  for smooth bars
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where: x,; and x,, depend on the bond conditions and may be taken as
Kyl = Kypz =1.0 for good bond conditions and x; =0.7 and «,, =05 for
medium bond conditions.

5.4. JSCE Recommendations

The Japanese Society of Civil Engineers Recommendations for Upgrading of
Concrete Structures with use of Continuous Fibre Sheets (JSCE, 2001) notes that
the important contribution of the interfacial fracture energy between the bonded
FRP and substrate concrete in determining the maximum stress and the FRP
strain, prior to debonding are given by

2G: E 2G
Tt max < L e = f (5.33)
ty Efty

where: the reported values of total interfacial fracture energy G; for CFRP

strips bonded to the clean concrete substrate range from 0.44 to 0.55 N/mm.
5.5. Concrete Society TR55

The Concrete Society Technical Report 55 (2000) takes essentially the same
approach to avoid FRP debonding as it is in the fib Bulletin 14 (2001)
Approach 1. The tensile bond capacity and corresponding FRP debonding train
are given by

= f
Nf max — 05kf bf Eftf fCt v Eidb = OSkf E C.; (534)
frf

where: k; termisgiven by Equation (5.5).
5.6. CNR DT 200
5.6.1. CNR DT 200/2004

Approach 1 — Ultimate design strength for laminate / sheet end debonding

For laminate / sheet end debonding, assuming that the provided bond length
is equal to or larger than the optimal bonded length, the ultimate design strength,
ftqq » Can be calculated as follows:
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1 2E+ Gpy
fiaa = (5.35)
7tdv7e Ly

where: y; 4 is partial safety factor; y; 4 =1.2 for precured FRP laminates
and y; 4 =1.5 for cured in-site sheets, y, =1.5.

For bond lengths I, <l., the ultimate design strength shall be reduced
according to the following equation:

[ [
fradrid = Fraa l—b( ——b] (5.36)

e Ie

When the specia anchoring devices (FRP transverse bars, U-wrap with FRP
shesets, etc.) are used, the maximum design strength must be evaluated directly
with ad-hoc experimental tests.

Approach 2 — Ultimate design strength for intermediate debonding

To prevent failure from 1C mechanism, the stress variation Ao; in the FRP

system between two subsequent cracks should not exceed the limit Acg. The

later value typically depends on the characteristics of bond between concrete and
FRP, the distance between cracks in the concrete, and the level of stress o; in

the FRP reinforcement.

Alternatively, a simplified procedure may be used. The maximum strength
fold shall belessthen fyyy,:

i s = ko frg = — 2E ¢ Gpy
fod 2 = Ker Taa =
7f,d\/f_c Ly

where: k. =3.0 if specific datais not available.

(5.37)

The corresponding value of the design strain, &¢yq , in the FRP system can be
calculated as follows:

fad 2
E¢

Edd = (5.38)
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5.6.2. CNR DT200/2013

A new version of the Italian guidelines, CNR-DT 200 R1/2013, has been
recently published. It provides new equations that can improve the model
accuracy. Among the others, a new equation for computing the fracture energy,
which has different values, depending on the material used, the effective bond
length, and the FRP—concrete strength is provided. The maximum stress f ;4

that can be carried by the composite preventing the end plate debonding

failureis calculated as:
2E: G
fraa = Ko | ZE1R (5.39)
Vid ts

I I
ffdd,l‘id = ffdd —b(Z—I—b) for Ib < Ie (540)

Ie e

The fracture energy Gg, is calculated as:

Gfd :% fcmfctm (5.41)
K, = 2-b/b (5.42)
“\1+be/b '

where: kg =0.023 in case of pre-impregnated laminate, and kg =0.037 in case
of post—impregnated sheet. FC is an additional safety factor. In order to avoid
the intermediate crack—induced debonding failure, the maximum FRP stress
must be lessor equal to gy 5!

(5.43)

f = f
fdd 2 7t d tf FC cm 'ctm

Kq \/Ezkfk&2 -

where: kg, is an empirical coefficient equal to 0.10, and k,=1.25 for
distributed load, and k,=1.0 in al other cases. The CNR-DT 200 R1/2013
computes the effective bond length, named optimum bond length, as:
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2

[22E4t,G

|, = min|—— [T PR o0 (5.44)
7Rd fod 2

2Gkg

fbd = (545)

where: s, =0.25 is the ultimate dlip between the FRP and the concrete
support, and yry =1.25 isamodification factor.

5.7. Swiss guide SIA166 2004
5.7.1. Strengthening with non—prestressed FRP laminates

SIA166 2004 proposes the following three steps design concept for flexural
strengthening of RC beams with EB FRP reinforcement:
1. Strip end failure (Approach 1)

2. Tensileforce change (Approach 2)
3. Local debonding at flexural cracks (Approach 3)

The first design level considers the strain pattern in the FRP laminate along
the structure for the assumed load according to in Fig. 5.2. The strain pattern
corresponds to the ordinary cross-section analysis at the regular distance (length)
aong the member.

There are three main locations to be considered in the design anaysis
(Fig. 5.2):

1. location of the last crack (the closest to the support),
2. location of internal steel yielding reinforcement,
3. maximum FRP strain.

The most popular research based on the 4-point bending beam, hence the
selected points are easy to define. For the distributed load the situation is more
complex and then the lengths of |, I, and 4Ax can be determined from the

locations of the characteristic points. Based on the above mentioned information,
the following design procedure should be performed:

Approach 1 - Ultimate design strength for laminate end debonding

To save the end FRP debonding, the SIA166 2004 code requires to limit the
force in FRP laminate at the last crack F to the anchorage resistance of this

strip Rr: Fy ng,crEfrbftf
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Fo <Fr lp>lpa (5.46)
Foe <Frs lp<lp (5.47)
Fir =Dy /26 Eqty. (5.48)

Firs = 1bPf 7 mean (5.49)

The effective bond length 1, and the active bond length |,, at the FRP end
can be calculated as:

lp =l — | (5.50)
F
lpy =—R . (5.51)
Tt meanPf
Gt
Tt mean = s (5.52)
,max

where: |4 isthe distance between the end of the strip and the support (Fig. 5.2);
St max 1S the maximum dip s¢ 1, =02mm for the CFRP strip

(Ef =150GPa,t; =1.2mm, 25MPa< fy <50MPa).

The fracture energy G; for pull-off tests on CFRP laminates depending on
the maximum aggregate size d,,, Was proposed by Czaderski (2012):

Gy =0.0182%d¥% (5.53)

Approach 2 - Ultimate design strength for tensile force change
The maximum global bond shear stress should be limited to:

Tf ’g| ,max < Tf lim = Z.STC (554)

7. =03 Ty (5.55)
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The maximum global bond shear stress occurs in the cross-section of the
internal reinforcement yielding (Fig. 5.2), while the global bond shear stress is
limited to:

Ts lim = 075 ka (556)

However, according to research by Aram et al. (2008), the global bond shear
stress should be limited to a more conservative value:

7t jim = fam (5.57)
ly
iﬁoud ‘and
<
ol X ol
% s

Mer My

_.Iﬁ__ Mmux |
ler bending moment
| Ax
Bmax strain in strip
&,cr &

z [

| shear stress

T,gl,max
o 9 0
Fig.5.2. Bending moment envelope, FRP strain and bond shear stress

distribution in a point loaded beam strengthened with EBR laminates
(Czaderski, 2012)

As it is shown in Fig. 5.2., the maximum global bond shear stress can be
obtained from:
(5f ,max —gfy)Eftf

Tt ,9l,max = X (5.58)
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Approach 3 - Ultimate design strength for local intermediate crack debonding

This approach gives the strain limitation of the EBR FRP laminate according
to:

gf,rmxs‘gf,ling%" and gf,maxsgfu (559)

5.7.2. Strengthening with prestressed FRP laminates (Gradient method)
An RC member flexuraly strengthened with the linear force gradient is

presented in Fig. 5.3. The design procedure based on the full bonded FRP length
published in Michels et a. (2012b).

iﬁoud ‘Fload

<
T ok
— Is
Fo
|
Igrud

z
Fig. 5.3. Prestressing force F,, distribution in the gradient prestressing method
(Czaderski, 2012)

The same procedure based on the cross-section analysis for the first crack
position is assumed as presented in 5.2.

Approach 1la - Ultimate strength for laminate end debonding - last crack
outside of gradient anchorage

In this approach the force increase in the strip due to loading AFcr at the last
crack is smaller than the anchorage resistance of the strip FIR..

Fo+AF, <F,+Fr — AF; <Fg (5.60)
AFCI’ < FIR Ib > Iba (561)
AFCI’ S F'R,S Ib S Iba (562)
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Approach 1b - Ultimate strength for laminate end debonding - last crack
inside the gradient anchorage

This design approach is shown in Fig. 5.4.

N
ol < ol
S
Mer My
Isel MITlCIX

ler bending moment

| Ax
DAefmax strain in strip

AEfcr Asf/ €

M __

N shear stress

O @ C_D'Tf,gl,mux

Fig. 5.4. Design concept for prestressed externally bonded FRP strip anchored
with the gradient method.

The force increase in the strip due to external loads AF; at the last crack

cross-section should be smaller than the reduced anchorage resistance at this
location:

AFy <Frred b <lpa (5.63)
AFcr < I:IR,s.red Ib < Iba (564)

The reduced anchorage resistance Fig o is calculated from:

2

I

FiRred —\/b?lﬁaf?,mean —(I ba ij ;1 2l (5.65)
grad

2

I

212 2 ba,

I:IR,s,red =\/bf|ba7f,mean_[| 2 Fp] ! |b=|ba,s£|ba (5-66)
grad
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Approach 2 - Ultimate design strength for tensile force change

In most cases the anchorage gradient is located outside the region where the
internal steel reinforcement is yielding, hence the design procedure should be
followed according to the Approach 2 in Chapter 5.7.1.

However, if the anchorage gradient is located in the steel yielding, the bond
shear stress should be limited to:

Tf lim = 075 ka - (567)

flgrad
and

Fo (5.68)

bf Igrad

Tf lim= fom—

Approach 3 - Ultimate design strength for local intermediate crack debonding

To avoid local debonding of the prestressed PEBR at flexural cracks, the
additional strain in the strip due to the external loads should be limited to:

Aé‘f ,max < E¢ lim = 8%o0 (569)
or
Agf ,max < Efu _gfp (570)

5.8. German simplified method DAFStb (2014)

The CFRP strain approach has to meet the condition of the end anchorage at
the final element between cracks analysis:

0.5mm/ m+0.1mm/ mIFO —0.04mm/ mJg + 0.06mm/ mf

&4 max = MaX (5.71)

3omm/m—19 [2-__lo for 1, <9700mm
9700mm 9700mm

3.0mm/ m for 15>9700mm

where: |, istheaxial span length; &4 isadiameter of the steel reinforcement.
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The parametric study needsto meet certain boundary conditions:

the CFRP strip should be located not farther than 50mm from the front edge
of the support,

the ribbed internal reinforcing steel is needed,

the internal reinforcing steel is not curtailed,

the tensile concrete strength correlates with the compressive strength,

only reinforced members are considered, whereas prestressed structures are
exluded from the analysis,

the strengthening is provided for positive moments (span moments).

Lo

agrod

IS

With uniformly distributed loads it can be assumed that if the conditions
from 1 to 3 are not fulfilled, the simplified analysis also lies on the safe side,
with an additional check of the end anchorage and the associated checking of the
initial increase in the strip tensile force envel ope.

The correlation between the tensile and compressive strength of the concrete
mentioned (4th condition) is achieved by adapting the concrete compressive
strength according to (5.71) equation to the near-surface tensile strength
determined as:

fomaurix > 0-26 f 22 (5.72)

The simplified method cannot be applied for the prestressed members
because in some circumstances prestressing can significantly change the
distribution of the strains over the cross-section.

The strengthening in hogging moment regions, in the continuous RC
members cannot be designed with this method because there is an unfavourable
relationship between moment and shear force. In addition, this method assumes
that a member is cracked at the ultimate limit state.

5.9. The comparison of design approaches

The comparison of FRP axia stiffness-strain relationship for simplified
chosen theoretical models corresponding to 1C debonding approach (Fig. 5.5)
confirms similar tendency of the reduction in the bond FRP strain with the
increase in the stiffness of the EB FRP reinforcement. The following

assumptions were taken for analysis: b; =50mm, b, =150mm, f.=40MPa,
fum =2.5MPa. It should be emphasized that FRP stiffness is much more
effected by FRP thickness t; than the elasticity modulus E; . This problem was

analysed in Chapter 3 (Fig. 3.4) in the aspect of effective bond length |,. It is
visible that flexible cured in-situ sheets indicate much higher bond strain in
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comparison with rigid CFRP pre-cured laminates. It is a well known rule, based
on the axial stiffness (Eftf) of the FRP externally bonded reinforcement, that

with the increase in the FRP thickness and its modulus of elasticity E; the bod

strain decreases. For one type of FRP reinforcement, e.g. CFRP materials, the
elasticity modulus varies from 165PGa to 220M Pa, whereas the thickness varies
from 0.165mm to 1.4mm, which gives 8.5 times higher difference. This is why
the main effect on the bond properties comes from CFRP thickness.

14

fib 14, approach 1 — fib 14, gpproach 2
—ACI — JSCE

fib 90, approach 1 —— fib 90, approach 2||
— TR55, approach 1 TR55, approach 2

10 — SIA166 — CNR DT200/2004 1
\ CNR DT200/2013
AN

6 \ \\§§

12

=

Strain, gt [%o]

/
!
|
|
I

0

50000 100000 150000 200000 250000 300000 350000 400000
Axid stiffness, Estr [Nmm]

Fig.5.5. The comparison of theoretical models recommendation for predicting
IC FRP debonding strain

A similar comparison of design FRP axia stiffness-strain relationship,
according to the design guidelines described in this Chapter, is shown in Fig.
5.6.

The ACI 440-2R-08 gives the highest bond stain mainly for lower values of
E¢t; , whereas and Swiss SIA166, German DAFStb (2014) and British TR55

standards propose stable strain bond limits in the range 6.0 %o < & ¢4, < 8.5 %o. It
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seems tendency to increase the FRP bond strain limits in the new versions of fib
Bulletin 90 (2019) and CNR DT200/2013 in comparison with the corresponding
previous versions fib Bulletin 14 (2002) and CNR DT200/2004. However, to
avoid the intermediate crack debonding, the unconservative FRP limit
debonding strain in the range of 6.0%o< &y, < 8.5%0 IS proposed by Swiss

SIA 166, German DAFStb (2014) and British TR55 standards.

14 I
— Madea, 1997
12 \ — Khalifa, 1998 _
— Niedermeier, 1996
10 \ — Neubauer & Rostasy, 1997 | |
— Téljsten, 1996
g g || \ Teng, 2003 |
- — Teng, 2004
;"- 6 \ — Youan, 2004
‘B 07 — Teng, 2002 N
g X\s — Youan & Wu, 1999
4 \\\
=
2 S————— —
O T 1
0 100 200 300 400

Axid stiffness, Bty [GPamm]

Fig.5.6. The comparison of design models recommendations for predicting IC
FRP debonding strain
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6. Advanced design models
6.1. Accurate analysis of bond strength according to DAFStb

The design methods presented in DAFStb (2014) and Zilch et al. (2014) for
flexural strengthening with externaly bonded FRP materials can be performed
in two ways:

— a simple analysis based on basic approaches regarding only the ultimate
strain in externally bonded reinforcement in addition to performing the end
anchorage analysis is not recommended by DafStb (2014) for designing EB
FRP strengthening but only for accuracy or economic purpose,

— the accurate method based on the analysis of bond strength transmission at
the segments of the RC member between cracks so-called intermediate crack
element method (ICE) is recommended by DAFStb (2014).

The simplified methods are described in Chapter 5 according to several exist-
ing design codes. The accurate method referring only to CFRP (carbon fibre
reinforced polymer) strengthening materialsis presented in this Chapter .

A scheme for the analysis of flexurally strengthened RC members with EB
CFRP materialsis described in details in Chapter 3. This concept is based on the
major flexural analysis of conventional failure modes:

— inthe concrete compression (due to concrete crushing),

— intheinternal steel reinforcement (due to steel yielding or rapture),

— general shear failure mode if the load bearing capacity of an existing member
ishigh.

Then variable bond failure modes of externally bonded reinforcement to con-
crete should be analysed very carefully, considering the following aspects:

— sted yielding of the interna reinforcement followed by failure of EB lami-
nates,

— concrete cover separation failure, referring to the end of the FRP debonding
due to additional, vertical, offset between the shear FRP-concrete links,
when tensile stress from the laminate cannot be transferred to the RC beam,

— horizontal shear failure in the interface between the EB FRP reinforcement
and the internal reinforcement,

— bond failure between the adhesive and concrete, when the concrete layers
near the concrete-adhesive interface exceed the tensile concrete strength,

— due to variable tensile strength of concrete layers near the adhesive, follow-
ing the local CFRP debonding, bond between the CFRP reinforcement and
concrete cannot be transferred by any remaining areas of intact bonding
(called the unzipping effect).
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6.1.1. Curvatur e effect on the bond behaviour

The analysis of bond should be considered in severa stages referring to the
accuracy requirements. However, the CFRP end anchorage analysis is required
at every stage. CFRP-to—concrete bond behaviour is under special considera-
tion. When it comes to EB CFRP strengthened RC members, in which the ten-
sileforce in the FRP reinforcement can not be anchored, the increase in the bond
is rather impossible. The research on flexurally strengthened RC members indi-
cates that much higher laminate forces can be reached at the maximum bending
moment region that at the end anchorage. As far as CFRP laminates are con-
cerned, only the end anchorage analysis gives uneconomic strengthening solu-
tions. However, the transfer of the bond force should be considered at the point
at which the changes in tensile force accur (Fig. 6.1).

N %

end anchorage b\u\___ ,,Jé<
Ke intermediate crack element force of the CFRP strip

caused by the exposure
3 R -,
Fs Fs+AFs
FL: =F|_+AF|_
Fig.6.1. Bond force transfer with externally bonded CFRP reinforcement
(Zilch et d., 2014)

For this reason two approaches must be analysed:
— the end anchorage region
— therest part of the member.

The laminate forces at the flexural crack nearest the point of contraflexure
must be anchored at the end of the anchorage point. The bond forces at the end
of the anchorage zone of the CFRP reinforcement can be determined from the
pull-out anchorage bond tests.

The curvature effect investigated by Zilch et al. (2012) and Finckh and Zilch
(2012) enabled testing different parts of the beam, while on the remainder a
bond break-up was prevented by actively pressing onto the strip (Fig. 6.2).
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tested
element

d

L |le o | bs,ng 0 ° ° 0 ¢S,E
“% oL ' ﬁ% oL

Fig.6.2. Test set-up for IC debonding of beams and slabs strengthened with
VFRP laminates (Finckh and Zilch, 2012)

Through measurements of the CFRP strain the uncoupling of the bond was
accurately registered. Another advantage of this test set—up was that severa
investigated parts of the beam varying in ratios of shear and bending were per-
formed in a single beam. The beginning of the CFRP laminate uncoupling was
possible due to the observation of the difference of the CFRP strains at both
sides of the investigated concrete segment between the cracks turned from in-
creasing to dropping. The uncoupling process was then observed through an
increase in the sway between the strip and concrete, which in the tests was de-
termined by optical deformation measurements (Fig. 6.3).

Tests performed on the beams and dabs indicated the positive effect of the
curvature of the structural RC elements (beams and slabs) on the EB FRP bond
behaviour to concrete (Fig. 6.4). RC dabs act more favourably than beams. This
confirms detrimentd effect of the larger deflection curvature in the slabs than that
in the beams. Moreover, this positive curvature effect creates a self-induced con-
tact pressure in comparison with the contact pressure investigated by Husemann
and Budelmann (2009), when bracing the CFRP strips by gluing stirrups around
them.
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Fig. 6.3. The effect of the self induced contact pressure on the CFRP-strip
stress at the |C debonding (Finckh and Zilch, 2012)
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Fig. 6.4. The comparison of CFRP strain-deflection responses for EB CFRP
beam and slab (Finckh and Zilch, 2012)

6.1.2. Flexural strength analysis

The flexural strength analysis can be carried out similarly to an RC member

with assumption of the cracked cross-section.

Firstly, the equilibrium of the internal and external forces should be consid-

ered:
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D> M =0, Mpg=Mgy (6.1)

D N=0, Ngg=Ng (6.2)

The general equations used for conventiona RC memebrs should be
extended with the CFRP reinforcement according to Fig. 6.5. Then the equations
1 and 2 can be expressed by:

Npg = Feg + Frg + Fag + Fsad (6.3)
Mpg =—Feq (2= 2. )+ FLgz + FaqZg + Fsaa Zs2 (6.4)
X
$ SR A
‘ ) ¢ [¢]
Tﬁ—— o 0 - s2 € } _
N\ Fs2 % Fe
e . | - N —_—————_— - ———
3 § W /]
N © >
o~ / NEd N
e NSl — &1 Fs1
o ® o — dL —
% =3
b Nea_ | Go|_ & L

Fig. 6.5. Geometry, strain and stress distribution, and internal forces of a
strengthened and preloaded RC cross-section (all measurements used
in equations arein mm) (Zilch et a., 2014)

The moment resistnce of the cross-section converted to the axis of the CFRP
reinforcement and to the axis of the compressive concrete force can be calcu-
lated in the following way:

MpoL =Mpg — NraZ =—FegZ— Fgq(d, —dg )+ Foq(d, —ds)  (6.5)

M gae = Mgy + Npg(z— 2, )=

(6.6)
Fla(dy —KaX)+ Fyq (dsg — kaX)+ Fepq (kax - ds)
where: Foy, Flg, Faq, Fsoq are: the concrete compressive force, tensile force

in CFRP reinforcement, force in tensile and compressive reinforcement, respec-
tively; Kk, isthe concrete coefficient (referring to the magnitude of the compres-
sive force in concrete) calculated from:
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8+ s, for &.>-2mm/m
24+ 4¢,
“a = 3e2+4e,+2 @7
CZ—C for —2mm/m> ¢, >-35mm/ m
6e; +4s,
ch = beCdaR (68)
=& 82
2C ——; for &.>-2mm/m
=1 %, 1 (6.9)
1+— for —2mm/m> g, >-35mm/ m
e,

The compression zone depth can be determined on the basis of the CFRP
strain ¢, and the compressive concrete strain ¢, considering the prestrain of the

cross-section before its strengthening & :

Xx=— 2 d (6.10)
—&c + gL,O + &L
Fla=AELe <A flyg (6.11)
Fad = AuEsta < Aafya (6.12)
Fsod = AoEsésr < Asp fyd (6.13)
pyg =g, J =X (6.14)
X
Esp =—&¢ dsz_x—x (6.15)

Geometry parameters are presented in Fig. 6.5.
Based on the iteration process of the CFRP strain: ¢, < ¢ 4 < €44 » the com-

pressive concrete strain: &; < &g and the steel strain: e and eg, < egq May
be cal cul ated.
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6.1.3. Accurate method for |C FRP debonding

The more accurate method is fully adapted from DafStb (2014). This ap-
proach is based on the transfer of the bond force at the concrete element between
cracks (Fig. 6.1).

The source of this model was proposed in the fundamental bond-dlip ap-
proach proposed by Niedermeier (1997), then the ideas was continued by
Neubauer (2000), who proposed a solution for the bond force transfer at the
element between cracks. The transfer of the bond force across the elements be-
tween cracks is determined by subdivision of the RC member into several ele-
ments by means of flexural cracks position.

Two main regions are considered in thisanalysis:

— the end of CFRP anchorage region,
— therest of the RC member.

The laminate forces at the flexural crack closest to the support must be an-
chored at the end anchorage point. The bond forces that can be accommodated at
the end anchorage zone are determined by so—called idealized end anchorage
tests, in which the externally bonded reinforcement is peeled off in the longitu-
dinal direction. According to Fig. 6.1, the bond forces can be transferred to con-
crete elements separated by flexural cracks. The forces in the concrete segment
divided by the cracks consist of the basic CFRP force at the less heavily stressed
crack edge and the additional force at the more highly stressed crack edge. This
additional laminate force must be transferred into a member via bond.

On the basis of the mechanics derivation (Niedermeier, 1997; Neubauer,
2000; Finckh, 2012) the expressions for the bond analyses given in the guideline
dependent on the bond coefficients of the extended bilinear bond stress—slip
relationship are shown in Fig. 6.6.

TL
Tu

Gr

TP

SL

S s\LO
Fig. 6.6. Extended bilinear bond stress—dlip relationship (Zilch et al., 2012)
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The extended bilinear bond stress—slip model for externally bonded CFRP
laminates is specified by the following equations:

TLk = 0’366\/ Qe fcmact fctm,surf (6-16)
SLOk . O,201mm (617)
71 =108ar. f 0¥ (6.18)

The bond characteristics (Fig. 6.6) considers the influence of the long-term
durability of concrete by the coefficients o, and ay (according to DIN EN
1992-1-1 and National Annex DIN EN 1992-1-1/NA).

Crack spacing analysis

The crack spacing is the one of the most important parameters taking the
more accurate bond analysis or intermediate crack element (ICE) analysis into
account. A simplified way of calculating the mean crack spacing s, for a stabi-

lized crack pattern is based on the following assumption:

S =15le0 (6.19)

where: |, is the transmission length of the reinforcing steel, which is deter-
mined by Noakowski (1988) approach:

MCF

leg = (6.20)
A
where: M, isthe cracking moment; F.q,, isthe mean bond force; z; ~ 0.85h
Mg =&y fctm,SJrch,O (6.21)
h
Kg=|16-——1[210 (6.22)
1000

W, o isthe section modulus of uncracked concrete cross-section (moment of

inertia divided by the distance of the extreme tensile fibre from the neutral axis).
The mean bond force is determined as:

Fosm = D Ns i am (6.23)

i=1
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where: ng; and ¢ are the number and diameter of the steel bars; fyq, isthe
mean bond stress of steel reinforcement calcul ated as:
{Kvb10,43f0%3 for ribbed rebars
bsm =

(6.24)
Kyp20,28y fo,  for plainrebars

where: the bond coefficients for internal reinforcement for the end anchorage
analysis at the flexural crack nearest to the point of contraflexure can be taken
from Table 6.1.

Table6.1. Bond coefficients for interna reinforcement reffering to the end

anchorage analysis

Internal reinforcement Ribbed Plain
Kbk 2.545 1.292
Kb 1.0 13
Kb3 0.8 1.0
Kba 0.2 0.3

The accurate analysis of a concrete element between cracks

The accurate analysis (called detailed analysis) of a concrete element
between cracks requires calculating the change in CFRP force 4F g4 in the

segment between cracks that must be smaller than the change in force that can
be accommodated by bond:

AF g < AF Ry (6.25)

AF gq = Fleq(X+5)— FLeg (%) (6.26)

The force in the segment between cracks AF g4 depends on the laminate
force at the less heavily—stressed crack edge Fg4(x), which depends on the

bending moment in this section. The total change in the CFRP laminate force
AF gy consists of three effects:

— the component from the bilinear bond stress-dip relationship AF¢ g (Fig. 6.7),
— the component from the additional frictional bond that occurs when CFRP
started AFg g (Fig. 6.8),

— the component of the curvature effect by bearable CFRP-strip stress
AFe ke (seeFig. 6.3).
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AF gL+ AF  gr + AF kF

AF pq = (6.27)
VBA
where: yg, isasafety coefficient.
400 $=110mm )
intermediate crack element £m=_322%mm ]
ctm=2. /N /mm
oL ot E,=170kN /mm?
300 = = = ti=1.4mm
\ s— \CFRP strip \
— —t
B= C\
1S MFf u
2200 \
§ Section 2 )
0 no influence of the crack distance
100 <
Section 1 \ \
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0
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Fig.6.7. Bond force transfer at ICEs for CFRP laminates AF , g , (Finckh
and Zilch, 2012)

450

400

350

oL ot+Aoy

300 N (=i = =)
A\ <— \CFRP stri 5:=300mm
\ P — fcm—32N/mm

E 250
= NS
=200 A\

S 150 \\ i bilinear bond approach

b,
'~
..

100 =
» e bond approach with friction

0 0 200 400 600 800 1000 1200 1400 1600 1800

o [N/mm?]

Fig. 6.8. The relationship of the bearable and frictiona components of CFRP
strip-stresses at the ICE AF¢ gr , (Finckh and Zilch, 2012)
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Fig.6.9. The total change force in CFRP AF in the function of the force in
the laminate at less heavily stressed crack edge (Zilch et al., 2012)

The first component AFg , g of the the bond strength from the bilinear bond

stress—dlip curve is divided into two parts by point D (Fig. 6.7). The first part of
the curve from point G to point D is the linear function correspponding to the
range over which the required transfer length of the bilinear bond stress-dlip
model is greater than the length of the element between cracks s, . The bond

forces corresponding to points G and D can be determined as:

AFS g — ARG B D
AFS gL - Fleg for Flegg <4FGm
AF B = AFR gL (6.28)

2 D
\/ b uS okEumte + Flea —Flea for  FlR el < Fieq < Flug

bL\/TleSLOKELmI & (2— S J St <lbL max
bL ,max

ARG = It mex (6.29)
b/ 7LkSLokELm S 2 oL max
b t E b
FRp =—t LSLS?k L7y Sr4|' (6.30)
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5 2
AFL?(,BL = \/bLTLJkSLOk B mi + FLIID<,BL - FL?(,BL (6.31)

The effective bond length Iy, .., required for this can be determined via the

bond parameters of the bilinear bond stress—dlip relationship and the empirical
calibration coefficient x|, =1.128 from the following equation:

2 f E, .t
IbL,max — SLOk LmL (632)
Kib TL1k

The second component of frictional bond between the debonded laminate and
the concrete surface, which can only occur after point D is AFg, g force is

determined as;

0 for Freg <FlRg

2t E
AF g = TLFkbL{Sr _ﬁ}( (6.33)
TL1k

t Eim  bAPEZ bt By

2
T F F
X[ \/ LkStok . _Tied __ MiEd J for F2 5 < Fiea < Frug

The third component AFg, «r depending on the curvature of the RC
member proposed by Zilch et al. (2010) was the first to investigate and quantify
this effect. A convex curvature deflection causes a change in direction at each
concrete element between cracks, which therefore leads to a self-induced
contact pressure. This contact pressure on the EB FRP reinforcement brings
about an increase in the bond strength.

The component AFg , ¢ can be determined as:

E — &
AF Kk = S Kk %q (6.34)

where: ¢41 and g, are the concrete and CFRP laminate strains, respectively;

Ky = 24.3x10°N / mm is the empirical coefficient as the curvature effect on the
bond.
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The accurate analysis of the concrete element between cracks is not suitable
for manual calculations because the critical cross—section is not easy to define
for the design purpose. However, this complex analysisis relatively well-suited
to computer cal culations because case distinction is hardly necessary.

The simplified analysis of an element between cracks

A simpler approach for the bond analysis proposed in the DAfStb (2014) isto
limit the change in the FRP force according to Fig. 6.10.

T O A I

cracked state reinforcement yielding — cracked state

uncrlacked s:to’[eI Iuncrocked Sltote

el I ol
___________ i____________'.___________
| | A
3
\ I I F= L=
\ | | /s £
NN | | a4 =z &
NN 7S, =2
\\ \\ N N N I I // , //// o E
limit to increase’~ "\ U\ N N L~ Ve =1
in strio force AF N N NN ey = S
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. NN W ayerays S =
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|

Fig. 6.10. The scheme for simplified analysis of ultimate FRP strain and change
in the FRP force in concrete segment between cracks (Zilch et al.,
2012)

The strain in the FRP must not exceed the minimum of 0.01 and fq / Ef a

any point. The elements between cracks appear at the maximum moment and
extend to the last crack which is closest to the point of zero bending moment.

The simplified analysis requires to verifying if the change in the strip force
does not exceed a constant resistance value at any point in the member. This
resistance value, limited by the dotted line corresponding to the limit of the FRP
force increase, can be determined in the numerical approach to the more
accurate method. Because of this complexity disadvantage, the principle of
superposition is no longer valid. But the model can also be ssimplified by using
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the following equation for the bond resistance to FRP force difference in the
concrete segment between cracks:

237 1y/S +0.0987 7% + KT? S

7BA

AF Ry = S K b (6.35)

were: factor x, =2000 for RC members and x, =0 for prestressed concrete
members, which has the influence the curvature.

6.1.4. End anchorage analysis

The analysis of the end anchorage is the second required condition after the
analysis of bond at the concrete segment between cracks. The end anchorage
analysis can be performed in three different ways:

1. End anchorage analysis at flexural crack nearest to the point of contraflexure
2. Anchorage analysis at the arbitrary concrete element between cracks
3. End anchorage analysis with the shear wrapping

End anchorage analysis at flexural crack nearest to the point of contraflexure

REEREEN

aa
T e b

-

! uncracked state !cracked state

Xer X
AN acting moment Mgg
R shifted morent curve Mgy

\\

M, <

Meg(x=xert ) [~Gralysis point S ——

HMg(=Xer) resistance MR:]—

M

Fig. 6.11. Scheme for analysis of the end anchorage of EB CFRP reinforcement
at flexural crack nearest to the point of contraflexure (Zilch et al.,
2012)
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The analysis at the flexural crack closest to the point of contraflexure repre-
sents the standard case shown in Fig. 6.11. In this case, the moment acting at this
flexural crack must be lower than the resistance of the cross—section taking the
“shifted curves’ into account.

The resistance of the cross—section is determined on the basis of the bond
conditions, which consider redistribution between the EB FRP reinforcement
and the internal reinforcement. Considering the different bond behaviour and
depending on the strain state of the EB FRP reinforcement, a different
distribution of the forces between various lines of reinforcement occurs, which is
presented in Figures 6.11, 6.12 and 6.13.

The analysisis carried out at the position of the flexural crack nearest to the
point of contraflexure. As the analysis considers the interaction of the lines of
reinforcement, it includes the acting moment and the moment that can be
accommodated by the crosssection according to the formula:

Meg <Mpgq(lp) (6.36)

The admissible moment is determined depending on the strains in the lines of
reinforcement using the formula:

1 1
M ra (o) = &R (b0 )EimAL 20 —— + &5 (Ip JEsAZE — (6.37)
7BA Vs

This sufficiently extends anchorage length for the steel reinforcement.

The strain in the strengthening element depending on the bond length avail-
able beyond the flexural crack closest to the point of contraflexure should be
calculated as:

. [
. sin| = —bt
gLRk(IbL): 2 IbLJim

a
ELRK Jim for Ip jim <loL

jgﬁRk,lim for  O<lp <lg jim (6.38)

where: the effective bond length Iy, ;,, and the maximum strain &/ ;im can be
calculated on the basis of the bilinear bond stress—dlip relationship (Fig. 6.6) as:

f
&8 lim = 0.985% (6.39)

Lm
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IbL,Iim = 086I bL,max (640)

E T
T (6.41)
L
2 /E t's
I — Lm*L L0k 6.42
bL ,max Kib L ( )

The strain in the reinforcing stedl is calculated depending on the dlip of the
strip s, , the bond factor ¢ and the weighting of the different lever arms.

](a n+1)/2

a 1)/2 da_xa
gng(IbL)ZKVBKbsk[Sﬁr ('bL)} " (

< DK (6.43)
dg —x2 E

S

where: o =0.25 for ribbed reinforcement and ay =0 for plain reinfocement;

kyg =1 for good bond conditions and &g =0.7 for moderate conditions; other
coefficients are taken from Table 6.1.

The bond factor xjq, is calculated as:

z |
0.213mm 1-cog = bLJ for 0<ly <l
str(In) = rr{ {ZIbL,Iim } " (6.44)

a
0'213mm+(IbL_IbL,Iim)gLRk,Iim for o jim <ot

Kpsk = K form” (6.45)
bsk = Kbk E 5o :

(Epmty )4
Anchorage analysis at an arbitrary concrete element between cracks

In the second way of carrying out the end anchorage analysis at the segment
between cracks in RC members with the low tensile concrete strength, the
flexural crack closest to the point of contraflexure is located very close to the
support. In this analysis, externally bonded reinforcement has to be anchored at
an arbitrary element between cracks similarly to the analysis for the conctere
segment between cracks shown in Fig. 6.12.
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Besides considering shifting of the curves, the cross—section between the
support and the element between cracks must have sufficient load carrying
capacity even without externally bonded reinforcement. It is clear that the last
element between cracks must be checked to ensure that the acting FRP force
without redistribution F g4 is less than the bond resistance at the idealized end

anchorage body Fy gq:

Fled < FoLrd (6.46)

In this analysis, the last concrete segment between cracks may be positioned
at the end of the strip and may have alength corresponding to the crack spacing:

s =15ls0 (6.47)

by bbby

ad
TG e

S
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Fig. 6.12. Scheme for analysis of the end anchorage of EB CFRP reinforce-
ment at an arbitrary concrete element between cracks (Zilch et al.,
2012)

The resistance to debonding at the last segment between cracks is similar to
that tested on the idealized end anchorage body and evaluated on the basis of the
bilinear bond stress—dlip relationship. Therefore, the bond resistance can be
calculates as:

FoLra = bLte fora(s) (6.48)
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Fig. 6.13. The scheme for the analysis of the end anchorage of EB CFRP rein-

forcement with shear wrapping (Zilch et al., 2012)

The third way of end anchorage anaysis with the shear wrapping is heeded to
design the shear strengthening or to avoid a concrete cover separation failure,
and to increase the bond force (Fig. 6.13). The concept of increasing the bond
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force as a consequence of shear wrapping was proposed by Husemann (2002)
Theresistance at the end of the shear wrapping is compared with the shifted strip
force envelope. The increase in the bond force due to the shear wrapping A4F, ;

is added to the end anchorage force of the CFRP segment beyond the shear
wrapping. The resistance at the end of the shear wrapping is calculated as:

AF
Foura = bt fora (I )+ —= (6.53)
7BA
2
ARy = BB [Tomart | o0, Fulan)_of o Rulan) || (g 5y
L7120 133 ' b.by,, ' bLby

where: b, is the width of the transversal shear strap; the contact pressure
F.(e,) and the factor «, to take into account the form of the wrapped strip
cross-section can be calculated as:

0.8—ab " Fu4 ab -04
0.4 04

Fu(an)=Fu (6.55)

To calculate the contact pressure, a distinction is made between the contact
pressures F,, and F,,, which are aways formed by the two geometric limit

cases shown in Fig. 6.14.

ox lbt
b
a) b)
oy=0.4 o=0.8
@ [ ) [ ) (J o [ )
]

|3 I-ELI |3 |3 b|_ |3

| bW - [ bW |

Fig. 6.14. RC cross section beam with EB CFRP strip and shear wrapping
(Zilch et ., 2012): &) detail A, b) detail B
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Interpolation between two limit cases (according to formula 6.55) is possible
depending on the geometry factor 0.4< ¢, =b, /by, <0.8.

The contact pressures depend on the stiffness of the shear wrapping in all
cases. It is therefore necessary to calculate the stiffness of the shear wrapping
first, which is generally made up of two L—straps and one closure piece bonded
with adhesive (Fig. 6.14) corresponding in further analysis of two cases.
Detail A and Detail B.

Detail A

This case consists of two bonded L—straps (Fig. 6.14.a)
Stiffness analysis should be determined as:

Elga= 2ES(I s+ Asng) (6.56)

Detail B

This case consists of two bonded L—straps and one closure piece (Fig. 6.14.b)
Elgg = ZES(I s+ Asz§,8)+ Esls (6.58)

Using these variablesit is now possible to determine the contact pressures for
the two limit cases corresponding to coeficcient: a,, = 0.4 and 0.8.

The contact pressure for limit case ¢, = 0.4 can be calculated as:

Fop = sgaps0a,, 2080 sg-04 (6.60)
" [Be-4a®)3 1100017 + 24El g g o0 04

The crack width for CFRP stripsisthen w=0.35.

7SI
wlzw—o.{l 5.9.ap=04 J (6.61)

4583 +El g 00 o4
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a :0'— 30, —20 (6.62)
b, —40
Els AElsg
El gq =2———— 6.63
s,0,ap=04 El sA+ El B ( )

Consequently, the contact pressure for limit case ¢, = 0.8 isgiven by:

48Els.1y-08 26400E ¢ g 4 08
13 ® " 1100013 + 2.4El g g 4y o5

7)= P
Wy, =w—0.1 1— 908 (6.65)
458313+ El g g o, 08

FU A = (664)

ElsaEsls

_—SATS'S (6.66)
Elga+Esls

El s,0.0p=08 =

Thisresultsin thelengths: |3 =20+t,,, and I, =2l5.
The crack width for CFRP stripsisthen w=0.35.

6.2. Fundamental mechanics mode

The mechanics of a displacement based on three-dimensional partial—
interaction moment—rotation model was proposed by Oehlers et al. (2015) to
determine two distinct but interacting forms of flexural 1C debonding. Accord-
ing to possible failure modes (described in details in Chapter 3), two of them are
considered in this analysis:

— plate end debonding — PED,
— intermediate crack debonding —1CD.

The IC debonding initiates at the maximum bending moment region in the
vicinity of the flexural crack in the interface shear between the FRP laminate
and the concrete. This mode of debonding is strongly affected by the interface
shear stress 7 and the normal stress o in the interface of the FRP and concrete
and it depends on the vertical shear force aswell.
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Fig. 6.15. Types of debonding mechanisms (Oehlerset al., 2015)

There are two approaches to be considered in the analysis of the flexura IC
debonding.
1. Local segmental IC debonding at concentrations of the beam rotation. The
maximum force in the FRP reinforcement B and, consequently, the maxi-

mum strain ¢, are limited by the bond-dip properties between the FRP re-

inforcement and adjacent concrete, which depend on the beam geometry and
material properties.
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2. Global member 1C debonding is based on the progressive IC debonding
along the beam after local segmenta debonding. The deboned FRP in the
central region acts as an FRP prestressing tendon (attached at its ends to the
concrete substrate), in contrast to the FRP reinforcement, with a prestressing
force Pc.

For general cases the example based on the single span beam is analyzed. For
this approach the half span of the RC beam strengthened with externally bonded
laminate bonded on the length of L, is considered. The beam loaded with dis-

tributed load is subjected to the bending moment shown in Fig. 6.15.

There are several possible IC debonding mechanisms shown in Fig 6.15 a—e.
The first one (@) starts at maximum bending moment and then propagates to-
wards the support. The IC debonding mechanism is similar to the pull-out test
with the FRP laminate bonded to a concrete block over the long distance (Fig.
6.15.c). If the tensile force P in the FRP laminate exceeds the bond force B¢,
the slip of the FRP reaches the maximum slip capacity J,,. Then the force at
the FRP end leads the IC debonding, corresponding to B and the FRP strain

reaches ¢)c with the extension Jg,_ |, = Sy -

If the FRP is pulled further, the bond force remains at B, . Hence the force
in the FRP remains as P and the extension is then a sum the extension of the
debonded region Ly, ,, (with the FRP strain ¢,c) and that of &, . If the FRP
debonding reaches the full its length (Fig. 6.15.€), the extension of the FRP is
0 =0max T €iC Lp .

The mechanics based generic mode can be used for designing flexuraly
srengthened RC members with EB FRP laminates directly or to improve the exist-
ing design techniques. This general model can be adopted for new techniques such
asfor new FRP reinforcement with new bond characteristics.

Segmental debonding mechanisms

T

Tmax

K | OF

01 Omax O

Fig. 6.16. Bilinear (elastic-softening) law at the FRP-to-concrete interface
(Oehlerset al., 2015)

139



Renata Kotynia

The shear stress-dlip 7—0 FRP-to-concrete bond characteristics depends on
the interface slip along the dliding plane ¢ (Fig. 6.16). This debonding affects
the behaviour of FRP strengthened RC beams but generally not in a detrimental
way, aswill be further explained.

Multiple crack segment debonding

The analysis considers a segment of a beam limited by two adjacent flexural
cracks at spacing “S’ and within a constant moment region (Fig. 6.17).

0)

segment B B b
I ||_‘| 0er=5/2 i Loer=S/ El l cgoss—section
Peom b | ° Peomp e o
| ' |
| |
M RC beam ! M
I:’rt g | I:’rt
’ : » [ 3 N J
P ' ! '
P 1G FRP plate: | Glﬁ P,
E

Fig. 6.17. Segmental multiple crack debonding (Oehlerset al., 2015)
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The Euler-Bernoulli displacement is applied to the sides of the segment
whose each side rotates from G-G to H-H to cause arotation 6 (Fig. 6.17). This
induces atensile force in the steel reinforcement B, and in the FRP plate, which

causes the reinforcement slip in relation to the crack face by &6,; and J,. The
crack width w at the level of the steel reinforcement is 25,; and that at the plate
26,. Asthe segment is symmetrically loaded, the behaviour on both sides of the

segment has the identical values. With gradual increase in @ rotation angle, the
gradual dlip along the FRP laminate increases along the segment length until it
reaches D-C-O position, which corresponds to the slip at the crack face &, at

point D that is the maximum bond slip to transfer shear for the slip Sy, that
IS Omax 1N Fig. 6.17.c for the FRP-to-concrete bond-dip characteristics. When
Omax—p 1S &chieved at point D (Fig. 6.17.c), the shear stress distribution shown

as D-C-O in Fig. 6.17.d is fully developed so that the integration of the shear
stress distribution D-C-O over the surface of the half length of segment S/2

gives the maximum bond force By, .

If the dip increases to E-B-A-O, the region where the dip is greater than
Omax—p (that is E-B), the shear stress goes to zero. Then the region is debonded,

asitisshown as Ly, in Fig. 6.17.d. The shear stresses B-A-O are then concen-
trated over a smaller length, so that the bond force B is reduced from B, .

Further increase in dip causes the bond force B and the bonded region in
Fig. 6.17.e tends to zero. However, it can be seen that this form of debonding
does not limit the force in the reinforcement P, , irrespectively of atype of rein-

forcement. This form of debonding is important in terms of tension stiffening
but not as far as the ultimate strength is concerned.

Single crack segment debonding

If the single crack is considered in a constant moment region (Fig. 6.18.9),
the Euler-Bernoulli displacements H-H cause a crack width at the level of the
steel reinforcement and FRP reinforcement of 26,; and 25, respectively, where

o and o, arethe slips of the reinforcement relative to the crack faces, which
occur at forces B¢ and P, , respectively, asit is shownin Fig. 6.18.

If the rotation angle @ increases (Fig. 6.18.a), the FRP laminate dip at the
crack face 6, increasesto Sy, (Fig. 6.18.b), which allows the bond stresses

increase (Fig. 6.18.c).
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Fig. 6.18. Segmental single crack debonding

The integration of this fully developed bond stress distribution over the
bonded surface area gives the maximum bond force Bjc. Consequently, the

maximum force the reinforcement can resist at the IC debonding B corre-
sponds to the strain in the reinforcement equal to &, . The minimum length of
the FRP reinforcement required to develop B isreferred to the critical length
Leie (Fig. 6.18.¢), which is the minimum crack spacing. Any increase in &,

above Sy causes arigid body movement of the stress block from A-B-C to
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D-E-F position (Fig. 6.18.c) that resultsin FRP debonding length Ly, , whilst the
reinforcement force remains constant at P, . Thisis a stable form of debonding,

which leads to stable rotation and ductility.

On the basis of the analysis of two segmental debonding mechanisms de-
scribed in this section (named as multiple and single crack segment debonding)
the IC debonding strain ¢ is very sensitive to the crack position and the bend-

ing moment distributions.
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Fig. 6.19. Member passive prestress debonding mechanism
5db—p = 5max—p + gICLdb (OehlerS etal., 2015)

For practical purposes, stable behaviour of the cracking pattern and stable
ductility of the RC beams is assumed with the limit of the FRP strain to the safe
value corresponding to the IC debonding.

The applied bending moment along the beam'’s length causes deformations
associated with a single crack (presented in Fig. 6.19.9). If the tensile force in
the FRP laminate reaches P, the IC debonding occurs.
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When the FRP laminate starts to debond, the distance Ly, between sections

A-A and B-B is completely detached from the RC member so that the FRP lami-
nate does not act as the external reinforcement. However, it acts in transfer of
the tensile force B as an unbonded prestressing external tendon along the line

of the FRP laminate (Fig. 6.19.d).

This prestressing force (called passive prestressing Py, ), in the absence of
mechanical anchorage equals to B vaue. The aim is to find the moment dis-
tribution that causes FRP debonding on the length Ly,. The force B inthelC
FRP debonding occurs at the FRP tendon strain ¢, . Hence the material exten-
sion of the tendon within Ly, isequal to ¢,cLy, and the total extension between

sections A-A and B-B, due to the FRP material extension and bond dlip, is calcu-
lated as.

5db—p = 5max—p +&c Ldb (667)

If the concrete strain in the bottom surface of the beam is egc, then the total
strain over length Ly, gives the deformation of the RC beam at the level of the
FRP plate o4,_rc that can be calculates as:

Ldb
Sapre =, ere (6.68)

0

A segment between adjacent cracks of length 2L,y is similar to that of the

multiple crack segment (Fig. 6.20) except the FRP laminate that is replaced by a
prestressing force of B¢

Lger=5/2 Lger=S/?2
H H

=T
=

i)
!

P G

Fig. 6.20. Passively prestressed RC segment (Oehlerset a., 2015)
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The results from the moment-rotation (M —8) analysis of a passively
prestressed segment are shown in Fig. 6.21.a, where M,_,, is the ultimate mo-

ment of the passively prestressed segment. Based on the curvature y = 0/ Lo »
the required bottom concrete strain g can be calculated as:

erc = 2(d, —dya) (6.69)

The calculations are repeated by extending Ly, until the maximum moment
capacity of the passively prestressed RC beam according to the moment distribu-
tion 3-3 until the moment M,_,, (Fig. 6.18.3), which corresponds to the length
of the debonded distance equal to Ly, .k - Then the extent of the FRP bonding
isasumof Ly, s and theanchoragelength L, (definedin Fig. 6.21).

M

MU‘PP

OU—pp a) 0
ol 1 O pp/Laet b) X(6/Lger)
11 Oy gpfdydya)/Lges ¢) eroX(da)

Fig. 6.21. Behaviour from passively prestressed segment (Oehlers et al., 2015)

This ensures that the full strength of the FRP passively prestressed member is
achieved. In theory, the falling branch can be taken into account in a collapse
analysis (Fig. 6.21).

Segmental solutions for debonding

Considering the case of beam strengthened with FRP laminate subjected to
serviceability loads, two approaches should be considered:

1) the beam subjected to the serviceability loads prior to strengthening, does
need considering the residual stresses or deformations in the beam prior its
retrofitting, however closed flexural cracks are present;

2) the beam is subjected to loads over its self weight prior to strengthening.
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| C debonding segmental analysis

Beginning with the single crack analysis of the unloaded RC member by
strengthening, only one crack can be considered (Fig. 6.17.a). The concrete sof-
tening can be achieved Lgg > Lygq, (Lgesr and Lgq are lengths of the segment

and the length of the wedge), which depends on the depth of the neutral axis
dya - Based on the approach by Visintin et a. (2015) with the angle of the
wedge o = 26° the length of the segment Ly« needs to meet the following con-
ditions:

— for the steel reinforcement: Lyg > Lgit_rt

— forthe FRPlaminate: Lyg > Lerie—p
to allow the shear stress distributions and, consequently, 1C debonding.

Using the Euler-Bernoulli displacement principle with the rotation angle @,
prior to flexural cracking and concrete softening due to the formation of the
concrete wedge, based on a linear strain profile A-B-C, the curvature is calcu-
lated as y =0/Lgg . From the strain distribution, the stress profile can be de-

rived and then the force distribution along the beam’s height can be calculated
with the concrete compressive force P, ; the compressive force in the steel rein-
forcement B, ; thetensile force in concrete P, (can be omitted in practice); the
tensile steel and FRP reinforcement R, and P, ; respectively. For a fixed rotar

tion @, the neutral axis depth dy, can be calculated on the basis of the equilib-
rium of the internal forces and the applied bending moment M (Fig. 6.22.€).

The flexural cracking occurs when the moment reaches M, _g, .

After cracking and prior to the formation of the softening wedge, only the
strain profile A-B can be applied and then the internal forces distribution with
the neutral axis location (Fig. 6.22.b) can be determined. In the cracked zone
(B-C), the force in the steel reinforcement and the FRP laminate depends on the
slip dy1_gc and S,_g- consequently the Ry« /di_gc and Py g- /55 o, ON
the basis of the tension stiffening analysis.

The rotation can be increased until 1C debonding in the FRP or in the stedl
reinforcement. If the IC debonding occurs first, the force in FRP laminate
reaches B_,, value, which can be determined from the tension-stiffening prin-

ciple. This force occurs when the half crack width at the FRP 6_gc = 0y

for the FRP bond-dlip properties (Fig. 6.22.a), achieves IC FRP debonding mo-
ment Mc_p, .
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Fig. 6.22. 1C debonding mechanism

Before the strengthening that is performed in the beam under serviceability
moment, the half crack width at the stedl reinforcement and at the FRP levels
equalsto Oy g gy aNd Oy o g, respectively. After strengthening and growth

of the bending moment, the crack width increases by J;;_g. and J,_g in the

streel and FRP levels, respectively (Fig. 6.22.f). Hence the development of the
forces in the laminates is delayed behind this one in the steel reinforcement. The
same refers to the moment at the beginning of the FRP IC debonding that is larger
than that for the propped construction. It seems that unpropped construction is
more efficient than a propped one but in the case of ductility it is not approved.

Passive prestressed segmental analysis

Half a segment with the FRP unbonded RC beam aong the unbonded FRP
distance Ly, is presented in Fig. 6.23.a The half length of the segment L«

needs to be as small as possible to confine al of the wedge length L4, . This

segment is subjected to a prestressing force equal to the |C debonding resistance
of the FRP laminate Pc_, (Fig. 6.23.3). If the prestressing force is first applied
without applied moment M (such a case never occurs in practice) as thisis a
passive prestress, this causes a deformation such as A-A (Fig. 6.23.b). Then
deformation A-A causing the forces in tensile and compressive reinforcement
equal to Pyc and R can be determined; in the tensile and compressive concrete

equa to R, Ry and P, in the FRP prestressing force (Fig. 6.23.c). This
analysis gives the prestressing rotation 6,_p, shown in Figs. 6.23.

After prestressing, the moment is applied by rotating the displacement profile
from A-A to B-B. When the concrete first goes into tension at the soffit of the
beam, this gives the moment causing or initiating flexural cracking in this pas-
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sively prestressed member M, _g_, - Thisisafull-interaction analysis, always

applicable in the regions of the beam where a full-interaction is obtained from a
standard moment—curvature analysis.

When the initial flexural crack crosses the bottom reinforcement level, then
the force in the bottom reinforcement is no longer dependent on the strain but on
the deformation analysis.

When R_g isthe force causing the primary cracks B_g_ , then the mo-

ment at which this occurs M, _p,_p, is the moment of multiple primary crack-

ing from a partial-interaction analysis of a partially prestressed beam. Primary
cracks occur at the boundary of the partial-interaction region, where there is the
full interaction. Hence primary cracking occurs at a moment which is at least of

IV'cr—FI and IVIcr—PI—PP—pr-
When multiple cracks occur with the primary crack spacing equal to S,

then the tension stiffening analysis controls this behaviour. The total deforma-
tion along the line of the reinforcement ng;_,; isthe total deformation at all the
crack faces, so for the specific crack distribution in Fig. 6.23.a n=5.0. Thetotal
rotation is ng; , where @, is the rotation of an individual crack face. On further
application of displacement, the reinforcement force should cause the secondary
cracks, then the crack spacing is equal to Sy /2, as shown in Fig. 6.23.a. Then
the deformation B-B should be determined as the result of the forces in the RC
beam (Fig. 6.23.d) that is equal to the prestressing force B .

This state corresponds to a rotation angle 6., =ng and the depth of the
neutral axis dy, until the force reaches B . Then the moment of these forces
about the level of the passive prestress B isthe moment M causing the im-
posed rotation Gy, .

I_S_nr/zl Spr | Sor |
Fig. 6.23. Passive prestressed segmental analysis (Oehlers et al., 2015)
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This analysis can be used to plot the moment-rotation response, the moment—
curvature response and the strain variation in the RC beam at the leve of the
FRP laminate (as shown in Fig. 6.21.c), where d, is defined as the distance

from the line of action of the prestressing force from the extreme compressive
fibre.
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7. Author’s approach to flexural strengthening

7.1. Description of the model

For the computational analysis of load—deformation of RC elements

strengthened with the non—pretensioned and pretensioned FRP materials, the
nonlinear model of RC members by Kaminska and Czkwianianc was used
(Czkwianianc and Kaminska 1993). This is the cross—sectional analysis referring
to the pure bending based on the following assumptions:

Bernoulli’s plain section principle (Fig. 7.1),
only normal stress in the section is considered,
full adhesion between materials (good bond behaviour of steel-concrete and
EB FRP-concrete)
tension stiffening principle with the assumption that cracks perpendicular to
the axis of a bar are smeared on the pure bending distance,
non-linear strength characteristics o —¢& for the concrete in compression and
tension (Fig. 7.2),
experimental strength characteristics o —& for the internal steel
reinforcement and composite (Fig. 7.3).

b

— £c0

¥ Fe
ét — |As2 &s20 Fsz
C

= A; @

X0

==
) A ; 2
ol s s10
8c02 Eer

Fig. 7.1.  Strain, stress and forces in the unstrengthened RC member

The external load is determined on the basis of the criteria for the forces and

moments balance equilibrium in a section, for subsequent strain pattern with the
following assumptions:

F=N (7.1)

i=1

i Ry, =M (7.2)
=
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Strength characteristics of concrete

The strain-stress relationship for concrete is defined in Fig. 7.2 and presented
by several equations (7.3 — 7.10):

sife /
g 1:CU
o
Eer Cll’C’(g(E o €t Ecy
0,15f for Strain &
Fig. 7.2.  Stress-strain response of concrete
£
Bt
€el
o= fo— 22— (1.3)
ﬂ —1+ (gcj
el
1
fe—— (7.4
1—_ ‘¢
a1
E, = E¢[0.99 - 0.0158In(t,y) - 0.0013 f ¢ e (1.5)
Ego = 4.03% (2300 +3.17 f e ) fd Lope (7.6)
£e1 = [0.0075 f5 qupe +0.1251N(t,,) +1.655]x 1073 (1.7)

Eou = [4.51 —0.1244 f qype +0.000948 f 2o petm ! + 2.2o]x 107 (7.8)
fo =[0.83-0.01In(t;,)] fc cube (7.9)

fcu = (0'0051 fc,cube + 0'38)f0,cube (7.10)

where:
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E. is the elasticity modulus of concrete,

f. is the compressive strength of concrete,

fo, 1s the ultimate compressive strength of concrete,

fe cupe 18 the compressive strength of concrete on cubic specimens,
ty, is the time of stress increase

Strength characteristics of steel and FRP reinforcement is shown in Fig. 7.3.
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Fig. 7.3.  Stress-strain response of: a) steel and b) FRP reinforcement

The load bearing capacity of the non-strengthened element (Fig. 7.1) is the
bending moment corresponding to the strain pattern, for which the ultimate
strain in one of materials (concrete or steel) is reached (&g, =3.5%0 in concrete
or &g, in steel).

In a flexurally strengthened member, intermediate crack debonding of the
FRP reinforcement, initiated by flexural cracking in the pure bending distance, is
considered to be the most common failure mode (Fig. 7.4). Therefore, the load
bearing capacity of a strengthened element is determined for the state of strain of
the section in which limit strain in one of the materials is reached (&, in

concrete, &g, in steel or ¢ p, in the FRP strip, corresponding to its debonding or
rupture &y, ).

It is a common practice in design to consider the state of preloading of
elements before their strengthening. The greater preloading of an element before
strengthening, the smaller increase of load and possibility of using load bearing

capacity of a CFRP laminate after its application.
The preloading state is considered in the current analytical model by the

concrete strain at the top &g, and the bottom &g, edge of a section, as well as
the strain in the tensile and compressive steel reinforcement &g, &g
(Fig. 7.4). This analytical model has been verified in a large number of tests on
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RC beams, both non-strengthened and strengthened with CFRP laminates
(Kotynia, 1999; Kotynia and Kaminska, 2003; Kotynia et al., 2014; Kotynia and
Lasek, 2018) with a very good compatibility of the results.

before strengthening ultimate
A strengthening in flexure limit state
p
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Fig. 7.4.  Strain, stress and forces pattern in RC member strengthened with

non-prestressed FRP material

Pretensioning of the CFRP laminate is introduced in the model by the

corresponding concrete strain in compression and tension (&g and &g,

respectively), and the strain in the CFRP strip ¢, (Fig. 7.5).

before after ultimate
strengthening strengthening limit state
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Fig. 7.5.  Strain, stress and forces pattern in RC member strengthened with

prestressed FRP material

The analytical model was used to build the software used to predict flexural
behaviour of non—strengthened and strengthened RC members, with variable
FRP materials externally bonded to the concrete surface. The software was
developed with the part referring to the preloaded state. The software can be
used for variable shapes (rectangular, T and double T-cross sections, with
variable accurate concrete, steel and FRP characteristics). Fig. 7.6. shows “step
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by step” procedure of the calculated analysis with the description of variable
parameters introduced in the computer software:

geometry of the RC cross section; concrete strength characteristics;
preloading bending moment M, [kNm]; prestressing FRP strain & [%o]

(Fig. 7.6a),

location of the internal reinforcement in compression and tension zone with
their accurate stress-strain characteristics (Fig. 7.6b),

location, dimensions of the EB FRP reinforcement with its stress-strain
characteristics (Fig. 7.6¢),

details of the procedure step density, introduced by a number of horizontal
layers (Fig. 7.6¢),
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Fig. 7.6.

“Step by step” software procedure .
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7.2. Compar ative analysis of the tested members

The analytical model has been used for calculated analysis of the RC beams
tested at the Laboratory of the Department of Concrete Structures in Lodz
University of Technology (Kotynia and Lasek, 2018). The experimental
programme composed of four rectangular RC beams with 500220 mm cross—
section. The shear reinforcement consisted of 8-mm-diameter steel stirrups with
150-mm spacing. The beams were casted from commercially-supplied concrete
of class C30/37. CFRP laminates with dimensions of 100 mm x 1.2 mm were
bonded to the bottom surface of the beams with two epoxy adhesive
components. The average tensile strength in bending and the compressive
strength of the adhesive were experimentally determined standard prisms to be

equal to 23.2 MPa and 57.9 MPa, respectively.
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Fig. 7.7.  Steel reinforcement, strengthening configuration and test set-up

Table 7.1. List of the tested members and essential test results

B Tensile Initial preloading; fu |2F,|€5.p o & et |1E T
€am | einforcement 2Fp / 2F,px100%,, [%] [MPa]|[kN]| [%o] P [%0] | [%]
B12-asp 4#12 Self-weight; (25) 32.2 |53.0]5.20 |0.32 f,)9.30| 86

Self-weight + external
B12-asp-e 4#12 preloading; (76) 41.6 |49.0]4.7510.29 | 6.85| 69

Bl6-asp 4#16 Self-weight; (14) 49.0 [74.4]4.800.29 | 8.00| 76
Self-weight + external

B16-asp-¢ 4#16 preloading: (76) 51.0 |72.0| 4.8510.29 fy,|7.15| 71

2F, - initial preloading; 2F, - failure load; 2F, / 2F,0 x100% - initial preloading

level in comparison to the yield strength of non-strengthened beam; &¢ o, of
pretensioning strain and stress in the CFRP laminate during strengthening; &£¢ teq |
maximal CFRP strain registered in the test; &f 4 — total CFRP strain,
Efgot =€fp T €1 tests €fu — rupture strain of CFRP laminate; 7&¢ — utilisation of the

tensile CFRP strain, 176t =& yor / &5, x100% ; Fy, — tensile strength of the laminate;

fo — cylinder compressive concrete strength
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The geometry, steel reinforcement, strengthening configurations and test set—
up are shown in Fig. 7.7. The main test results are summarised in Table 7.1.

A comparison of experimental and calculated curvature-load curves for the
beams strengthened in flexure with the CFRP laminates, is presented in Fig. 7.8.
On the calculated graphs, points corresponding to the strain of the strip & (oq

equal to 5.0 and 8.0% have been marked to indicate the CFRP strain range at
which IC debonding of the CFRP strip from the concrete surface is expected.
The initial CFRP prestressing strain &g, equals to 5%o, corresponding to 30% of

the CFRP tensile strength. The simply supported RC beams were investigated in
a 6-point bending test set—up.
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Fig. 7.8. The comparison of the calculated and test curvature-load graphs for
the RC beams strengthened with prestressed FRP laminates (Kotynia
and Lasek, 2018)

The calculated green line corresponds to the non—strengthened beam.
Slight differences between the calculated and test results may come from
inaccuracy of the real geometry of the beams in reference to the calculated
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assumptions (due to different location of the steel reinforcement and
inaccuracies in the geometry of the elements).

The calculates graphs prove compatibility with the real test results in the full
range of loads. Such a good match of the model enables prediction of the
flexural behaviour of the strengthened RC member under loading on the safe
site, even in case of highly preloaded RC members before strengthening.

7.3. Parametric analysis

The comparative analysis described in Chapter 7.2 confirms very good
compatibility of the calculated model in the full range of loading that could be
useful for prediction of the load bearing capacity of RC members strengthened
with non-prestressed as well as prestressed FRP materials. Moreover, the model
has a unique feature based on consideration of the preloading effect.

The main goal of this section is a parametric analysis of the strengthening

efficiency of concrete members strengthened with CFRP laminates with

consideration of the following effects:

— stiffness of the member (slabs with the cross section 1000x200 mm and
beams with different dimensions: 250x500 mm and 500x1000 mm are
considered),

— concrete strength (concrete class C30 /37 and C50 / 60),

— variable utilisation of the CFRP ultimate stress (6%o as the bond strain in IC
debonding of non—prestressed laminates; 8%o as a sum of the CFRP strain
corresponding to 2%o of prestressing strain and 6%o as the bond strain; 11%o
as a sum of 5%o prestressing strain and 6%o the bond strain),

— variable internal steel reinforcement in the range between 0.135% and 3.0%,

— variable CFRP reinforcement ratio up to 0.7%.

To prepare monograms of strengthening efficiency 7 in the function of the

CFRP reinforcement ratio p;, plenty of calculated examples have been

performed. Each case corresponds to one cross section of a member and one
reinforcement ratio of steel and CFRP reinforcement. The calculated procedure
performed for the slab with the cross section of 1000 x 200mm, the concrete
C30/37 and only for six chosen cases corresponding to p =0.135%, 0.4%, 0.8%,

1.0%, 1.4% and 2.0% are shown as 7; — p; responses in Fig. 7.9. The red line

corresponds to the capacity of the member strengthened with the non-prestressed
CFRP laminates that failed due to IC debonding with the strain limited to
&g =6%0. The green line corresponds to the member strengthened with CFRP

laminates prestressed to &, =2%o, which failed due to IC debonding with the
strain limited to &g, =6%0. The purple line corresponds to the capacity of the

member strengthened with CFRP laminates prestressed to &, =5%o that failed
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due to IC debonding with the strain limited to &g, = 6%o0. However, the blue line

follows the concrete crushing cases for variable cases of p; and pg.
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Fig. 7.9.  Strengthening efficiency 7¢ in the function of variable EB CFRP

reinforcement ratio p; , for the 1000x200 mm slab made of concrete

C30/37 for chosen cases of variable steel reinforcement ratio pg:
a) 0.135%; b) 0.4%; c) 0.8%; d) 1.0%; e) 1.4% and f) 2.0%.
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It is clearly visible that the limit state is governed mainly by the IC
debonding of the CFRP laminates. The concrete crushing for the real cases is
rather impossible (see the wvertical black dashed lines corresponding to
application of 2, 4, 6, 8, 10, 12, 14, 16, 18 and 19 CFRP laminates with the cross
section of 50x1.2 mm).

Compositions of 77; —ps curves corresponding to the 1000x200 mm RC

slab for variable steel and CFRP reinforcement ratios and two values of concrete
strength, C30/37 and C50/60, are shown in Fig. 7.10.a and 7.10.b, respectively.

The area under the curves is divided into two parts: yellow and green,
corresponding to IC debonding (ICD) and concrete crushing (CC), respectively.
It is confirmed that strengthening efficiency 7; increases with the decrease in
the internal steel reinforcement ratio, irrespectively of a member type (slab or
beam) and the concrete strength.

The concrete strength governs failure mode (ICD or CC) only for slabs. That
means possibility of the concrete crushing (CC) failure mode only for slabs
made of concrete C30/37 with the steel reinforcement pg<0.3% (see
Fig. 7.10.a). However, in the real RC slab made of concrete C50/60 with the
common steel reinforcement ratio pg <1.4%, the concrete crushing (CC) failure
is not possible (Fig. 7.10.b). It is clearly visible that in most cases the slab made
of concrete C50/60 fails due to CFRP IC debonding (Fig.7.11.b).

For the lowest internal steel reinforcement pg =0.135% in the slab concrete
of class C30/37, irrespectively of a number of laminates, failure is
governed by IC debonding. If the steel ratio pg increases, concrete
crushing failure is possible for p,=0.40% and 17 CFRP laminates
50x1.2mm.

Further increase in a number of CFRP laminates combined with the
increase in the internal steel reinforcement ratio p; makes the strengthened
slab more sensitive to concrete crushing (the red line corresponding to
Pg =6%o shifts to the blue line that is concrete crushing). Both curves have
the same line from the internal steel reinforcement ratio equal to
Ps=1.40%.

Considering strengthening slab with CFRP prestressing to 5% and
CFRP debonding with CFRP bond strain equal to 6%o (the purple line),
the IC debonding governs the slab failure for the number of CFRP
laminates n; <5 and internal steel reinforcement ratio pg=0.40%.

Composition of separate cases of variable steel and CFRP reinforcement

ratios for the 1000 x 200mm slab and two values of concrete strength, C30/37
and C50/60, are shown in Fig. 7.10 and 7.11, respectively.
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The area under the curves is divided into yellow and green parts
corresponding to IC debonding (ICD) and concrete crushing (CC), respectively.
It is clearly visible that the slab made of concrete C50/60 fails in most cases due
to CFRP IC debonding (Fig.7.11).

Figures 7.12 and 7.13 confirm a strong effect of the beam stiffness on the
strengthening efficiency. Irrespectively of a number of CFRP laminates and the
concrete strength C30/37 and C50/60, the beams fail due to IC debonding.

The concrete strength does not affect failure mode of the RC beams, mainly
due to IC debonding of the CFRP laminates (compare Fig. 7.12 - 7.15).
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8. Chosen nonlinear finitedement modds

One of the first analytical works on the behaviour of FRP-strengthened
beams was presented by Ehsani and Saadatmanesh (1990). This was based on
a linear—elastic analysis and was thus limited to the interfacial behaviour
before cracking. A more advanced approach, the layer—by—layer numerical
model, was subsequently adopted by other researchers to account for the
material nonlinearities of the concrete before and after cracking (Takahashi et
al. 1997; Nitereka and Neale 1999), or to include the effect of tension
stiffening (Ebead and Marzouk 2005). These analyses were intended for the
prediction of the load—deflection behaviour and the ultimate load carrying
capacities; they did not model the debonding failure modes as such. Ebead et
al. (2004) and Yuan et al. (2001) in their finite element analyses modelled the
adhesive layer as a linear-elastic material, rather than adopting the commonly
used full-bond assumption between the FRP and concrete.

Interface elements were used to represent the interfacial behaviour between
the FRP and concrete in the studies of Sand and Remlo (2001), Wong and
Vecchio (2003), Teng et al. (2004), and Abdel Baky et al. (2004). An accurate
concrete cracking model at the interface is generally required to properly
determine the strain distributions in the concrete due to crack formation. The
nonlinear fracture mechanics approach used by Rabinovitch and Frostig
(2001) was introduced to analyze the interfacial stresses in the vicinity of the
crack. The interfacial shear stress was addressed before and after concrete
cracking for a plane stress analysis of FRP-strengthened reinforced concrete
beams (Abdel Baky et al.,, 2004) and a 3-D analysis of FRP-strengthened
concrete slabs (Neale et al., 2005).

8.1. Nonlinear finite dement analysis by R. Kotynia, H. Abdd Baky,
K. Nealeand U. A. Ebead (2009)

As far as numerical modelling is concerned, Ebead and Neale presented a
nonlinear finite element modelling of the interfacial behaviour of FRP/concrete
joints (Ebead and Neale 2006). This numerical analysis has been performed for
experimental results of two series of ten RC concrete beams externally
strengthened with CFRPs (Kotynia et al., 2009). The RC beams with the
rectangular cross-section of 150x300 mm and a span of 4200 mm were
strengthened with externally bonded CFRP strips or sheets. Continuous and
spaced L-shaped CFRP reinforcement was used to delay the debonding of the
bottom longitudinal CFRP laminates (Kotynia and Kaminska 2003). The
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experimental program (Table 8.1) addresses the efficiency of using different
configurations for the CFRP strengthening by altering the U-shaped systems.

A displacement-controlled nonlinear finite element analysis of FRP-
strengthened concrete beams was carried out using the finite element package
ADINA (ADINA, 2004a).

Table 8.1. Summary of test specimens

CFRP configuration o | p f. | f,
Beam ID
Crror "orRp ) | (P
B-08S Type S - 0.15 [32.3 |2.8
B-08M Type M - 0.41 373 |35
— |B-08Sm  |[Type S U-wrap, fibres 0.15 |33.5 |34
kS perpendicular to
g B-08Mm |Type M the beam axis 0.41 |38.2 |33
(1 layer)
B-08Sk Type S L-shaped plates 0.84 0.15 |33.8 [3.2
B-08Mk |Type M (spacing 200 mm) |~ 0.41 [32.0 |3.1
B-083m | Sheet (Width 150 mm, | 0.14 344 |29
- 3 layers)
3 1 B-0%3mb Sheet (width 150 mm, |U-wrap, fibres 014 258 |27
5 2 layers) parallel to the
“ B-08Smb | Type S beam axis 0.20 [25.7 [2.4
B0-08Smb |Type S (1 layer) 020 |27.4 |2.7

* distance between the bottom plate end and the beam support is 75 mm
ps— longitudinal steel reinforcement ratio, ps = Adbd
¢ — total longitudinal CFRP reinforcement ratio, or = Ad/bd

8.1.1. Material modelling for concrete, steel, and FRP

The constitutive law used for modelling the behaviour of the concrete is
based on the following assumptions:

— anonlinear stress—strain relation that allows for the weakening of the material
under increasing compressive stresses,

— tension and crushing failure envelopes,

— a strategy for modelling of fixed smeared crack model, the post-cracking and
post-crushing behaviour of concrete.

The general multiaxial stress—strain relations are derived from a nonlinear
uniaxial stress—strain relation. The cracked concrete is assumed orthotropic, with
the directions of orthotropy being defined by the principal stress directions.
Failure envelopes are utilized to establish the uniaxial stress—strain law
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accounting for multiaxial stress conditions, and to identify whether tensile or
crushing failure of the concrete has occurred.
The post failure material behaviour considers:
— post-tensile cracking,
— post-compression crushing,
— strain-softening principle.

The hypoelastic concrete model is used for description of the nonlinear
stress-strain relationship (Fig. 8.1). The ultimate uniaxial compressive stress

o, =0.85 fcl and the ultimate uniaxial compressive strain &, =0.0035. The
concrete tensile strength f; and the initial modulus of elasticity E. are
determined experimentally and Poisson’s ratio v =0.18 (Table 8.1).

stress
fy |-

strain
Em=8¢t

for B
&~

0y

f¢

Fig. 8.1.  Concrete stress—strain constitutive model

Failure envelopes are utilized to establish the uniaxial stress-strain law
accounting for multiaxial stress conditions and to identify whether tensile or
crushing failures of the concrete have occurred. A uniaxial elastic-pure plastic
constitutive law is employed for the steel reinforcement (Table 8.2), while for
the FRP composites, an orthotropic 3D linear elastic relation up to failure is
assumed. The orthotropic parameters of the FRP composites are considered
using the mechanical properties of FRP s and epoxy.

The behaviour of the cracked concrete is described assuming a system of
orthogonal cracks. Once a crack occurs in any direction i the material is
considered orthotropic with the directions of orthotropy being defined by the
principal stress directions. Cracking of the concrete occurs when the principal
tensile stress lies outside the tensile failure envelope. The elastic modulus of the
concrete is reduced to zero in the direction parallel to the principal tensile stress
direction and then a redistribution of stresses takes place. Once cracking occurs,
the shear reduction factor decreases linearly from 1.0 for the uncracked section
to 0.5 for cracked sections, at a strain level of eight times the cracking strain &,

(Fig. 8.1), and then remains constant.
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The steel reinforcement has a bilinear elastic-plastic stress-strain relationship
with the strength characteristics shown in Table 8.2.

A linear elastic relationship until rupture is assumed for the CFRP
composites (Table 8.3). For the analysis, the elastic modulus in the direction
perpendicular to the fibres E; is assumed to be one-tenth of that in the direction
of the fibres E; .

Table 8.2.  Steel reinforcement characteristics
Diameter (mm) E.(GPa) fo, (MPa) fy (MPa)
6 207 501 437
10 209 647 524
12 Series | 195 692 490
Series 11 220 662 436
Table 8.3. Mechanical properties of one layer of CFRP reinforcement
Parameters Strips Continuous Spaced
Type S Type M sheets** laminates
Thickness (mm) 1.2 1.4 0.13 1.4
Width (mm) 50 120 150%* 40
f, (MPa) 2915 2743 3500 2295
Eq, (GPa) 172 220 230 132
&, (%) 1.7 1.24 1.5 1.73

* when used as longitudinal strengthening reinforcement
** data supplied by the manufacturer

8.1.2. FRP to concrete interface bond model

The mechanical behaviour of the FRP-to-concrete interface is modelled by
the local shear stress-slip 7—S curve proposed by Lu et al. (2005) presented in
details in Chapter 4 and shown in Fig. 8.2.

S .
= Ty |~ if S< 8.1
T=7 S S 8.1

=1 @90 if s> (8.2)
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Bond A
stress

T

max |

S, Slip
Fig. 8.2.  FRP-to-concrete constitutive bond model (Lu et al., 2005)

The maximum bond strength, 7., and the corresponding slip, S, , are
governed by the tensile strength of the concrete, f;, and a width ratio parameter,

P as follows:
Tax = 1.5 8w Tt (8.3)
S =0.01955,, f; (8.4)

The parameter f,, is defined in terms of the laminate width, b; , and the

width of the beam, b, as follows:

(8.5)

The interfacial fracture energy, G; is the area under the 7 —S curve, which

corresponds to the energy per unit bond area required for complete debonding,
calculated as follows:

Gr =0.30842/f, (8.6)

The factor o is related to G; according to the following equation:

P — (8.7)
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Values of 7, and corresponding slip §, are listed for each beam specimen
in Table 8.4.

Table 8.4. Comparison between the experimental and numerical results

. Tmax | S | Fum €num
Beam series |Beam ID (MPa)| (mm) | (kN) Pnum/ Pexp %) 5num/ Eexp
B-08S 4.62 [0.060| 93.7 0.98 6.65 1.08
B-08M 4.42 10.057] 139.5 1.00 5.68 1.12
Series I B-08Sm 5.61 10.073| 105.4 1.03 7.03 1.07
B-08Mm | 4.16 |0.054| 153.2 1.00 6.31 1.15
B-08Sk 5.28 10.069| 100.3 0.98 8.09 0.94
B-08Mk 3.91 10.051| 157.2 1.05 7.90 1.40
B-083m 3.24 10.042] 89.9 0.98 6.65 0.98
Series IT B-083mb | 3.02 |0.094| 119.3 0.97 7.84 0.93
B-08Smb | 3.96 |0.051| 113.8 1.00 7.88 1.03
B0-08Smb | 4.46 |0.058] 106.0 0.96 7.92 1.26
P.um is the numerical ultimate load and &, is the numerical strains in CFRP at
ultimate load

8.1.3. Geometrical modelling

|

l——

] ]
v x

N

Concrete
node

Con%rete
FRP node
H node > | Concrete
AAAMA —|_. node
< AAA%
FRP ’—]
node FRP
node
Horizontal Vertical Interface element between
Interface element between bottom sheet and concrete
side bonded sheet and concrete
*——o

2-node truss element

4-node orthotropic

8-node solid element membrane element

Fig. 8.3.  Finite element model
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In the current finite element simulations, only one quarter of the beam is
modeled due to the geometrical, material and loading symmetries. The concrete is

modelled using 8-node 3D solid elements with three transitional degrees of

freedom per node in three perpendicular directions. The steel reinforcement is

modelled using 2-node truss elements with three transitional degrees of freedom

per node.

Symmetric plane

1
|

Applied/diéb]aééme nt

-~

Concrete
node

Attached /

U-shape FRP
Orthotropic sheet

Beam cross section

Symmetric plane

$Z
Concrete

ent

Applied displacem

Attached
U-shape FRP
Orthotropic sheet

Detail B

Beam cross section

b)

Finite element mesh for (a) beam B-08/Sm and (b) B-08/Sk

Fig. 8.4.
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The FRP laminates is modelled using 4-node membrane element with three
transitional degrees of freedom per node. These elements are aligned in the
direction of the unidirectional fibres, and in both directions for the case of
longitudinal and transverse oriented fibres (Fig. 8.3). The constitutive
relationship for the interface truss elements was based on the above bond—slip
model. Due to the geometrical and loading symmetries, only one quarter of the
beam was analyzed.

Fig. 8.4 shows the finite element meshes and the interface elements in two
specific beams, B-08/Sm and B-08/Sk, respectively.

Fig. 8.5. Finite element models of I Series beams
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B-08Smb
Bo-08Smb

Fig. 8.6  Finite element models of II Series beams
8.1.4. Numerical results and discussion

The comparisons between the results of our numerical predictions and that of
the experimental results for all the specimens, in terms of the ultimate load
carrying capacities and modes of failure, are summarized in Table 8.4. with the
ratio of the numerical-to—experimental load capacity is given for each beam.

There is a very good agreement between the numerically predicted load
capacities and the experimental results for all the test specimens.

Deformation characteristics

The average numerical-to-experimental load ratios are 1.00 with a 5e
standard deviation. The proposed models are able to simulate the entire load—
deflection relationships, including the descending and post failure profiles, in
view of the displacement-controlled solution adopted in these analyses. The
numerical results shown in Figure 8.7 are for the numerical versus experimental
comparisons in terms of the load—deflection relationships for tested beam
specimens of | Series. Debonding of the FRP laminates off the concrete surface
caused the failures that were observed experimentally.
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Fig. 8.7. Load—deflection relationships for the beam specimens in I Series

Axial strainsin tension steel bars and FRP sheets

The numerical results shown in Figure 8.8 and 8.9 are for the numerical
versus experimental comparisons in terms of the load—strain relationships in
tension steel bars and bottom FRP sheet, respectively for tested beam specimens
of I Series. There is a very good agreement between the prediction and the

response observed experimentally.
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Fig. 8.8. Load-strain curves in tension steel bars of I Series beams

The experimental measurements of the strain in steel bars around failure are
quite difficult and generally not very accurate. This explains the discrepancy in
beam B-08/Mk, while for beam B-08/S, the experimental reading did not capture
the strain in steel bars after yielding.
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8.1.5. Interfacial shear dlip profile
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Fig. 8.9. Load-strain curves in tension steel bars of I Series beams

The interfacial shear slip in the subsequent sections is presented for three
beams. The first beam, B-08/S, represents the case of unanchored FRP system.
The second beam, B-08/Sm, represents the case of using continuous U-shape
FRP anchored system. The third beam, B-08/Sk, represents the case of using

separated U-shape FRP anchored system.
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Beam B-08/S
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Fig. 8.10. Interfacial slip profile for the Beam B-08/S

Figures 8.10a to 8.10d present interfacial shear slip distributions along the
interface for load levels prior to and at cracking, at intermediate load step and at
failure load.

With an increase of the applied load up to the cracking load, the interfacial
shear slip increases progressively along the bonded plate, with an abrupt
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increase at the plate end. At this stage of loading (prior to cracking) the
interfacial shear slip distribution is similar to that derived from the direct shear
tests (Ebead et al., 2004). At the cracking load, higher fluctuating interfacial slip
values are observed at the cracked sections. However these values are still less
than that at the plate end. As shown in Figure 8.10c, with an increase of the
applied load up to the yield load, the flexural cracks tend to open causing a shift
of the maximum values of the bond slip from the plate end to the mid-span.

Figure 8.10d shows the interfacial shear slip distributions along the interface
for the level of load around the failure load. For this specific beam, the
interfacial shear slip increases dramatically at the mid-span causing an
intermediate crack debonding. Moreover, the interfacial slip increases
simultaneously at the plate end with a significant value of 0.04 mm. The
interfacial slip profile explains the debonding failure mode that has been
observed experimentally as shown in Figure 8.10. The debonding mode of
failure initiates at the intermediate crack around the concentrated load,
corresponding to point “a” in Figure 8.10d, then suddenly propagates toward the
plate end, corresponding to point “b”.

Beam B-08/Sk

The effect of using anchored strengthening on the interfacial slip distribution
is depicted Fig. 8.11a to 11d. It is obvious that the slip distribution is decreased
at the anchored zone, slip equals .005 x10° mm, compared to that for the
unanchored beam B-08/S, slip equals .02x10” mm in Fig. 8.11a. At the cracking
load, higher fluctuating interfacial slip values are observed at the cracked
sections, yet these are still lower than those at the plate end, as shown in Figure
11b. Both at the intermediate load level; and at failure, the interfacial slip values
concentrate at the end of the anchored sheet. At failure, as shown in Fig. 8.11d,
the maximum interfacial shear slip occurs at the beginning of the anchoring
sheet, causing debonding to initiate and to propagate towards the end plate,
where the interfacial slip has a maximum value. This slip profiles could explain
the mechanism of the experimentally observed debonding failure mode as
presented in Fig. 8.11e, where the observed debonding failure initiated at the
mid span and propagated toward the plate end.

Beam B-08/Sm

This beam specimen addresses the effect of using transverse sheet for
anchoring bottom FRP sheets. When using intermediate transverse sheets for
anchoring the laminates, the slip distributions along the interface become those
shown in Fig. 12a to 12d. In the predicted interfacial shear slip profiles, we
observe zones where the interfacial slips decrease relative to those in the
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adjacent zones, as can be seen clearly in Fig. 12c¢ and 12d. This result suggests
that, in general, the addition of transverse anchorage strips is quite effective for
mitigating debonding failures in these regions. At failure load as shown in Fig.
11d, the interfacial slip value increases significantly between the transverse
sheets and this explains the local debonding failure mode that has been observed
experimentally and shown in Fig. 12e.
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Fig. 8.11. Interfacial slip profiles for the beam B-08/Sk
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Fig. 8.12. Interfacial slip profiles for the beam B-08/Sm

At failure, the slip increased dramatically at the plate end with a value similar
to that at the end of anchoring sheet causing the mode of failure that have been
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observed experimentally and represented in Fig. 12f. The debonding mode of
failure initiated at the plate end and propagated toward the mid span.
Simultaneously, a local debonding failure occurred between the transverse sheets.

8.1.6 Conclusion

The nonlinear numerical analysis using a displacement-controlled 3-D finite

element model indicated that the following conclusions may be drawn:

For all of the tested specimens, the mode of failure was characterized by
intermediate crack debonding of the bottom FRP flexural strengthening
reinforcement.

There was a significant effect of the width of the flexural CFRP laminates on
the debonding mechanism. In the case of the narrow laminates, the
debonding plane occurred a few millimetres inside the thin concrete cover.
However, when using wide laminates, the debonding plane was observed
inside the concrete cover, along the steel reinforcement.

Using an additional transverse FRP continuous U-wrap system with the fibre
direction parallel to the beam axis increased the ultimate load carrying
capacity, mainly because of the flexural contribution of the additional CFRP
reinforcement.

Not extending the length of the U-shaped distance to cover the ends of the
laminates limited the effectiveness of the anchorage technique as far as the
ultimate load capacities were concerned.

Initial loading of a strengthened beam to a level of 50% of the corresponding
capacity of an unstrengthened beam had very little influence on the ultimate
load capacity.

The finite element model predicted the ultimate load carrying capacities of
the various FRP-strengthened beams with an average numerical-to-
experimental ratio and standard deviation of 0.998 and 0.0276, respectively.
As far as the CFRP strains at the ultimate loads were concerned, the average
numerical-to-experimental ratio and its corresponding standard deviation
were 1.096 and 0.147, respectively.

For all of the specimens, the finite element analysis was capable of predicting
the experimentally observed CFRP debonding mode of failure (intermediate
crack debonding).
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8.2. Nonlinear finite element analysisby Sz. Serega, R. Kotynia and K.
Lasek (2018)

8.2.1. Finite element model of preloaded RC beams strengthened with
prestressed CFRP laminates

The geometry of the tested beams and the loading configuration indicate that
the structure can be modelled in a plane stress state (2D). The finite element
mesh topology adopted for calculations is presented in Fig. 8.13. Only half-span
with proper boundary conditions was modelled as the structure is symmetrical.
The finite element mesh of the concrete matrix and the CFRP laminate consists
of quadrilateral eight-node isoparametric plane stress elements. The maximum
dimension of each finite element does not exceed 15 mm. The thickness of these
elements is equal to 500mm and 100mm for concrete and CFRP, respectively.
Six-node interface elements with zero thickness in the normal direction were
used in order to model the bond-slip behaviour between the composite laminate
and the concrete surface. The thickness of the interface elements in the direction
perpendicular to the plane of the structure is 100 mm. Similarly, the CFRP
anchorage area, i.e. the set of steel plate and bolts, was modelled using the
interface elements but with a different bond-slip behaviour.

— Concrete

B
Ei—/ Interface

E35— crrp

| +—

Fig. 8.13. Finite element model for RC beams; a) mesh topology, b)
configuration of steel reinforcement

The upper bars and stirrups were modelled using the concept of embedded
reinforcement. This means that the reinforcement does not have its own degrees
of freedom. The uniaxial strain in the reinforcement element is compatible with
the so-called mother element, i.e. an element in which reinforcement is
embedded. The embedded reinforcement changes the stiffness of the mother
element. The strain and stress in the embedded reinforcement are calculated
from the mother element strains fields.
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In the case of the bottom reinforcement, local slips in the vicinity of the
flexural cracks affect crack spacing, which should be reflected by the numerical
model. For this reason, the bottom reinforcement was modelled using three-node
truss elements connected with the concrete matrix by special interface elements.
This type of connection is able to model relative displacements (slips) between
the concrete matrix and reinforcing bars in the direction tangential to the
reinforcement. The displacements of the concrete matrix along the bar are
calculated by interpolation of the nodes displacements of the 2D element.
Therefore, similarly to the concept of embedded reinforcement, slipping
reinforcement can be modelled independently of the connectivity of the concrete
matrix elements. The configuration of steel reinforcement is presented in Fig. 4b.
Each line represents four &J8 bars for the upper reinforcement, two &8 bars for
the stirrups and four 12 or 16 bars for the bottom reinforcement.

8.2.2. Constitutive material models
Concrete mode

The constitutive model for concrete adopted in the current analysis is based
on the concept of smeared cracks and formulated in total strains, following the
propositions in (Vecchio, 1989; Vecchio, 1990; TNO DIANA). The fixed crack
approach is used in this study. Before cracking, the stress-strain relationships
(secant stiffness) are evaluated in the directions of principal strains. After
cracking, the local directions are fixed and the stress-strain relationship are
evaluated in the coordinate system determined by the first crack. Additionally,
the shear stiffness is reduced in the direction tangential to the crack (shear
modulus is multiplied by a shear retention factor §<1.0). A secondary crack

may appear only in the direction perpendicular to the first crack.

The constitutive relationship in the plane stress conditions (2D) based on the
secant stiffness matrix is described by the following formula (Vecchio, 1989;
Vecchio, 1990):

o = Dgyt (8.8)

where: o = [Gn Ot Tpy Ir is the vector of stresses, & = [gn & }/m]T is the vector of
mechanical strains, N and t are the directions perpendicular and tangent to the
first crack, respectively. Strains ¢ are decomposed from the total strains (total
means here mechanical strains and the ones induced by shrinkage and
temperature) in the following way:

£=o—Een = Eon=Jesf110]", & =apaT[tio]  (8.9)
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where &.(t) is mean shrinkage strain evolution in time t due to cement
hydration and concrete drying, oy, is the thermal expansion coefficient, AT is

the increase of temperature from the initial temperature. In the present study, the
temperature in the beams was uniform, the thermal expansions of all materials
were similar and the structure was not restrained in any direction. Thus, the
thermal effects can be omitted in calculations.

The secant stiffness matrix can be determined as:

m

jm ]

Do = (8.10)

o M o

0
0
PG

S O

where E, and E, are secant elastic modulus in the normal and tangent
directions to the first crack, respectively, G is a shear modulus, # — a shear

retention factor. The secant values of the stiffness matrix are calculated from the
uniaxial stress-strain relationships. In tension this relationship is assumed as in
(Cornelissen et al., 1986; Hordijk, 1991) — see Fig. 8.14:
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Fig. 8.14. Uniaxial stress-strain relationships for concrete
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where E. is mean concrete elastic modulus, f, is concrete tensile strength,
&g = ft/Ec and constants ¢, =3.0, ¢, =6.93 are taken from (Hordijk, 1991).

The mesh objectivity of the numerical solution is provided by keeping
constant fracture energy Gy for a given area of a cracked element (“fracture

energy trick” (de Borst, 1987)). Thus, the ultimate strain gé'rlt is calculated from:

G
el =g, +5.136—+ (8.12)
hf,

where h is the crack bandwidth. For the applied type of finite element,
h=, Asg (Rots, 1988), where Acg is the area of an individual finite element.

Tensile strength f, and fracture energy Gy were not directly measured in

the experimental tests (Kotynia et al., 2013a). These material parameters were
fitted in such a way that the simulated cracking load and load-displacement
behaviour of the considered beams followed the experimental ones prior to
strengthening. The adopted values of material parameters are shown in Table 8.5.

The uniaxial stress-strain curve for concrete in compression is shown in Fig.
8.14. The formula is defined in compliance with (Feenstra and De Borst, 1993)
as:

—lfci Ee<&E<0
3 gCe
. 2
Op=1— f 1445 Cee —2( ¢ gcej fq<e<én  (8.13)
3 Ecl —Cce Ecl ~ e

2
&— &g ult

1 . .
where: 5ce:_§E_C , &g =5, f. 1s concrete compressive strength. The
C
values of compressive strength and elastic modulus of concrete were taken

directly from experimental tests (Kotynia et al., 2013a).
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Table 8.5. Mechanical properties of concrete adopted in calculations

Element e e fe fe G Cre B
[GPa] | [] [MPa] | [MPa] | [N/m] | [N/m] | [-]
Bl12-a 23.7 0.2 32.2 1.9 90 1.0-10* 0.2
B12-a-e 24.7 0.2 41.6 3.2 90 1.0-10* 0.2
Bl16-a 25.4 0.2 49.0 2.5 90 1.0-10* 0.2
Bl6-a-¢ 26.4 0.2 51.0 4.1 90 1.0-10* 0.2

Similarly to the post-peak behaviour of concrete in tension, compression
deformations after peak stress show a tendency to localization to a certain zone
(Jansen and Shah, 1997; Markeset and Hillerborg, 1995; van Mier et al., 1997).
This means that the descending part of the stress-strain relationship is size
dependent, and stress-displacement description is more suitable in this case than
stress-strain relationship. However, it is very convenient in FEM to have the
constitutive material model defined by stress-strain relationship (or by their
increments). In order to gain the objectivity of the post-peak behaviour of
concrete in compression independently of FE mesh, the ultimate compressive
strain can be introduced in the form (Feenstra and De Borst, 1993):

& =6&g ——— (8.14)

where Gy, is compressive fracture energy, h is the characteristic length of a
finite element, assumed the same as for tension. The Gy, value is an additional

material property and can be calculated from the post-peak stress-displacement
diagram. The values for this quantity available in literature range from 1.0-10* to
2.5-10" N/m (Jansen and Shah, 1997; Vonk, 1992). The compression fracture
energy is also expressed as the multiple of fracture energy — for example
Gy =250Gy (Nakamura and Higai, 2001). The values of Gy, adopted in the

calculations are shown in Tab. 8.5. (note that the lower limit of Gy, values

reported in (Jansen and Shah, 1997; Vonk, 1992; Nakamura and Higai, 2001)
was assumed in the calculations).

If tensile strain exists in the direction perpendicular to compression, the
compressive strength is substantially reduced (Belarbi and Hsu, 1995; Vecchio
and Collins, 1993). The uniaxial compressive strength is multiplied by factor
B, to take this effect into account (Vecchio and Collins, 1993):
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gCI’

-1
A, =min £1+o.27£i—0.37ﬁ 1.0 (8.15)

where ¢, is tensile strain perpendicular to the crack. It should be noted that only

f. is reduced by the above factor, while &, remains unchanged.

Concrete-CFRP laminate interface

The behaviour of the concrete-to-laminate interface described below is
suitable mainly for externally bonded laminates with strong (stiff) adhesives,
where the failure of connection is induced by cracking in the concrete layer near
the adhesive. It can be assumed that for actively or passively strengthened
flexural elements the normal forces to the laminate-concrete connection are
rather small. Thus, the constitutive relationships between the normal and
tangential tractions and relative displacements are uncoupled, i.e. the normal
traction t,, depends only on the relative normal displacement U, , and the

tangential traction t; is the function of only U, , where U, is the relative

displacement in the tangential direction (the concrete - laminate slip). The
definitions of t,,, t;, U,, U, are presented in Fig. 8.15.

- o O
LT”L ” =1, !
O O —
L, )

Fig. 8.15. Tractions and the relative displacement in the concrete—to—laminate
interface

In the normal direction, the traction-relative displacement law is linear:

t, =K, (8.16)

where: K,, is the normal stiffness of the interface. The local traction-slip

behaviour in tangential direction is described by the function: t, = g,(Q;), @, is
defined following (Lu et al., 2005) (see Fig. 8.16):
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Kt  0<U <Up

trnax —_ Ute<Ut SUt0
O = B (8.17)

where: t,, 1S maximum traction, Uy, is the slip associated with t. ., o is a

material constant that describes the post critical slope of function g .

If the linear material behaviour is assumed for slips from the range of <0, Ute> .
Kie is the initial stiffness and Uy = 0.040;, . Based on (Finckh and Zilch, 2012),
for slips greater than U o5, a constant residual traction t,e , is assumed. The

residual traction t, , reflects friction between concrete chunks at the fracture

plane in the laminate-concrete connection. The slip U; 5 is calculated from the

equation:
- o 1 treﬁ.p
’ ' o |\ T
The incremental constitutive relationship of the laminate-concrete connection
has the following form:
—_ o 1 tl’eSp
’ ' o |\ T
where:
At = KAu (8.20)
At _ | 44, K, O
At = , du=| |, K= _ (8.21)
Aty AG, 0 K(m)
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The stiffness in tangential direction is defined by:

K = A—% (8.22)
AU,

The stiffness describes the constitutive law only for monotonic bond-slip
behaviour. The complete physical law should also describe material behaviour in
unloading conditions or unloading and reloading with opposite sign. This is
important for structures that were severely cracked before strengthening or
severe cracks appeared after applying the FRP reinforcement. The laminate is
bonded in the vicinity of the crack edge, which is shown in Fig. 8.17. where
local slips between cracks are presented. If the loading process is continued,
slips of one sign dominate. Thus, the unloading/reloading with opposite sign
process occurs near one crack (Fig. 8.17.). For slips T <0, where G is
the maximum slip reached in loading history, the damages (microcracks) in the
microstructure of concrete near the surface are minor and plastic slips do not
occur. Thus, unloading bond-slip path is directed towards the origin, as proposed
in (Finckh, 2012) — see Fig.8.15. In this case, the secant stiffness in tangent
direction is substituted by the equation:

(8.23)

res.p [ff---eeeeeee - 340 o : _
7 d ; t2 ' u
—i7, :

Fig. 8.16. Concrete-to-laminate traction-slip law
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If, during further loading, slip — 0™ is reached, the bond-slip path follows
the negative counterpart of g, . The experimental evidence presented in (Ko and

Sato, 2007; Zhang and Kanakubo, 2014) shows that if the maximum slip G
exceeds —Uy, in the loading process, plastic slips occur. The secant stiffness in
the tangential direction is given by the formula proposed in (Ko and Sato, 2007):

)
gmex gmex
Ktz = al( L J JOp—— (8.24)

Ui

where @ and @, are material constants determined empirically in (Ko and Sato,
2007). K;, cannot be less than stiffness K;, obtained for slips greater than U,

— see Fig. 8.16. This assumption prevents the model from nonphysical behaviour
in the form of plastic slips with opposite sign in the unloading process.

L |

| |
crack concrete

el L |

| |

reinforcement

_ laminate
u, /
a) | X
Uy P
b) l/ P X
o~ .
[I¥unload1ng
U, reloading ///
= X
o0 T~
L7

Fig. 8.17. Local laminate to concrete bond mechanism between cracks

Moreover, according to (Ko and Sato, 2007), if the maximum slip Utmax
reached in the loading process is greater than Uy, and, subsequently, when the

unloading and reloading process with the opposite sign occurs, the maximum
traction that can be reached is equal to t,, — see Fig. 8.17. This is coherent
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with the near surface cracking mechanism simulated in (Lu et al., 2005b), where
macrocracks near the concrete surface exist for significant slips. Only the
residual forces in the interface are possible at these regions, as they are caused
by friction in concrete between macrocracks.

The proposed approach to modelling the interface behaviour of externally
bonded FRP laminates is not a standard material model available in the material
library of used software (TNO DIANA). Due to this fact, the constitutive model
was implemented using a user-supplied subroutine (USRIFC). The interface
model was validated by performing two tests: an “one element” test and a
cyclically loaded and unloaded anchorage test.

The first numerical test is presented in Fig. 8.18. The model consists of two 2D,
eight-node elements connected by the six-node interface element. The vertical and
horizontal displacements of the element No 1 are constrained at the element’s free
edges. The relative displacement U, between 2D elements is obtained by the

horizontal translation of the element No 2. The material parameters for the bond-
slip relationship are taken from (Ko and Sato, 2007) as for the specimen C14

( trex=293MPa , @=0.17 , Ty=0.11MM , tp="tepn=0.60MPa |

a, =22GPa/ mand a, =—0.93). The load was applied in five sequences. During
the first sequence the element No 2 was moved to U, =0y, =0.11mm, then
unloaded to zero and again loaded to U, (sequence A-B-A- B in Fig. 8.18a). Next
the element No 1 was moved to T, =0.22mm, unloaded and reloaded to the same

value (sequence B-C-A-C). In the third cycle No 2 element was moved to
U; =0.6mm, then unloaded and reloaded (sequence C-D-E-D in Fig. in Fig.
8.18b). Afterward the element No 2 was moved to U; =1.2mm, then reloaded and
loaded with opposite sign to U; =0.25mm (sequence D-F-G). The last cycle
started from T, =—0.25mm to T, =1.6mm, then unloaded and reloaded again to
U, =—0.25mm (sequence G-F-H-G).

The results of calculations presented in Fig. 8.18 indicate that the interface
model correctly reproduces the monotonic traction-slip behaviour.

The second test is presented in Fig. 8.19. This is the anchorage test reported
in (Ko and Sato, 2007) and performed on C14 specimen. The specimen’s
dimensions are given in Fig. 8.19 and a detailed description of the test procedure
can be found in (Ko and Sato, 2007). Mechanical parameters adopted in
calculations are the same as for the first test. The specimen was loaded and
unloaded in a few cycles up to the failure. The numerical model of the interface
correctly reproduces experimental data both for monotonic and cyclic loads —
see Fig. 8.20. At the beginning of the loading process the stiffness of the model
is slightly underestimated. For the loading level above 17 kN discrepancies
between the experiments and calculations are minor. The stiffness degradation
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and plastic slips are correctly described, however, the model is unable to reflect
the hysteresis phenomenon observed in the experiment.

—_— 3
o 2 | monotonic
— —— cyclic
—_ 4
u ©
— U Q
o—C—0 E. 17— F H
—_— - -
A /
0 T " T N T N T N T
(=}
— 0. 0 0.5 1 15 2
¥ @ Ge ‘

-1 =
a) iz—>x 1.0 up [mm]

Fig. 8.18. Interface “one element” test: a) FEM model, b) results of calculations

Additionally, in Fig. 8.19 the distributions of traction along the bonding
length for three loading levels are presented. The first load level (6.7 kN) is
associated with attaining the maximum traction t,, at the point A. For the next
load levels (19.0 kN and 22.1 kN) the pick t,,, moves towards the anchorage

end. After reaching the maximum load the snap-back behaviour is observed in
the simulations — compare Fig. 8.20.

Interface 5¢cm x 30cm
six-node element A F
000000 00000000000000000000000C—
R O O O e .
— CFRP laminate 0.0167cm x 5cm x 50cm
— eight-node element
— Concrete block 10cm x 10cm x 30cm
v — eight-node element
Zi—4>x
LLLLLCLLLL LTI EA LT AT T[T > Boundary conaitons
-3
1 —— calculations F=6.7kN 3
2
= 7] 1 1
’:‘E*. 0 P —— Equation (11) |
_ 3 = . Ko & Sato 2007
s 9| — calculations F=19kN Cé: i specimen C14 |
E '17: =
g g | e —
k) )
£ 7 —— calculations F=22.1kN
2] L N B e e e e A
17 0o 05 1 15 2 25 3
0 T T T T T g mm]
0 50 100 150 200 250 300

X [mm]

Fig. 8.19. FEM model for Ko & Sato (2007) anchorage test (specimen C14)
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Fig. 8.20. Ko & Sato (2007) anchorage test (C14) — experiment vs. calculations
Table 8.6. Mechanical parameters for the concrete-CFRP laminate interface
Element Kto Kn trrax Uro a | lesp & &
[GPa/m] | [GPa/m] | [MPa] | [mm] [-] [MPa] | [GPa/m] | [-]

Bl12-a | 3.85-10° | 4.0-10° 32 | 0042 | 027 | 0.65 63.7 | -1.07

B12-a-e | 3.85-10° | 4.0-10° 28 | 0036 | 021 | 0.50 748 | -1.07

Bl6-a | 3.85-10° | 4.0-10° 25 | 0032 | 0.18 | 027 834 |-1.07

Bl6-a-¢ | 3.85-10° | 4.0-10° 43 | 0.056 | 046 | 0.50 469 | -1.07

*) Yesn = _tres,p

The interface parameters adopted in the calculations of the beams are
presented in Tab. 8.6. A part of the mechanical parameters (i.e. t gy »

tresp = tresn ) shown in Tab. 8.6. were calibrated by a trial-and-error
procedure in order to obtain the best agreement between the numerical
simulations and experiments. On the basis of calibrated t,, the rest of
mechanical parameters for the monotonic bond-slip law (i.e. Uy, @, Ki) were
calculated according to the formulas in (Lu et al., 2005a). The parameters for the
unloading behaviour (& ,a,) are taken from (Ko and Sato, 2007) as the mean
value for the specimens C14 to C19. It should be pointed out that the calibrated
values for t,,, are near the lower limit of experimental findings described in the
literature on the subject and collected in (Ko et al., 2014). This effect is probably
due to the fact that the experimental values of t,, were obtained for bonding
tests carried out on the concrete specimens without any earlier preloading
(usually it is a virgin concrete block). The concrete in the analysed beams was
subjected to tensile stresses due to shrinkage in the vicinity of bottom
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reinforcement and mechanical preloading. The CFRP laminate was applied to
the concrete cover with damages, i.e. microcracks, that influenced on the t,,

values.
Concrete-CFRP laminate traction-slip law in the bonding region

The anchorage system consisted of a steel plate mechanically fastened to the
beam. The laminate was glued to the concrete and to the steel plate. The
experimentally observed failure of the anchorage system was the laminate
sliding from under the steel plate. Due to the lack of experimental evidence
concerning the local tangential traction-slip behaviour of such bonding system
type, the elastic perfectly plastic constitutive relationship was stipulated for this
region, as shown in Fig. 8.21.a.

a) b)

t

1 ma:
fmax

=

Fig. 8.21. a) bond-slip relationship in the mechanical anchorage region (steel
plates), b) bond-slip model for the steel-concrete interface, c)
uniaxial stress-strain relationship for reinforcing steel

The tangent and normal stiffness was assumed to be equal to 3.85-10*> GPa/m
and 4.0-10° GPa/m, respectively. The maximum traction in tangent direction
trax Was 7.1 MPa.
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Bond-dlip between steel reinforcement and concrete, constitutive model for
reinforcing steel and CFRP

The bond-slip behaviour of the tensile reinforcement is described according
to (Shima et al., 1987) and presented in Fig. 8.21. Traction t; and the relative

bar — concrete slip is governed by the following exponential equation:

a0 06
e{ 5 tj (8.25)

te = Anpli max| 1 —

where t, =0.9 fcz/ 3MPa, D is the diameter of the tensile reinforcement bar
and a,, is equal to the number of tensile bars, a,, =4 . The mechanical

parameters for this bond-slip behaviour were calculated on the basis of the mean
concrete strength given in Tab. 8.5. High penalty stiffness was assumed in the
normal direction to the bar.

The constitutive model for steel is unambiguously defined by the uniaxial
stress-strain relationship. The elastic-plastic with linear kinematic hardening
model was assumed — Fig. 8.21.c. The mechanical parameters for steel adopted
in the calculations were determined on the basis of experimental tests (Kotynia
et al., 2013a) and are summarised in Tab. 8.7.

Table 8.7. Mechanical parameters of reinforcing steel used in the calculations

Diameter
[mm] |[GPa]|[MPa]|[MPa]| [%o] | [%o] | [%o]
Bl2-a t A 12 191.1 | 5114 [ 594.5| 2.68 | 25 100
c, S A 8 200.7 | 583.1 | 650.5| 2.91 | 25 100
Bl2-ae t B 12 191.3 1539.6 | 627.5| 2.82 | 25 100
c, S B 8 186.1 | 416.2 | 734.1 | 2.24 10 75
Bl6-a t C 16 198.0 | 595.0 | 672.0 | 3.01 23 100
c, S C 8 196.4 | 555.8 | 646.0 | 2.83 10 50
Bl6-a-e t C 16 198.0 | 595.0 | 672.0 | 3.01 23 100
c,S C 8 196.4 | 555.8 | 646.0 | 2.83 10 50

t —tensile reinforcement, C — compression reinforcement, S — stirrups

The linear elastic behaviour of CFRP laminate was assumed for strains less
than the rupture strain of the laminate (&g, =16.5%0 ). The elastic modulus

Ecpre was equal to 173 GPa and the tensile strength of the laminate
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fs, =2857MPa. The calculations were terminated after reaching the strain limit

&1, > Which reflects the rupture of the tape.

8.2.3. Strategy of numerical simulations
8.2.3.1. Loadings

Four loading schemes can be distinguished in the laboratory tests that were
also considered in the numerical calculations. These loading schemes include:
the dead weight, shrinkage of concrete, prestressing applied to laminates,
external preloading and additional loading in the form of concentrated forces.
The loading conditions were applied in the sequences that followed the
experimental loading program described in (Kotynia et al., 2013a).

The dead weight was modelled as mass forces at each node of the finite
element mesh. The concentrated load (F ) was replaced by a local, uniformly
distributed load over the width of 0.1 m. The resultant of this load was equal to
F , and its locations are shown in Fig. 8.13.

Since the shrinkage of concrete was not directly measured in a laboratory test,
the kinetics of shrinkage strain s(t) was assumed to be as stipulated in

(EN 1992-1-1:2004, 2004). Due to the fact that the autogenous shrinkage effects
take place when the elastic properties of concrete are not fully developed, the
only shrinkage to be considered was mean drying shrinkage. Similarly, the effect
of nonuniform shrinkage distribution associated with nonuniform moisture field
in the specimen’s cross-section can be neglected. All elements were tested at
least 70 days after removing formworks. Taking this fact into consideration as
well as the shape of the specimen’s cross-section, it is clear that the differences
of drying shrinkage strain between the middle and external fibres of the cross—
section (as the result of moisture gradients) are negligible and they did not
induce a stress field in the specimens at the time when the tests were performed.
The prestress was modelled as the uniform load o g, applied to the ends of

the CFRP laminate. The value of o, was calibrated to obtain the initial strain
in laminate &g, (i.e. the strain after immediate losses due to slips in anchors and

prestress-induced deformations) equal to the strain measured in the tests (see
Tab. 8.4.).

8.2.3.2. Numerical procedure
An incremental iterative procedure was employed to obtain a solution for the

analysed structures and loading programs. The computational process was
controlled by increments of external loads and prestress. For load levels close to
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the failure load (approximately 80% of the experimental failure load), the force
controlled procedure was changed to the arc-length method. A vertical
displacement of the node located at the top surface of the beam in the axis of
symmetry was the control parameter for the arc-length method. For each load
increment, the equilibrium between internal and external forces was calculated
using the Newton—Raphson procedure. The residual forces and displacements
norms were used as the convergence criteria.

The laboratory experiments contained several stages that had to be precisely
reflected in the numerical simulations. Therefore, a phased analysis was used in
the calculations. The following phases were taken into consideration:

Phase I - reinforced concrete element without strengthening. The following
model components were activated in this phase: concrete matrix
elements, steel reinforcement and kinematic boundary conditions.
The initial loads were applied in the successive sequences as:
shrinkage, dead weight and preloading (if appropriate).

Phase Il - prestressing. CFRP laminate elements were added to the
components of Phase I. The prestressing was applied at the end of
the laminate.

Phase III — transfer of the prestress force to the anchorage system. In this
phase, all concrete-laminate interface elements were added to the
model. In the case of preloaded elements (beams B12-a-e, B16-a-¢),
additional supports were activated at the location of the
concentrated forces. These supports model the temporary
displacements interlocks introduced in the experiments during
prestressing of preloaded specimens (in the experiments these
supports were realized using timber columns that blocked
deflections during strengthening).

Phase IIla — removing the additional supports. This phase concerns only the
preloaded beams.

Phase IV — applying additional loading on the beams until the occurrence of
failure. All model components from Phase III excluding the
temporary supports were active in this phase of the analysis.

8.2.3.3. Validation of the numerical model

The main goal of comparative analysis is validation of the proposed
numerical model and the adopted mechanical parameters. In this comparative
analysis, all quantities measured during experiments were taken into
consideration, i.e. the maximum load bearing capacities, vertical displacements
in the midspan, mean compressive and tensile strains in concrete averaged over
the zone of constant curvature and mean strains of the laminate averaged over
the same zone. Moreover, the analysis includes comparison with calculated
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reference beams, i.e. non-strengthened beams and beams strengthened in the
passive manner, i.e. without prestress. This provides the opportunity to analyse
the influence of prestressing on the strengthening effectiveness in both the
ultimate limit state (ULS) and the serviceability limit state (SLS).

The calculated and the experimental load bearing capacities are compared in
Tab. 8.8. The experimental and calculated values differ less than 5%.
Additionally, Tab. 8.8. shows the calculated load capacities of the reference
specimens that were used to obtain strengthening efficiency ratios. The
strengthening efficiency 77, related to a non-strengthened (RC) specimen is
between 41% to 103%. For the passive type of strengthening, the strengthening
efficiency 7p is lower and ranges from 32% to 76%. Comparison of 77, and 77p
ratios indicates that, for ULS, the prestress affects more the elements with a
lower steel reinforcement ratio. It is worth noting that the ultimate load for
passively strengthened elements was achieved for significantly greater
deformations — compare a, and ap values in Tab. 8.8.

Tab. 8.8.. Experimental vs. calculated ultimate load and calculated
strengthening efficiencies

2Fiep |[2Fia [2Fuee [2F, [2Fp P N

kN]  [[kN] | 2Rya |KN] (k] AP tmm] | fmmy
Bl2-a 53.0 523 101% 25.8 453 103%| 76% | 183 | 249
Bl2-a-¢e 49.0 51.7 95% 28.5 43.6 81% | 53% | 242 | 272
Bl16-a 74.4 73.9 101% 48.8 73.0 51% | 50% | 200 | 321
Bl16-a-¢e 72.0 71.5 101% 50.5 66.9 41% | 32% | 166 | 299

Fueqp — experimental ultimate load for strengthened specimen, F, o — calculated

Element

ultimate load for strengthened specimen, F,, — calculated ultimate load for RC

reference specimen, F,p — calculated ultimate load for passively strengthened

Fu,A B Fu 0
I:u,O

reference specimen, 77 = — strengthening efficiency of prestressed

I:u,P B I:u,O
I:u,O

A, - midspan displacement for active strengthened beams at ultimate load, ap -

specimens, 17p = — strengthening efficiency for nonprestressed specimen,

midspan displacement for passive strengthened beams at ultimate load
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Fig. 8.22. Calculated and test charts of load — displacement

The comparison of the calculated and experimental load-displacement curves
is shown in Fig. 8.22. These results are in a very good agreement for the whole
loading range and throughout all the experimental stages. The numerical model
is able to reproduce reduction of stiffness due to cracking at the first stage of
experiment (preloading stage), then correctly reflects the stiffness recovery due
to prestressing and finally predicts the decrease of stiffness as a result of crack
development, yielding of steel and slips between the laminate and concrete.
High accuracy in the simulations of the beams behaviour was achieved both for
the specimens strengthened under self-weight (Fig. 8.22.b and c¢) and for the
beams preloaded at the level of above 70% of the ultimate load capacity of the
non-strengthened beam (reference RC specimen) — Fig. 8.22.b and d. When we
compare the calculated displacements of actively and passively strengthened
elements, we can see clearly that prestressing strongly influences the behaviour
of specimens. Active strengthening introduces reverse displacements, prevents
stiffness degradation at the low loading levels and also postpones the yielding of
steel, which is especially important for highly preloaded elements.

The good predictive performance of the model is also demonstrated in Fig.
8.23. and Fig. 8.24. These figures present the comparison of experimental and
predicted mean strains in the CFRP laminate as well as in the concrete tension
and compression zones. In the case of concrete, the strains were measured at the
distance of 35 mm from the specimen’s top and bottom surfaces. The model
correctly reproduces changes in the CFRP strain gradients due to development
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of cracks and the yielding of steel. Fig. 8.23. also shows strains in the reference
beam, i.e. the one that was strengthened but not prestressed.
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Fig. 8.23. Calculated and test charts of load - CFRP strain
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Fig. 8.24. Calculated and test charts of load - concrete strain
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Fig. 8.25. Beam Bl6-a-¢: a) experimental crack path after failure, b) predicted
crack path after failure, c) local slips between concrete and CFRP
laminate for different load stages

In all cases the ultimate CFRP strain of non—prestressed specimens is lower
than the one for the actively strengthened beam. The differences between the
ultimate strains, however, are less than the prestressing strain ¢¢,. Apparently,

these differences can be attributed to the fact that the slips between the concrete
and laminate for comparable load levels are more developed in the actively
strengthened specimens and provide slightly worse bonding conditions than in
the case of the passively strengthened counterpart.

Experimentally and numerically obtained crack patterns for specimen B16-a-
e at the ultimate load are shown in Fig. 8.25.a and b. The cracks in Fig. 8.25. are
presented in the form of line sections at integration points perpendicular to the
direction of the strain ¢, and they indicate the zones of fracture damage

localization. The lines are visible only if the cracks have the width greater than
0.1 mm, i.e. if g,h>0.Imm. The fracture damages localize mainly near the
stirrups (where the first cracks appeared). For load levels close to the ultimate
load, additional cracks appeared, usually between stirrups. A similar crack
development process was observed in the experiments — see Fig. 8.25.a.
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Fig. 8.25.c. presents development of slips U, in the concrete-laminate

interface between the anchorages. For the loads near the failure, high slips of
one sign are propagated from the location of the middle loading point towards
the anchorage. The plastic flow in the anchorage was noticed following
development of slips in the middle zone of the laminate. This precisely simulates
the failure mode which was observed in the experiments — the intermediate crack
debonding (IC) failure followed by sliding of composite from the anchorages.

8.2.4. Parametric study

Table 8.9. Material and structural parameters considered in the parametric

study
2F,, | 2F 2F,
b . £ t . | €
= ECFRP Muo 2Fu0 o max Mu f max
Elemen | Concrete A " fo | Load 14
1
I ] |Gpa | BN P ] ivpa) | [N | oy | 22
[kNm] | "u0 [KNm]

BPS-01| C30/37 |4216| 0.1 [173.6] 46.7 | 20 50 4F 3.60 | 75.5 [ 1491 | 90

BPS-02| C30/37 |4216| 0.1 |173.6] 46.7 | 40 50 4F 3.60 | 729 | 14.15| 86

BPS-03| C30/37 |4216| 0.1 |173.6]| 46.7 | 60 50 4F 3.60 | 70.1 | 13.51 | 82

BPS-04| C30/37 |42516| 0.1 |173.6| 46.7 | 20 20 4F 3.60 | 66.8 | 10.20 | 62

BPS-05| C30/37 [4216| 0.1 [173.6] 46.7 | 40 20 4F 3.60 | 639 | 9.16 | 56

BPS-06| C30/37 |4216| 0.1 [173.6| 46.7 | 60 20 4F 3.60 | 63.2 | 9.03 | 55

BPS-07| C60/75 |416| 0.1 |173.6] 50.8 | 20 50 4F 5.74 | 85.8 [16.49 | 100

BPS-08| C60/75 |416| 0.1 |173.6] 50.8 | 40 50 4F 5.74 | 844 [16.49 | 100

BPS-09| C60/75 |42516| 0.1 |173.6| 50.8 | 60 50 4F 5.74 | 833 [16.49 | 100

BPS-10| C60/75 [4216| 0.1 [173.6] 50.8 | 20 20 4F 574 | 75.6 | 11.74] 71

BPS-11] C60/75 [4216| 0.1 [173.6] 50.8 | 40 20 4F 574 | 74.6 | 11.51 | 70

BPS-12| C60/75 |416| 0.1 |173.6] 50.8 | 60 20 4F 574 | 749 [ 1186 | 72

50.8 | 40 80.2
BPS-13| C60/75 |4216| 0.1 |173.6 914 | 40 35 4F 5.74 144 .4 14.29 | 87

BPS-14| C60/75 [4216|0.15[173.6| 50.8 | 40 35 4F 542 | 984 | 15.57| 95

BPS-15| C60/75 [4216|0.20{173.6| 50.8 | 40 35 4F 5.11 | 117.4116.49 | 100

BPS-16| C60/75 (42516| 0.1 |225.3| 50.8 | 40 11\/?1?2 4F 574 | 822 | 11.94 | n/a
BPS-17| C60/75 (4216| 0.1 |121.3| 50.8 | 40 11\51)32 4F 574 | 76.7 | 1794 | n/a

BPS-18| C60/75 [4212| 0.1 [173.6] 31.6 | 40 35 4F 574 | 63.5 [ 1494 | 91

BPS-19| C60/75 [4220| 0.1 [173.6] 75.3 | 40 35 4F 5.74 11004 [ 13.08 | 79

BPS-20| C60/75 |416| 0.1 |173.6] 50.8 | 40 35 4F 7.46 | 83.0 | 15.58 | 95

BPS-21| C60/75 |42516| 0.1 |173.6] 50.8 | 40 35 4F 4.02 | 748 | 1221 | 74

BPS-22| C60/75 |42516| 0.1 |173.6] 914 | 40 35 2F 5.74 | 136.4 1291 | 78

BPS-23| C60/75 [4216] 0.1 [173.6] 914 | 40 35 q 5.74 | 1543 116.49 | 100

204



Chosen nonlinear finite element models

Asl — steel reinforcement, bF — laminate width, ECFRP — elastic modulus of the laminate, ffu
— tensile strength of the laminate, 2Fu0 — failure load of non-strengthened specimen, Muo —
ultimate bending moment of non-strengthened specimen, 2Fp — preloading, M p — bending
moment at preloading, 4F , 2F ,  — load configuration respectively: 4 forces (as in
experiment), 2 forces each 2.0 m from support, uniformly distributed load, ZFU — ultimate load,

M y — ultimate bending moment of the strengthened specimen, &£ gy — strain in laminate at

failure load, 774 = & max / &y, — strain efficiency, &y, — rupture strain of laminate

The comparative analysis described in the previous section confirms the high
predictive potential of the proposed numerical model. The main goal of this
section is a parametric study that constitutes a supplementary analysis of the
experimental tests (Kotynia et al., 2013a). The following parameters are taken into
consideration, as well as their influence on the load bearing capacity and failure
mode of actively strengthened beams: concrete class, steel and composite
reinforcement ratios, elastic properties of the composite, bond strength between
laminate and concrete, and load configurations. Additionally, the effect of
preloading and prestressing ratios was also studied. Tab. 8.9. shows the list of the
material and structural parameters that were considered in this parametric study.

Table 8.10. Mechanical parameters for concrete and bond-slip interface

Concrete C30/37 C60/75
class be =10cm be =10cm, b =15cm”, be =15cm™

f, 30 60

fo 2.0 32

E, 32.8 39.1

Gre 10* 10*

Gq 80 115

Kto 3.85x10* | 3.85x10?

K, 4.0x10? 4.0x10

tax 3.60 5.74,5.42% 511"

o 0.047 0.074, 0,070%, 0.066"

a 0.34 0.86

tresp ™ 0.68 0.41

a 56.1 34.2,36.7,39.0"

a, -1.07 -1.07

) tresn = ~tres,p
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Two classes of concrete were considered — C30/37 and C60/75 (EN 1992-1-
1:2004, 2004). These concrete classes represent normal strength concrete and high
performance concrete and they were selected to model different types of expected
failure modes, i.e. failure governed by crushing of concrete in a compression zone
associated with IC debonding of composite or failure governed only by bond-slip
strength or laminate rupture. Tab. 8.10. shows the mechanical parameters of the
analysed concrete types. Since the bond-slip behaviour depends on fracture
properties of concrete, the adopted parameters for the traction-slip law are also
shown in Tab. 8.10. These parameters were determined on the basis of (Ko and
Sato, 2007) — tyax> Uimaxs @5 (Lu et al., 2005) — &, &, and (Finckh and Zilch,

2012) — tie5 > tresn- The stress-strain behaviour for steel reinforcement was taken

as for C series steel shown in Tab. 8.7.

Three levels of preloading were considered — 20%, 40% and 60% of a non—
strengthened specimen’s ultimate load. The calculations were performed for two
prestressing levels equal to 20%f;, and 50%f, . Fig. 8.26. illustrates the

results of the numerical simulations. The load capacities and maximum laminate
strain are listed in Tab. 8.9. (elements BPS-01 to BPS-12). The results of
calculations showed that the preloading has moderate influence on the load
bearing capacity. In the case of normal strength concrete, the decrease in
ultimate load was 5%-7% (beams BPS-01 to BPS-06). For high performance
concrete, the differences were even smaller and did not exceed 3% (beams BPS-
07 to BPS-12). Generally, the higher the preload level, the softer response of the
specimen was observed. This is the result of accumulated damages (cracks) for
beams with higher preload at strengthening. As expected, three failure
mechanisms were obtained in the simulations. The first failure mode relied on
simultaneous laminate slipping and concrete crushing and was pertinent to
structures made of the normal concrete class. The next two failure modes were
obtained for high performance concrete (C60/75). For the low prestress level
(20%fy, ), the failure was governed by the laminate debonding mechanism,

whereas the prestress equal to 50% f;, resulted in the rupture of the composite.

Regardless of the mechanism involved in the failure, prestress has a
significant effect on the ultimate load — see Fig. 8.26. For two considered
concrete classes, the increase of the ultimate load was 37% to 47%, respectively,
for concrete C30/37 (BPS-05) and C60/75 (BPS-11) and the prestress level of

20%fy, . For prestress of 50% f,, the increase in the load bearing capacity was

56% (C30/37 — BPS-02) to 66% (C60/75 — BPS-08). The increase in the strain
efficiency ratio 77,4 for the specimens made of high performance concrete is

attributed to better bonding properties between this type of concrete and
laminate.

206



Chosen nonlinear finite element models

80 T T T T T T T T T 80 T T T T T T T T T T T
60 —| — 60 — —
g | 1=
= 40 — — = 40 —
20 | g BPS04: 20%x2F,, | 20 —] _
o BPS0540%2F, — oSO,
41 7z BPS-05: 60%x2F. i B ——— BPS-05: 40%>2F,,
reference specimen(RC) |} BPS-06: 60%x2F
0 T T T T T T T T T 0 LN S B B R B N B —
0 40 80 120 160 200 0 2 4 12
Vertical displ. [mm]
80 T T T T T T T T T 80 LI L L |
60 — — 60 —| —
s 1=
= 4 =40 . -
,/
20 — P BPS-01: 20%x2F — 20 L — BPS01: 20%2F,, ]
====- BPS-02: 40%x2F / BPS-02: 40%x2F,,,
N7 BPS-03: 60%x2F 7 ] BPS.03: 60%2F,y |
reference specimen (RC) w0
0 T T T T T T T T T 0 LI N N B B B N Y BN A B
0 40 80 120 160 200 0 2 4 6 8 10 12 14 16
Vertical displ. [mm] Strain [%o]
80 T T T T
60 — —
=
= 4 | |
w
~ i i
20 — < BPS-10: 20%x2F,y  —| 20 —| 8pS-10: 20%02F, ]
T BPSAA0R, .
1~ BPS-12: 60%:2F.0 ) T .. BPS-12: 0% 0F, |
—— reference specimen (RC) "
0 T T T T T T T T 0 L S B B B B N B R
0 40 80 120 160 200 0 2 4 6 8 10 12
Vertical displ. [mm] Strain [%o]
100 T T T T T T T T T 100 L ) By B B B B
1 x Rupture of laminate 7 7 7
80 —| — 80 — —
= 60 — — = 60 — —
2 12 ] il
w w
N 40 — N 40 —
-1 BPS-0T: 20%x2F, X Rupture of laminate ~ —
20 —| . epses 40;’;;“0 — e ——  BPS-10:20%x2F,, |
,,,,,,, BPS-00: G0%nZF —o= BPS-1: 40%>2F,,
ox2F o — . —
—— reference specimen(RC) | | ¢ BPS-12: 60%x2F,
0 T { T { T { T { T 0 T N T N T N T N T N T N T N T N T
0 40 80 120 160 200 0 2 4 6 8 10 12 14 16 18
Vertical displ. [mm] Strain  [%o]

Fig. 8.26. Effect of preloading on load-displacement (the left column) and load-
CFRP strain behaviour (the right column): a) C30/37 class and
O =20%Tfg,, b) C30/37 class and o, =50%fy,, c) C60/75 class

and o, =20%fg,, d) C60/75 class and o g, =50%fy,
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Fig. 8.28. presents the effect of concrete class on load-displacement and load-
CFRP strain behaviour. The calculations were made for the specimens with
preloading equal to 40% and prestress equal to 20%f;, — elements BPS-05

(C30/37) and BPS-11 (C60/75). The beam made of concrete class C60/75 had
the failure load 17% higher than the structure made of normal concrete. The
increase in the failure load as well as the better strain efficiency ratio 7, for the

specimen made of high performance concrete is the result of better bond-slip
properties for the concrete-laminate interface.

The elastic modulus of concrete also plays a minor role here. Specimens
made of high performance concrete had lower deflections and thus less
developed concrete-laminate slips for comparable load levels. The coupled
effects of better traction-slip properties and lower deflections resulted in higher
IC debonding failure load for the high performance concrete beam.
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Fig. 8.27. Effect of prestressing on load-displacement (left column) and load-
CFRP strain behaviour (right column): a) C30/37 concrete class: b)
C60/75 concrete class

Fig. 8.29. shows the comparison of load-displacement and load-composite
strain diagrams for three different laminate widths, i.e. by =10cm (BPS-13),

b; =15cm (BPS-14), by =20cm (BPS-15). The effect of bg /b, ratio, where
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be is the width of a beam, was taken into account in the calculations according
to the model in (Lu et al., 2005) — compare Tab. 8.9. The obtained numerical
results are quite obvious.

The increase of the ultimate load between corresponding elements was
almost proportional to the increase of width — see Tab. 8.9. This is the effect of
proportionally higher prestress load in the beams with bz of 15¢cm and 20cm.
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Fig. 8.28. Effect of concrete class: a) displacements, b) CFRP strains
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Fig. 8.29. Effect of the laminate width: a) displacements, b) CFRP strains
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Fig. 8.30. Effect of the laminate elastic modulus: a) displacements, b) CFRP

strains
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The slightly better stiffness conditions for beams BPS-14 and BPS-15 in
comparison with BPS-13 also influence the strain efficiency ratio 7, . The

reduction of displacements decreased the concrete-laminate slips. Therefore, for
element BPS-15, the ultimate strain in the laminate was attained, even though
the initial laminate strain was quite low (5.8%o).
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Fig. 8.31. Effect of the steel reinforcement ratio: a) displacements, b) CFRP

strains

The elastic modulus of composite E-rgp has minor effect on load—

displacement behaviour and the ultimate load. Fig. 8.29. presents a comparison
of the numerical results for three different E-rgp : the reference one that has the

same value as in the experiments (BPS-13) and two others, equal to 70% (BPS-
17) and 130% (BPS-16) of the reference elastic modulus. The minor increase in
load bearing capacity of elements BPS-13 and BPS-16, when compared to
specimen BPS-17, is the result of slightly stiffer behaviour of these beams,
especially after yielding of steel.
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Fig. 8.32. Effect of tux: @) displacements, b) CFRP strains

The influence of steel reinforcement ratio pg on the behaviour of actively
strengthened beams was analysed on the basis of specimens BPS-18
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( ps=0.49% ), BPS-13 ( ps=0.87% ) and BPS-19 ( ps=1.35% ). High
performance concrete (C60/75) was adopted for all the beams, with preloading
up to 40% of the non—strengthened specimen’s ultimate load and prestress in the
laminate equal to 35%fy, .

The cross-section geometry, configuration of compressive reinforcement and
stirrups as well as concrete covers remained the same for all specimens. The
results of calculations are presented in Fig. 8.31. The IC debonding failure mode
was observed in all the specimens. The absolute values of the ultimate load
increase were similar for each case: 31.9 kN (BPS-18), 29.6 kN (BPS-13), 25.1
kN (BPS-19), however, for the specimens with higher pg the increase in the
load bearing capacity was slightly lower. This effect can be explained by the fact
that structures with higher pg ratio underwent more severe cracking at the
preloading stage. Thus, the bonding conditions of the laminate in the middle
zone of the beam were worse for these elements. This effect also resulted in the

lower ultimate composite strain attained at the failure — see Fig. 8.31.b and
Tab. 8.9.
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Fig. 8.33. Effect of loading configuration: a) displacements, b) CFRP strains

Fig. 8.32. shows the influence of the maximum tangential traction t,,, on
load capacity and behaviour of strengthened beams. For the bond-slip law three
values of tg,, were considered: 5.74MPa ( tyu ) — BPS-13, 4.02MPa
(0.7t axrer ) — BPS-21 and 7.46 (1.3t ¢ ) — BPS-20.

It should be mentioned that only maximum strength t.,, was changed,
whereas the other parameters remained the same as specified in Tab. 8.10. For
the load levels below 80% of the ultimate load, t,,, did not have any influence
on load-displacement and load-CFRP strain behaviour. The differences were

evident when severe slips started to develop. Comparing the results for the
specimens BPS-20 and BPS-21 it can be stated that maximum tangential traction
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tmax has very moderate influence on the ultimate load capacity — 86% increase
in t,, resulted only in 16% increase of the ultimate load. The possible

explanation for this result is that the effective bond length for the considered
bond-slip relationship was greater than the crack spacings for the load close to
the failure load. Thus, the bonding effectiveness is substantially reduced and the
maximum tangential traction t,, cannot be fully utilized.

The last issue analysed in this parametric study is the configuration of loads
along the span. Three types of loading schemes were considered: 4 concentrated
forces on the span following the experimental configuration (BPS-13),
uniformly distributed load (BPS-23) and 2 concentrated forces symmetrically
located, each at the distance from the nearest support equal to 2.0 m (BPS-22).
Each specimen was preloaded prior to strengthening in order to obtain 40% of
the ultimate bending moment of a non—strengthened beam at the critical section
(i.e. the section with the maximum bending moment). The results are shown in
Fig. 8.33 and in Tab. 8.9. It can be concluded from this figure that the load
bearing capacity and failure mode strongly depend on the load configuration.
The IC debonding failure mechanism occurred for the elements with the
concentrated loads (beams BPS-13 and BPS-22), whereas the beam with
uniformly distributed load (beam BPS-23) failed because of rupture of the
laminate. The maximum increase in the ultimate bending moment is equal to
10% (between beams BPS-22 and BPS-23) and was the result of considerably
less shear stresses (caused by the shear force) between concrete and the laminate
in the zone of maximum curvatures. For beams BPS-13 and BPS-22, the
maximum bending moment and maximum shear zones exist near the
concentrated forces, which increases shear stresses in the laminate-concrete
interface. Therefore, the development of severe slips in specimens BPS-13 and
BPS-22 occurred for a lower bending moment than in the case of the beam with
uniformly distributed load (BPS-23).

8.2.5. Conclusions

The main goal of the presented analysis was to develop an efficient
numerical model for actively strengthened flexural reinforced concrete structures.
A two-dimensional plane stress model was developed, capable of simulating all
stages of strengthening of a structure and capturing the nonlinear behaviour of
constituent materials, i.e. cracking and crushing of concrete, reinforcement
yielding. An uncoupled interface physical relationship was proposed and
programmed to reflect the proper behaviour of a concrete—to—laminate
connection. A parametric study was performed for the calibrated model that
shows the influence of different material parameters and structural features on
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load-displacement behaviour, strengthening efficiency factor, failure modes and
load bearing capacities of the analysed beams. The following conclusions can be
drawn from the comparative analysis of the experimental and numerical results as
well as from the carried out parametric study:

Application of prestressed CFRP laminates is an efficient technique of
strengthening RC flexural members, irrespective of the preloading level
before strengthening.

Although the preloading levels in two experimentally examined beams
exceeded the serviceability limit states prior to strengthening, the application
of prestressed CFRP laminates resulted in a significant reduction of
deflections and strains due to subsequently applied loads. The prestressing
technique led to partial recovery of beam stiffness similar to specimens
without preloading.

The comparison of experimental and computational results confirms a good
predictive performance of the FEM model in terms of the flexural response
of RC beams strengthened with pretensioned CFRP laminates over the range
covering preloading state, strengthening process, up to the failure. It is useful
for analysis of crack propagation.

The calculations show that prestressing increases the load bearing capacity in
comparison with passively strengthened elements. The obtained
strengthening efficiency ratios are greater for structures with less reinforcing
steel ratios both for prestressed elements (this was also confirmed
experimentally) and passively strengthened ones.

The performed parametric study considerably broadened the scope of the
investigated cases in comparison with the experimental campaign (Kotynia et
al., 2013a). The simulations showed that preloading has a moderate effect on
the load bearing capacity. It was also demonstrated that, for elements made
of high strength concrete and with high pretension levels, the CRFP rupture
failure mode may occur. The full strength of laminate can be utilized for such
elements.

The CFRP laminate width has important influence on load bearing capacity
due to a greater prestressing force applied to the concrete section and a
greater tensile force reached at failure. It is also worth noting that the
laminate-rupture failure mode was obtained for the widest analysed CFRP
tape.

The influence of CFRP elastic modulus on load—displacement and load-
bearing capacity is very moderate.

The parametric study confirms the experimental observation concerning the
strengthening efficiency of structures with different reinforcing steel ratios. It
can be observed that the lower the reinforcing steel ratio is, the higher the
reached level of strengthening efficiency.
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— The maximum tangential traction between concrete and laminate t,,, has a

moderate influence on load-displacement behaviour and load capacity.

— The numerical simulations show that loading configuration strongly
influences load bearing capacity and failure mode of the analysed specimens.
The beam with uniformly distributed load performed much better than the
ones loaded in the concentrated manner. This is the effect of additional shear
stresses near the zone of maximum curvatures that exist in the case of
structures with concentrated forces. Moreover, full utilisation of CFRP
laminates was attained in the case of a beam with uniformly distributed load,
while comparable elements with concentrated forces failed, due to the IC
debonding mechanism.
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9. Conclusions

The main aim of this book is to present development of research in the field
of flexurally—strengthened RC members with adhesively—bonded FRP materials
on the external surface of concrete.

The purpose is to explain problems referring to the phenomenon of bond los-
ing between FRP and concrete at variable levels of loads, static scheme of the
structure, the existing stedl reinforcement and FRP reinforcement ratio.

A detailed analysis of variable parameters governing the bond losing between
FRP and concrete shows complexity of this problem.

The Author indicated a strong effect of non-axial action on the FRP rein-
forcement, which was justified during last decade in a few publications that
started anew direction in research of FRP-to-concrete bond behaviour.

This book summarizes new trends in the knowledge on theoretical models
based on the complex phenomenon of bond effecting by concrete strength and
surface preparation before the strengthening process. It points out that the previ-
ous empirical models should be revised for the new more, advanced, models
considering complex problems of bond behaviour effected mainly by the stiff-
ness of RC member and their curvature changes in the sagging and hogging
regions. The main concept of this book is to justify benefits based on economy
and effectiveness of structural strengthening, with the use of more accurate de-
sign approaches. The idea to introduce advanced models in comparison with the
simplified ones is to change the existing conservative approaches for more eco-
nomically—efficient design.

This book steers for the scientific approaches and shows tendency of changes
in designing FRP-strengthened RC members, referring to the ultimate and ser-
viceability limit states. It should be emphasized that the main difference between
the internal reinforcement and externally—bonded reinforcement lies in different
completely different bond behaviour between both types of reinforcement, which
indicates different bond conditions to the concrete and consequently different
bond length of steel and FRP reinforcement. This justifies the opinion that the full
tensile strength of the EB FRP reinforcement cannot be achieved (without any
anchorage system). This is the main assumption in design of structural strengthen-
ing RC members in flexure. Sometimes there are erroneous opinions about risky
design of FRP strengthening, which midleads of designers. If one understands the
structural strengthening assumptions and model approaches, there is no cause for
concern in designing FRP structura strengthening on RC members.
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The Author is fully convinced of the benefits and superiority of the advanced
model proposed by DafStb (2014) named as “more accurate model” or “inter-
mediate crack element” model based on the analysis of bond strength transmis-
sion at the segments of the RC member between cracks. This is the only model
considering the vertical contact pressure of concrete on the EB FRP reinforce-
ment bringing an increase in the bond strength. The superiority of this model
over other advanced published models resulted in introducing this approach into
the new guidelinesin fib Bulletin 90.

Chapter 7 seems to be more practical for design purposes. This chapter pre-
sents Author’s own parametric analysis performed for RC slabs and beams con-
sidering different stiffness of the last one. The nomograms can be useful for
designers to assess, in a simple way, strengthening efficiency in variable con-
figurations of steel and FRP reinforcement ratio. The computer software used for
this analysis considers materials and geometry variability with reference to the
preloading effects before strengthening and variable FRP prestressing strain. It
could be very useful for engineers to assess strengthening efficiency of variable
geometry of RC cross sections and variable existing steel reinforcement ratio in
tension and compression. The Author is still working on a separate guidebook
with exercises for designers, which considers variable cases of RC structures
strengthened in flexure with non—prestressed and prestressed FRP materials.
This guidebook will consider two calculated methods: simplified and more accu-
rate to justify superiority of the advanced method over the simplified one.

216



References

References

1

10.

11

12.

13.

Abdel Baky, H. M., Ebead, U. A., Masmoudi, R., and Neale, K. W., 2004. Analysis
of the flexural response of FRP-strengthened concrete beams. Advanced composite
materials in bridges and structures, M. El-Badry and L. Dunaszegi, eds., Canadian
Saociety for Civil Engineering.

ACI 318-95, 1999. Building Code Requirements for Structural Concrete (318-95)
and Commentary (318R-95). American Concrete Institute (ACI), Fifth Printing,
Michigan, USA.

ACI 440.2R-08, 2008. American Concrete Institute, Guide for the design and con-
struction of externally bonded FRP systems for strengthening concrete structures.
MI, USA.24.

Adhikary, B. B., Mutsuyoshi, H., 2001. Study on the bond between concrete and
externally bonded CFRP sheet. Proc., 6th Int. Symp. on Fiber Reinforced Polymer
Reinforcement for Concrete Structures (FRPRCS-5), 1, 371-378.

ADINA, 2004. Automatic dynamic incremental nonlinear analysis: Finite element
software version 8.2, ADINA R & D, Inc., Watertown, Mass.

Ahmed, O., van Gemert, D., 1999. Effect of longitudinal carbon fiber reinforced
plastic laminates on shear capacity of reinforced concrete beams. In: Dolan CW,
Rizkalla SH, Nanni A, editors. Proceedings of the Fourth International Symposium
on Fiber Reinforced Polymer Reinforcement for Reinforced Concrete Structures.
Maryland, USA, 933-943.

Ahmed, O., van Gemert, D., Vanderwalle, L., 2001. Improved model for plate end
shear of CFRP strengthened RC beams. Cement & Concrete Composites, 23(1), 3—-
19.

Ajdukiewicz, A., Hulimka, J., 2010. Strengthening and rehabilitation of a heating
plant chimney in Poland. Case Studies of Rehabilitation, Repair, Retrofitting, and
Strengthening - Series. Structural Engineering Documents, Vol. 12, Chapter 6,
IABSE, Zurich, 81-94.

Alam, M. S,, Kanakubo, T., Yasojima, A., 2012. Shear-peeling bond strength be-
tween continuous fiber sheet and concrete. ACI Structural Journal, 109(1), 75-82.

Andra, H.P., Konig, G., Maier, M., 2001. Einsatz vorgespannter Kohlefaser-
Lamellen als Oberflachenspannglieder. Beton- und Stahlbetonbau, 96(12).

Andra, H.P., Kénig, G., Maier, M., 2002. First applications of CFRP tendons in
Germany, IABSE Symposium Melbourne, Australia, CD.

Aram, M. R., Czaderski, C., Motavalli, M., 2008. Effects of gradually anchored
prestressed CFRP strips bonded on prestressed concrete beams. Journal of Com-
posites for Construction, 12(1), 25-34.

Arduini, M., Nanni, A., 1997. Behavior of pre-cracked RC beams strengthened
with carbon FRP sheets. Journal of Composites for Construction, ASCE, Val. 1 (2),
63-70.

217



Renata Kotynia

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

AS 3600, 1988. Concrete Structures, AS 3600, Standards Australia, Sydney, Aus-
traia

Aslam, M., Shafigh, P., Jumaat, M.Z., Shah, S.N.R., 2015. Strengthening of RC
beams using prestressed fiber reinforced polymers - A review. Construction and
Building Materials, vol. 82, 235-256.

Bank, L.C., 2006. Composites for construction. Structural Design with FRP Mate-
rials. John Wiley & Sons, New Jersey

Bank, L.C., Borowicz D.T., Arora D., Lamanna A.J., Ray J.C., Velazquez G.I.,
2004. Strengthening of concrete beams with fasteners and composite material strips
— scaling and anchorage issues. Report ERDC/GSL TR-04-5, US Army Corps of
Engineers, 154.

Bartosik, T., Katuza, M., 2010. Strengthening of reinforced concrete structures with
CFRP materials, selected examples of the field applications. XXV National
Workshops for Construction Designer. Szczyrk 2010, CD. [Wzmacnianie zelbeto-
wych konstrukcji budowlanych materiatami CFRP, wybrane przyktady realizacji.
XXV Ogoélnopolskie Warsztaty Pracy Projektanta Konstrukcji. In Polish].
Szczyrk, CD (in Polish).

Bazant, Z. P., Planas, J., 1997. Fracture and size effect in concrete and other quasi-
brittle materials. Boca Raton: Florida, CRC Press.

Belarbi, A., Hsu, T.T.C., 1995. Constitutive laws of softened concrete in biaxid
tension compression. ACI Structural Journal, 92(5), 562-73.

Berset, T., Schwegler, G., Trausch, L., 2002. Verstarkung einer Autobahnbriicke
mit vorgespannten CFK-Lamellen. tec21, 128, 27-29.

Bilotta, A., Ceroni, F., Nigro, E., Pecce M., 2011b. Design by testing of debonding
load in RC element strengthened with EBR FRP materials. 10th International Sym-
posium on Fiber Reinforced Polymer Reinforcement for Reinforced Concrete
Structures, Tampa, Florida, USA. April 2-4, 2011.

Bilotta, A., Faella, C., Martinelli, E., Nigro, E., 2011a. Indirect identification
method for bilinear bond-law relationship. Journal of Composites for Construction,
ASCE.

Bilotta, A., Fadlla, C., Martindlli, E., Nigro, E., 2012. Indirect identification method
of bilinear interface laws for FRP bonded on a concrete substrate. Journal of Com-
posites for Construction, 16, 171-184, | SSN: 1090-0268.

Bilotta, A., Fadlla, C., Martindlli, E., Nigro, E., 2013. Design by testing procedure
for intermediate debonding in EBR FRP strengthened RC beams. Engineering
Structures, 46, 147-154.

Bizindawyi, L., Neale, K.W., 1999. Transfer lengths and bond strengths for com-
posites bonded to concrete Journal of Composites for Construction ASCE, 153-
160.

Blontrock, H., Taerwe, L., Vanwalleghem, H., 2002. Bond testing of externally
glued FRP laminates at elevated temperature. In Proceedings of the International
Symposium Bond in Concrete: from research to standards, Budapest, 648-654.

218


https://pl.pons.com/t%C5%82umaczenie/angielski-polski/Reinforcement
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/of
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/reinforced
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/concrete
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/structures
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/with
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/CFRP
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/materials
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/selected
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/examples
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/of
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/implementation
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/XXV
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/National
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/Workshops
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/of
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/Construction
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/Designer's
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/Szczyrk
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/CD
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/In
https://pl.pons.com/t%C5%82umaczenie/angielski-polski/Polish

References

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Bonacci, J.F., Maalej, M., 2000. Externaly bonded fiber-reinforced polymer for
rehabilitation of corrosion damaged concrete beams. ACI Structural Journal, 97(5),
703-711.

Brandt, A.M., 1996. O zastosowaniu uzbrojenia i sprezania konstrukcji pretami,
ciegnami tasmami z materiatéw kompozytowych. XLII Konferencja naukowa K o-
mitetu Inzynierii Lagdowej i Komitetu Nauki PZiTB, Krakéw — Krynica, 169-174.
In Polish

Brosens, K., van Gemert, D., 1997. Anchoring stresses between concrete and car-
bon fibre reinforced laminates. In Proceedings. of the 3rd International Symposium
on Non-Metallic (FRP) Reinforcement for Concrete Structures, Japan Concrete In-
stitute, Sapporo, 1, 271-278

Casadei, P., Galati, N., Parretti, R., Nanni, A., 2003. Strengthening of a bridge
using two FRP technologies. Field application of FRP reinforcement: Case Studies.
ACI Convention, Boston, Rizkalla, S., and Nanni A., Editors, ACI Specia Publica
tion, No. 215, American Concrete Institute, Farmington Hills, M1, 219-237.

Ceroni, F., Garofano, A., Pecce, M., 2014. Modelling of bond behavior in masonry
elements externally bonded with FRP materials, in press on Composite part B, El-
sevier

Ceroni, F., Pecce, M., 2002. Bond behaviour of R.C. elements externally reinforced
with FRP laminates. In Proceedings of the International Symposium Bond in Con-
crete—from research to standards. Budapest, 622-629. |SBN 963-420-714-6
Ceroni, F., Pecce, M., Matthys, S., Taerwe, L., 2008. Bond tests on concrete ele-
ments with CFRP and anchorage systems. Composites: Part B, Elsevier, 39, 429
441

Chajes, M.J,, Finch, W.W.Jr., Januszka, T.F., and Thonson, T.A.Jr., 1996. Bond
and force transfer of composite material plates bonded to concrete. ACI Struct.
Journal, 93(2), 295-303.

Chages, M.J.,, Thomson, T.A., Januszka, T.F., Finch, W.W. Jr., 1994. Flexural
strengthening of concrete beams using externally bonded composite materials.
Construction and Building Materials, 8(3), 191-201.

Chen, J. F., Teng, J. G., 2001. Anchorage strength models for FRP and Steel Plates
bonded to concrete. ASCE Journal of Structural Engineering, 127(7), 784-791.
Chen, J. F., Teng, J. G., 2003. Shear capacity of FRP-strengthened RC beams: FRP
debonding. Construction and Building Materials, 17, 27-41.

Chen, J. F,, Yang, Z. J, Holt, G. D., 2001. FRP or steel plate-to-concrete bonded
joints: effect of test methods on experimental bond strength. Steel Composite
Structures, 1(2), 231-244.

Chen, JF., Yuan, H., Teng, J.G., 2007. Debonding failure along a softening FRP-
to-concrete interface between two adjacent cracks in concrete members. Engineer-
ing Structures, 29(2), 259-70.

219



Renata Kotynia

41.

42

45,

46.

47.

48,

49,

50.

51.

52.

53.

CNR-DT 200, 2004. Guide for the Design and Construction of Externally Bonded
FRP Systems for Strengthening Existing Structure. National Research Council,
Advisory Committee on Technical Recommendations for Construction.

Cornelissen, H.A.W., Hordijk, D.A., Reinhardt, H.W., 1986. Experimental deter-
mination of crack softening characteristics of normaweight and lightweight con-
crete. Heron, 31(2), 45-56.

Cruz, JM.S,, Barros, JA.O., 2002. Bond behaviour of carbon laminate strips into
concrete by pullout bending test. In Proceedings of the International Symposium
“Bond in Concrete — from research to standards”, Budapest, 614-621.

Czaderski, C., 2012. Strengthening of reinforced concrete members by prestressed,
externaly bonded reinforcement with gradient anchorage. Ph.D. thesis, ETH
Zurich.

Czaderski, C., Martinelli, E., Michels, J,, Motavalli, M., 2012. Effect of curing
conditions on strength development in an epoxy resin for structural strengthening.
Composites: Part B— Engineering, 43(2), 398-410.

Czaderski, C., Motavalli, M., 2007. 40-Y ear-old full-scale concrete bridge girder
strengthened with prestressed CFRP plates anchored using gradient method. Com-
posites: Part B Engineering, 38(7-8), 878-886.

Czarnecki, L., Emmons, P.H., 2002. Repair and protection of concrete structures.
Polish Cement Publication. [Naprawa i ochrona konstrukcji betonowych. Polski
Cement], Krakéw. (in Polish).

DAfStb-Guideline: Strengthening of concrete members with adhesively bonded
reinforcement. Deutscher Ausschuss fur Stahlbeton, 2012, English version, Beuth,
Berlin, 2014.

Dai, J, Ueda, T., Hiroki, O., Sato, Y., 2003. Experimental study on the mix-mode
fracture of FRP sheet-concrete interface. JCI International Symposium on Latest
Achievement in Technology and Research on Retrofitting Concrete Structures, In-
terface Mechanics and Structural Performance, Kyoto, Japan, 121-128.

Dai, J.G, Ueda, T., 2003. Local bond stress dip relations for FRP sheetsconcrete
interfaces. In: Proc. of 6th international symposium on FRP reinforcement for con-
crete structures. Singapore: World Scientific Publications, 143-152.

De Borgt, R., 1987. Smeared cracking, plasticity, creep and thermal loading - a
unified approach. Computer Methods in Applied Mechanics and Engineering,
62(1), 89-110.

De Lorenzis, L., Miller, B., Nanni, A., 2001. Bond of Fiber-Reinforced Polymer
Laminates to Concrete. ACI Materials Journal. 98-M 29, 256-264.

Derkowski, W., 2005. Fatigue life resistance of bent RC sections strengthened with
carbon fibre reinforced strips. [Trwatosé zmeczeniowa zginanych przekrojow zel-
betowych wzmocnionych tasmami z wtokien weglowych], Krakow University of
Technology Ph.D. thesis. (in Polish).

220



References

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Deuring, M., 1993. Verstarken von Stahlbeton mit gespannten Faserverbundwerk-
stoffen, Eidgenossische Materia prifungs und Forschungsanstalt EMPA, EMPa -
Bericht, 224, Diibendorf, Switzerland.

Deuring, M., 1994. Brandversuche an nachtraglich verstarkten tragern aus beton.
Research Report EMPA No. 148'795, Dubendorf: Swiss Federal Laboratories for
Materials Testing and Research.

DIN EN 1992-1-1, 2011. Eurocode 2: Design of concrete structures — Part 1-1:
General rules and rules for buildings; German version EN 1992-1-1:2004S
AC:2010. Deutsches Institut fiir Normung.

Ebead, U. A., and Marzouk, H., 2005. Tension-stiffening model for FRP-
strengthened RC concrete two-way slabs. Mater. Struct., 38, 193-200.

Ebead, U. A., Neadle, K. W., 2007. Mechanics of fibre-reinforced polymer—
Concrete interfaces. Canadian Journa of Civil Engineering, 34, 367-377.

Ebead, U. A., Neale, K. W., and Bizindavyi, L., 2004. On the interfacial mechanics
of FRP-strengthened concrete structures. FRP composites in civil engineering—
CICE 2004, R. Seracino, ed., Balkema Publications, Rotterdam, The Netherlands,
351-359.

Ehsani, M. R., and Saadatmanesh, H., 1990. Fibre composite plates for strengthen-
ing bridge beams. Composite Structures, 15, 343-355.

El-Hacha, R., 2000. Prestressed CFRP sheets for strengthening concrete beams at
room and low temperatures, Ph.D. Thesis, Queen’s University, Department of Civil
Engineering, Kingston, Ontario, Canada, 525.

El-Hacha, R., Aly, M.Y .E., 2013. Anchorage system to prestress FRP laminates for
flexural strengthening of steel-concrete composite girders. Journal of Composites
for Construction, 17 (3), 324-335.

El-Hacha, R., Green, M. F., Wight, R.G., 2004a. Flexural behaviour of concrete
beams strengthened with prestressed carbon fibre reinforced polymer sheets sub-
jected to sustained loading and low temperature. Canadian Journal of Civil Engi-
neering, 31(2), 239-252.

El-Hacha, R., Wight R.G., Green, M.F., 2001. Prestressed fiber-reinforced polymer
laminates for strengthening structures. Progress in Structural Engineering and Ma-
terials, 3, 111-121.

El-Hacha, R., Wight, R.G., Green, M.F., 2003. Innovative system for prestressing
fiber-reinforced polymer sheets. ACI Structural Journal, 100(3), 305-313.
El-Hacha, R., Wight, R.G., Green, M.F., 2004b. Prestressed carbon fiber reinforced
polymer sheets for strengthening concrete beams at room and low temperatures.
Journal of Composites for Construction, 8(1), 3-13.

EN 1992-1-1:2004, 2004. Eurocode 2: Design of concrete structures — Part 1-1:
General rules and recommendations for buildings.

221



Renata Kotynia

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Feella, C., Martindli, E., & Nigro, E., 2008. Formulation and Validation of a Theo-
retical Model for Intermediate Debonding in FRP Strengthened RC Beams. Com-
posites Part B, 39(4), 645-655. ISSN 1359-8368

Feella, C., Martinelli, E., Nigro, E., 2002. Aderenza tra calcestruzzo e fogli di FRP
utilizzati come placcaggio di elementi inflessi. Parte IlI: modelli teorici ed
elaborazioni numeriche. Atti del X1V Congresso C.T.E., Bologna

Faella, C., Martindlli, E., Nigro, E., 2003. Interface behaviour in FRP plates bonded
to concrete: experimental tests and theoretical analyses. In Proceedings of the In-
ternational Conference on Advanced Materials for Construction of Bridges, Build-
ings and other Structures—I11, Davos (Svizzera), 7-12 September 2003.

Feenstra, P.H., de Borst, R., 1993. Aspects of robust computational modeling of
plain and reinforced concrete. Heron, 38(4), 3-76.

Ferracuti, B., Savoia, M., Mazzotti, C., 2007. Interface law for FRP-concrete de-
lamination. Composite Structures, 80(4), 523-531

fib Bulletin 14, 2001. Externally Bonded FRP Reinforcement for RC Structures.
Technical Report, Lusanne, Switzerland.

Finckh, W., 2012. Influence of member-specific effects on the design of reinforced
concrete members strengthened using CFRP strips. PhD thesis, Technische Univer-
sitat Minchen, in German.

Finckh, W., Zilch, K., 2012. Strengthening and rehabilitation of reinforced concrete
slabs with carbon-fiber reinforced polymers using a refined bond model. Com-
puter-Aided Civil and Infrastructure Engineering, 27(5), 333-46.

Focacci, F., Nanni, A., Bakis, C. E., 2000. Local bond-slip relationship for FRP
reinforcement in concrete. Journal of Composites for Construction, 4(1), 24-31.

Furtak, K., 1998. Strengthening of viaduct caps with carbon fibre reinforced poly-
mer laminates. Engineering & Construction Journal. [Wzmocnienie oczepéw wia
duktu drogowego tasmami kompozytowymi z widékien weglowych. Inzynieria i
Budownictwo], 8, 435-437.

Furtak, K., 2014. Technical assessment of RC bridge after 12 years from structural
strengthening with carbon fibre reinforced polymer laminates. Archives of Civil
Engineering Ingtitute. Poznan University of technology. [Ocena stanu technicznego
zelbetowego mostu drogowego po 12 latach od wzmocnienia matami kompozyto-
wymi. ACE, Politechnika Poznariska], 18, 17-26 (in Polish).

Gao, P., Gu, X., Mosallam, A.S., 2016. Flexural behavior of preloaded reinforced
concrete beams strengthened by prestressed CFRP laminates. Composite Struc-
tures, 157, 33-50.

Garden, H. N., Hollaway, L. C., 1998. An experimental study of the failure modes
of reinforced concrete beams strengthened with prestressed carbon composite
plates. Composites: Part B—Engineering, 29(4), 411-424.

222



References

81.

82.

83.

85.

86.

87.

88.

89.

90.

91.

Garden, H.N., Hollaway, L.C., Thorne, A.M., 1997. A preliminary evaluation of
carbon fibre reinforced polymer plates for strengthening reinforced concrete mem-
bers. Proceedings of the Ingtitution of Civil Engineers: Structures and Buildings,
123(May), 127-42.

Garden, H.N., Hollaway, L.C., Thorne, A.M., 1998a. The Strengthening and De-
formation Behavior of Reinforced Concrete Beams Upgraded Using Prestressed
Composite Plates. Materials and Structures, 31(208), 247-258.

Garden, H.N., Quantrill, R.J., Hollaway, L.C., Thorne, A.M., Parke, G.A.R.,
1998b. An experimental study of the anchorage length of carbon fibre composite
plates used to strengthen reinforced concrete beams. Construction and Building
Materials, 12, 203-19.

Ghorbani, M., Mostofinglad, D., Ardalan Hosseini, A., 2017. Experimental investi-
gation into bond behavior of FRP-to-concrete under mixed-mode /Il loading, Con-
struction and Building Materials, 132, 303-312

Goérski, M., Krzywon, R., Hulimka, J., Ajdukiewicz, A., Maewski, S., 2002. Devel-
opment of design rules for structural strengthening of RC structures with CFRP
sheets. Final scientific report on the research project. [Opracowanie zasad obliczania
wzmocnien konstrukcji betonowych za pomoca mat z wtékien weglowych. Raport
koncowy z redizacji projektu badawczego nr 7 TO7E 011 18. Gliwice]. (in Polish)

Grace, N.F., Sayed, G.A., Soliman, A.K., Saleh, K.R., 1999. Strengthening rein-
forced concrete beams using fiber reinforced polymer (FRP) laminates. ACI Struc-
tural Journal, 96(5), 865-74.

Grace, N.K., Sayed, G.A., 2003. Construction and evauation of full-scale CFRP
prestressed concrete DT-girder. Proc. of Fiber-Reinforced Polymer Reinforcement
for Concrete Structures, Singapore, 1281-1290.

Guadagnini, M., Serbescu, A., Palmieri, A., Matthys, S, Bilotta, A, Nigro, E, Ce-
roni, F, Czaderski, C, Olia, S, Szambo, Z, Balazs, G, & Mazzotti, C., 2012. Round
robin test on the bond behaviour of externaly bonded frp systems to concrete. In
Proceedings of CICE 2012, 6th International Conference on FRP Composites in
Civil Engineering, Rome, Italy, CD ROM, 13-15.

Guo, Z.G., Cao, S.Y., Sun, W. M., Lin X.Y., 2005. Experimental study on bond
stresses-dlip behaviour between FRP sheets and concrete. In Chen & Teng (Eds),
Proceedings of the International Symposium on Bond Behaviour of FRP in Struc-
tures, BBFS 2005, 77-83.

Gutowski, T., tagoda, G., tagoda, M., 2003. Structural strengthening with
prestressed CFRP laminates. Building Materials Journal. [Wzmacnianie konstrukgji
zelbetowych przy uzyciu wstepnie naprezonych tasm kompozytowych z wtékien
weglowych. Materiaty Budowlane], 7, 55-56 (in Polish).

Haghani, R., Al-Emrani, M., 2014. A New Method and Device for Application of
Bonded Pre-stressed FRP Laminates. Proceedings of the Second Intl. Conf. on Ad-
vancesin Civil and Structural Engineering - CSE 2014.

223



Renata Kotynia

92.

93.

94.

95,

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Harmanci, Y. E., 2013. Prestressed CFRP for structural retrofitting—experimental
and analytical investigation. M.Sc. thesis, ETH Zurich.

Hiroyuki, Y., Wu, Z., 1997. Analysis of debonding fracture properties of CFS
strengthened member subject to tension. Non-Metallic (FRP) Reinforcement for
Concrete Structures., Proc., 3rd Int. Symp., Japan Concrete Institute, Sapporo, 1,
287-294

Hollaway, L.C., Leeming, M.B., 1999 Strengthening of reinforced concrete struc-
tures using externally-bonded FRP composites in structural and civil engineering.
CRC Press, England.

Holzenkaempfer, P., 1994. Ingenieurmodelle des verbundes geklebter bewehrung
fur betonbauteile. Dissertation. TU Braunschweig (in German).

Hordijk, D.A., 1991. Loca approach to fatigue of concrete. Ph.D. thesis. Delft
University of Technology.

Horiguchi, T., Saeki, N., 1997. Effect of test methods and quality of concrete on
bond strength of CFRP sheet. In Proceedings of International Symposium on Non-
metallic (FRP) reinforcement for concrete structures, Sapporo, Japan, Japan Con-
crete Ingtitute, 1, 265-270.

Huang, Y., Wu, JH., Yen, T., Hung, Ch,, Lin, Y., 2005. Strengthening reinforced
concrete beams using prestressed glass fiber-reinforced polymer-Part |: Experi-
mental study. Journal of Zhejiang University SCIENCE, 6A(3), 166-174.

Husemann, U. and Budelmann, H., 2009. Increase of the Bond Capacitiy of Exter-
nally Bonded CFRP-Plates on RC-Structures Due to Self-Induced Contact Pres-
sure, In: Proceedings of the 9th International Symposium on Fibre Reinforced
Polymersin Reinforced Concrete Structures (FRPRCS 9), Sydney, Australia.

Ichimasu, H., Maruyama, M., Watanabe, H., Hirose, T., 1993. RC Slabs strength-
ened by bonded carbon FRP plates Part 2- Application. International Symposium
on Fiber-Reinforced-Polymer Reinforcement for Concrete Structures, ACI Publica-
tion SP 138-25, Detroit, Michigan, USA, eds. Nanni, A. and Dolan, C.W., 957-970.

lovinglla, 1., Prota, A., Mazzotti, C., 2013. Influence of surface roughness on the
bond of FRP laminates to concrete, Construction and Building Materials, 40, 533
542.

Jansen, D.C., Shah, S.P., 1997. Effect of length on compressive strain softening of
concrete. Journal of Engineering Mechanics, 123(1), 25-35.

Jansze, W., 1997. Strengthening of RC Members in Bending by Externally Bonded
Steel Plates. PhD Thesis, Delft University of Technology,Delft.

JCI, 2003. Japan Concrete Ingtitute. Technical report of technical committee on
retrofit technology. In Proceedings International Symposium on Latest Achieve-
ment of Technology and Research on Retrofitting Concrete Structures.

Jones, R., Swamy, N., 1983. In situ strengthening of concrete structural members
using epoxy bonded steel plates. Department of Civil & Structural Engineering,
University of Sheffield, UK, 251-255.

224



References

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Jones, R.M., 1999. Mechanics of Composite Materials. 2nd ed. Taylor & Francis,
Philadelphia, PA.

JSCE, 2001. Recommendations for the upgrading of concrete structures with use of
continuous fiber sheets. Journal of Concrete Engineering, Series 41, Japanese Soci-
ety of Civil Engineers, Tokyo.

Kachlakev, D.I., Barnes, W.A., 1999. Flexural and shear performance of concrete
beams strengthened with fiber reinforced polymer laminates. Proc. of the Fourth
International Symposium on Fiber Reinforced Polymer Reinforcement for Rein-
forced Concrete Structures, (FRPRCS-4), Batimore, Maryland, 959-972.

Kaiser, H.P., 1989. Strengthening of reinforced concrete with epoxy bonded carbon

fibre plastics. Ph.D. thesiss. ETH nr 8918, ETH, Zurich Ch-8092 Zu-
rich/Switzerland.

Katuza, M., 2004. Selected problems of strengthening of RC structures with
prestressed CFRP laminates. Scientific Journals of the Silesian University of Tech-
nology. [Wybrane problemy wzmacniania konstrukcji zelbetowych sprezonymi
tasmami z witékien weglowych. Zeszyty Naukowe Politechniki Slaski€j], 102, 93-
200 (in Polish).

Katuza, M., Ajdukiewicz, A., 2008. Comparison of behaviour of concrete beams
with passive and active strengthening by means of CFRP strips. Architecture Civil
Engineering Environment, 1(2), 51-64.

Kaminski, M., Trapko, T., Bywalski, Cz., 2006. Strengthening of RC structues
using reinforced concrete. XXI National Workshops for Construction Designer.
Ustron 2006. [Wzmacnianie konstrukcji zelbetowej przez konstrukcje zelbetowsa,
XXI Ogdlnopolska konferencja Warsztat pracy projektanta konstrukcji], Ustron (in
Palish).

Karbhari, V.M., Engineer, M., ECKEL II, D.A., 1997. On the durability of com-
posite rehabilitation schemes for concrete: use of a peel test, Journal of Materials
Science, 32(1), 147-156.

Katsumata, H., Kimura, K., Murahashi, H., 2001. Experience of FRP strengthening
for Japanese historical structures. Proc. Intern. Conf. FRP Composites in Civil
Eng., Elsevier Science, New Y ork, 2, 1001-1008.

Khalifa, A., Gold, W. J., Nanni, A., Aziz, A., 1998. Contribution of externally
bonded FRP to shear capacity of RC flexural members. Journal of Composites for
Construction, ASCE, 2(4), 195-203.

Kim, Y.J., Green, M.F., Wight, R.G., 2010a. Bond and short-term prestress |osses
of prestressed composites for strengthening PC beams with integrated anchorage.
Journal of Reinforced Plastics and Composites, 29(9), 1277-1294.

Kim, Y.J., Green, M.F., Wight, R.G., 2010b. Effect of prestress levels in
prestressed CFRP laminates for strengthening prestressed concrete beams: A nu-
merical parametric study. PCI Journal, 55(2), 96-108.

225



Renata Kotynia

118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

Kim, Y.J.,, Longworth, JM., Wight, R.G., Green, M.F., 2008a. Flexure of two-way
slabs strengthened with prestressed or nonprestressed CFRP sheets. Journal of
Composites for Construction, 12(4), 366-374.

Kim, Y.J, Shi, C., Green, M.F., 2008b. Ductility and cracking behavior of
prestressed concrete beams strengthened with prestressed CFRP sheets. Journal of
Composites for Construction, 12(3), 274-283

Kim, Y.J,, Wight, R.G., Green, M.F., 2008c. Flexura strengthening of RC beams
with prestressed CFRP sheets. Development of nhonmetallic anchor systems. Jour-
nal of Composites for Construction, 12(1), 35-43.

Kim, Y.J, Wight, R.G., Green, M.F., 2008d. Flexural strengthening of RC beams
with prestressed CFRP sheets: Development of nonmetallic anchor systems. Jour-
nal of Composites for Construction, 12(1), 35-43.

Ko, H., Matthys, S., Palmieri, A., Sato, Y., 2014. Development of a simplified
bond stress-slip model for bonded FRP-concrete interfaces. Construction and
Building Materials, 68, 142-57.

Ko, H., Sato, Y., 2007. Bond stress-dlip relationship between FRP sheet and con-
crete under cyclic load. Journal of Composites for Construction, 11(4), 419-26.

Kotynia, R., 1999. Ductility and Load Capacity of Reinforced Concrete Members
Strengthened with CFRP Strips. Ph.D. Dissertation Department of Civil Engineer-
ing, Architecture and Environmental Engineering, University of Lodz, Poland (in
Polish), pp 215.

Kotynia R., 2011. Shear strengthening of RC beams with polymer composites. Dr
of Science Habilitation Thesis, Lodz University of Technology, (in Polish) p. 310.
Kotynia, R., 2012. Bond between FRP and concrete in reinforced concrete beams
strengthened with near surface mounted and externally bonded reinforcement, Con-
struction and Building Materials, 32, 41-54,

Kotynia, R., Baky, H. A., Neale, K. W., Ebead ,U. A., 2008. Flexural Strengthen-
ing of RC Beams with Externally Bonded CFRP Systems: Test Results And 3-D
Nonlinear FE Analysis, Society Journal of Composites for Construction, American
Society of Civil Engineers, March / April 2008, Vol. 12, No. 2, ISSN: 1090-0268,
Editor: Ch. E, Bakis. s. 190-201.

Kotynia, R., Kaminska, M. E., 2003. Ductility and failure mode of RC beams
strengthened for flexure with CFRP.” Rep. No. 13, Dept. of Concrete Structures,
Technical Univ. of Lodz, Poland.

Kotynia R., Lasek K. (2018) Strengthening efficiency of RC beams strengthened
for flexure with prestressed CFRP laminates. [ Efektywnos¢ zastosowania wstepnie
naprezonych tasm CFRP do wzmacniania belek zelbetowych na zginani€], Badania
doswiadczalne elementéw i konstrukcji zelbetowych, Report No 21, Wydawnictwo
Katedry Budownictwa Betonowego Wydziatu Budownictwa i Architektury Poli-
techniki todzkiej, tédz 2018.

226



References

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Kotynia, R., Lasek, K., Staskiewicz, M., 2013a. Flexural behaviour of preloaded
RC dabs strengthened with prestressed CFRP laminates. Journal of Composites for
Construction, 18(3).

Kotynia, R., Staskiewicz, M., & Lasek, K., 2013b. Efficiency analysis of strength-
ening of RC structures with prestressed CFRP composites. Paper presented at the
APFIS 2013, Melbourne, Austraia.

Kotynia, R., Walendziak, R., Stoecklin, I., Meier, U., 2011. RC slabs strengthened
with prestressed and gradually anchored CFRP strips under monotonic and cyclic
loading, Journal of Composites for Construction, 15(2), 168-180.

Kubica, J., Hulimka, J., Katuza, M., 2010. Specification of strengthening of con-
crete and masonry Structures with composite materials. [Specyfika wzmacniania
konstrukcji betonowych i murowych materiatami kompozytowymi. Inzynieria i
Budownictwo], nr 5-6, s. 260-267.

Labossiere, P., Neal, K.W., Rochette, P., Demers, M., Lamothe, P., Lapierre, P.,
Desgangne, G., 2000. Fiber reinforced polymer strengthening of Sainte-Emilie-de-
I’Energie Bridge: design, instrumentation, and field testing. Canadian Journal of
Civil Engineering, 27(5), 916-927.

Labossiere, P., Nedle, K.W., Martel, S., 1997. Strengthening with composite mate-
rials practical applications in Quebec. Proc. of the US-Europe Workshop on Recent
Advances in bridge Engineering: Advanced Rehabilitation, Durable Materials,
Non-destructive Evaluation, and Management, eds. Meier, U., and Betti, R,
Dubendorf and Zurich, 11, 89-96.

tagoda, G., tagoda, M., 2009, Strengthening steel bridge across Vistula River in
Poland. The Proceedings of the 33rd IABSE Symposium: Sustainable Infrastruc-
ture Environment Friendly, Safe and Resource Efficient, Bangkok, Thailand.

tagoda, M., 2002. Recommendations for strengthening of bridge structures with
externally bonded reinforcement. [Zalecenia dotyczace wzmacniania konstrukcji mo-
stowych przez przyklejanie zbrojenia zewnetrznego. IBDIM]. Warszawa (in Polish)
tagoda, M., 2005. Strengthening of bridge structures with externally bonded ele-
ments. [Wzmacnianie mostéw przez doklejanie elementow. Monografia 322, seria
Inzynieria Ladowa], Politechnika Krakowska, Krakéw (in Polish).

Lam, L., Teng, JG., 2001. Strength of cantilever RC dlabs bonded with GFRP
strips. Journal of Composites for Construction, ASCE, 5(4), 221-7.

Lamanna, A.J., Bank, L.C., Scott, D.W., 2004. Flexural strengthening of RC beams
by mechanically attaching FRP strips. Journal of Composites for Construction,
ASCE, 8 (3), 203-210.

Lasek, K., 2015. Efficiency of flexural strengthening of reinforced concrete ele-
ments with pretensioned CFRP. PhD thesis, Lodz University of Technology. In
Polish.

Lees, J. M., Burgoyne, C. J.,, 1999. Experimental study of influence of bond on

flexural behavior of concrete beams pretensioned with aramid fiber reinforced plas-
tics. ACI Structura Journal, 96(3), 377-385.

227



Renata Kotynia

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154,

155.

Lees, J. M., Winistorfer, A. U., Meier, U., 2002. External prestressed carbon fiber-
reinforced polymer straps for shear enhancement of concrete. Journal of Compos-
ites for Construction, 6 (4), 249-256.

Liu, I. S. T., Oehlers, D. J., Seracino, R., 2007. Study of intermediate crack 983
debonding in adhesively plated beams. Journal of Composites for Construction,
11(2), 175-183.
Liu, I.S.T., Oehlers, D.J., Seracino, R., 2006. Moment redistribution in FRP and
steel plated reinforced concrete beams. Journal of Composites for Construction,
10(2), 115-24.

Lu, X.Z.,, Teng, JG., Ye, L.P., Jiang, JJ., 2005a. Bond-dip models for FRP
sheets/plates externally bonded to concrete. Engineering Structures, 27 (6), 920-
937

Lu, X.Z., Ye, L.P.,, Teng, J.P., Jiang, J.J., 2005b. Meso-scale finite element model
for FRP sheetd plates bonded to concrete. Engineering Structures, 27(4), 564-75.

Maeda, T., Asano, Y., Sato, Y., Ueda, T., Kakuto, Y., 1997. A study on bond
mechanism of carbon fiber sheet. In Proceedings of the 3rd International Sympo-
sium on Non-Metallic (FRP) Reinforcement of Concrete Structures, 1, October.

Malek, A.M., Saadatmanesh, H., Ehsani, M.R., 1998. Prediction of failure load of
R/C beams strengthened with FRP plate due to stress concentration at the plate end.
ACI Structural Journal, 95(1), 142-52.

Mapei, 2018. Sistema di rinforzo strutturale composto da lamina pultrusain fibra di
carbonio ad elevata resistenza e resine epossidiche di incollaggio (FRP). Coperto
da Certificato di ldoneita Tecnica al’impiego n°2467/2018. Classi C150/2300 -
C190/1800 - C200/1800

Markeset, G, Hillerborg, A., 1995. Softening of concrete in compression - localiza-
tion and size effects. Cement and Concrete Research, 25(4), 702-8.

Matana, M., Nanni, A., Dharani, L., Silva, P., Tunis, G., 2005. Bond performance
of steel reinforced polymer and steel reinforced grout. In Proceedings of the Inter-
national Symposium on Bond Behaviour of FRP in structures, Honk Kong, 125-
132.

Matthews, F. L., Rawlings, R. D., 1994. Composite materials. engineering and
science, Chapman & Hall

Matthys, S., Taerwe, L., Janssens, J., 2004. Repair and strengthening of reptile
building of the Antwerp zoo. Proc. of First International Conference on Innovative
Materials and Technologies for Construction and Restoration, V. 2, Lecca, Italy,
653-663.

Mazzotti, C., Bilotta, A., Carloni, C., Ceroni, F., D’Antino, T., Nigro, E., Pelle-
grino, C., 2016. Bond between EBR FRP and concrete, in: Design procedures for
the use of composites in strengthening of reinforced concrete structures, Springer,
Dordrecht, 39-96.

228



References

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Mazzotti, C., Savoia, M., Ferracuti, B., 2005. A New Set-Up for FRP-Concrete
Stable Delamination Test. In C. K. Shield & J. P. Busel (Ed.), Proceedings of 7th
International Symposium FRP Reinforcement for Concrete Structures, Kansas City,
Missouri, 165-180. 3 Bond Between EBR FRP and Concrete 93.

Mazzotti, C., Savoia, M., Ferracuti, B., 2007. Mode Il fracture energy and interface
law for FRP—concrete bonding with different concrete surface preparations. In
Proceedings of FRAMCOS 6. FRAMCOS 6—Fracture Mechanics of Concrete and
Concrete Structures. Catania, Italy, 2, 1249-1257.

MC-Bauchemie, 2005: Instrukcja stosowania tasm MC-DUR CFK i klgu do tasm
MC-DUR 1280.

McSweeney, B. M., Lopez, M. M., 2005. FRP-Concrete Bond Behavior: A Para-
metric Study Through Pull-Off Testing. In C. K. Shield & J. P. Busel (Eds.), Pro-
ceedings of the 7" International Symposium FRP Reinforcement for Concrete
Structures, Kansas City, Missouri, pp. 441-460.

Megachemie, 2011: NEOXE System wzmacniania konstrukgji budowlanych mate-
rigtami kompozytowymi, Karta techniczna, Wydanie 02/PL

Meier, U., 1997. Bridge repair with high performance composite materials. Mate-
rial und Technik, 4, 125-128.

Meier, U., 1992. Carbon fibre-reinforced polymers. Modern materials in bridge
engineering. Structural Engineering International, 2, 7-12.

Meier, U., 1995a. Strengthening of structures using carbon fibre/epoxy composites.
Construction and Building Materials, 9(6), 341-351.

Meier, U., 1995b. Nachtragliche Verstarkung von Bauwerken mit CFK-Lamellen,
SIA/EMPA Dokumentation D 0128, Editor: Swiss Society of Engineers and Archi-
tects (SIA), Zrich, Switzerland.

Meier, U., Deuring, M., Meier, H., Schwegler, G., 1993. Strengthening of struc-
tures with advanced composites. Alternate materials for the reinforcement and
prestressing of concrete, J.L. Clarke, editor, Blackie Academic and Professional,
Glasgow.

Meier, U., Stocklin, I., 2005. A nove carbon fiber reinforced polymer (CFRP)
system for post-strengthening. Paper presented at the ICCRRR, Cape Town, South
Africa

Menegotto, M., Monti, G., 2005. Strengthening concrete and masonry with FRP —
A new code of practice in Italy. Proc. of the Int. 5th AMCM?2005 Conference, Gli-
wice-Ustron, Poland CD.

Michalak, B., 2000. Mechanics of elastic plates and coatings. [Mechanika sprezys-
tych ptyt i powtok, Warszawa, PWN (in Polish).

Michels, J, Czaderski, C, Motavalli, M., 2011. Prestressed CFRP for structural
strenghtening. Paper presented at the 1st SMAR conference, Dubai, UAE.

Michels, J.,, C. Czaderski, Huppi M., 2012b. Vorgespannte CFK-Lamellen mit
Gradientenverankerung - Manual fur Verarbeiter und planende Ingenieure, Version
Januar 2012. S& P Clever Reinforcement und Empa, Switzerland.

229



Renata Kotynia

171.

172.

173.

174,

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Michels, J., Czaderski, C., El-Hacha, R., Bronnimann, R., Motavali, M., 2012a.
Temporary bond strength of partly cured epoxy adhesive for anchoring prestressed
CFRP strips on concrete. Composite Structures, 94(9), 2667-2676.

Michels, J., Martinelli, E., Czaderski, C., Motavalli, M., 2014a. Prestressed CFRP
strips with gradient anchorage for structural concrete retrofitting: Experiments and
numerical modelling. Polymers, 6, 114-131.

Michels, J., Sena Cruz, J., Czaderski, C., Motavalli, M., 2013. Structural strength-
ening with prestressed CFRP strip with gradient anchorage. Journal of Composites
for Construction, 17(5), 651-661.

Michels, J., Staskiewicz, M., Czaderski, C., Lasek, K., Kotynia, R., Motavalli, M.,
2014b. Anchorage resistance of CFRP strips externally bonded to various cementi-
tious substrates. Composites: Part B—Engineering, 63, 50-60.

Miller, B., Nanni, A., 1999. Bond Between CFRP Sheets and Concrete Congress.
In Proceedings ASCE 5th Materials Cincinnati, Ohio, 240-247.

Monti, G., Liotta, M.A., 2007. Tests and design equations for FRP-strengthening in
shear. Journal of Construction and Building Materials, 21 (4), 799-809.

Monti, M., Renzelli, M., Luciani, P., 2003. FRP adhesion in uncracked and cracked

concrete zones. In: Proc. of 6th international symposium on FRP reinforcement for
concrete structures. Singapore: World Scientific Publications, 183-192.

Mossakowski P., 2006. FRP bars for reinforcing concrete structures. Rods and
Bridges Journal. [Prety z kompozytéw polimerowych z wiéknami do zbrojenia be-
tonowych konstrukgcji inzynierskich. Drogi i mosty], s. 35-52.

Motavalli, M. Czaderski, C., 2007. FRP Composites for Retrofitting of Existing
Civil Structures in Europe: State-of-the-Art Review in COMPOSITES & POLY -
CON, American Composites Manufacturers Association, 2007.

Motavali, M., Czaderski, C., Pfyl-Lang, K., 2011. Prestressed CFRP sor strength-
ening of reinforced concrete structures. Recent developments at Empa, Switzer-
land. Journal of Composites for Construction, 15(2), 194-204.

Mukhtar, F.M., Faysal, R.M., 2018. A review of test methods for studying the FRP-
concrete interfacial bond behaviour. Construction and Building Materias, 169,
877-887

Naaman, A., 1999. Repair and strengthening of reinforced concrete beams using
CFRP laminates. Testing and Research Section, Construction and Technology Di-
vision, Research Project No. RC-1372, University of Michigan, Department of
Civil and Environmental Engineering.

Nakaba, K., Kanakubo, T., Furuta, T., Yoshizawa, H., 2001. Bond behaviour be-
tween fiber-reinforced polymer laminates and concrete. ACI Structural Journal,
98(3), 359-367.

Nakamura, H., Higai, T., 2001. Compressive fracture energy and fracture zone
length of concrete. In: Shing BP, editor. Modeling of inelastic behavior of RC
structures under seismic loads. American Society of Civil Engineers, 471-87.

230



References

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Nanni, A., 1993. Fiber-Reinforced-Plastic (FRP) reinforcement for concrete struc-
tures: properties and applications, Developments in Civil Engineering, Vol. 42, El-
sevier, Amsterdam, The Netherland, 450.

Nanni, A., 1995. Concrete repair with externally bonded FRP reinforcement: Ex-
amples from Japan, Concrete International, 23.

Nanni, A., Di Ludovico, M., Parretti, R., 2004. Shear strengthening of a PC bridge
girder with NSM CFRP rectangular bars. Advanced Structural Engineering, 7 (4),
97-109.

Neale, K. W., Ebead, U. A., Abdel Baky, H. M., Elsayed, W. E., and Godat, A.,
2005. Modelling of debonding phenomenain FRPstrengthened concrete beams and
slabs. Bond behaviour of FRP in structures, J. F. Chen and J. G. Teng, eds,, Int. In-
gtitute for FRP in Construction, Hong Kong, 45-54.

Neubauer, U., 2000. Verbundtragverhalten geklebter Lamellen aus Kohlenstofffa-
ser-Verbundwerkstoff zur Verstérkung von Betonbauteilen. Dissertation, Institut
fur Baustoffe, Massivbau und Brandschutz, TU Braunschweig, Heft 150.

Neubauer, U., Rostasy, F. S., 1997. Design aspects of concrete structures strength-
ened with externally bonded CFRP plates. Proc., 7th Int. Conf. on Struct. Faults
and Repairs, ECS Publications, Edinburgh, Scotland, 2, 109-118.

Neubauer, U., Rostasy, F.S., 1999. Bond failure of concrete fiber reinforced poly-
mer plates at inclined cracks-experiments and fracture mechanics model. In: Proc.
of 4th international symposium on fiber reinforced polymer reinforcement for rein-
forced concrete structures, SP-188. Farmington Hills (M1), ACI, 369-82.

Neubauer, U., Vom Berg, W., Onken, P., 2007. Structural strengthening with a new
system of prestressed CFRP strips. Paper presented at the FRPRCS-8, Patras,
Greece.

Nguyen, D.M., Chan T.K., Cheong H.K., 2001. Brittle failure and bond develop-
ment length of CFRP-concrete beams. Journal of Composites for Construction,
ASCE, 5(1), 12-7.

Niedermeier, R., 1996. Stellungnahme zur Richtlinie fur das Verkleben von Beton-
bauteilen durch Ankleben von Stahllaschen—Entwurf Marz 1996. Schreiben 1390
vom 30.10.1996 des Lehrstuhls fiir Massivbau, Technische Universitat Minchen,
Munich, Germany (in German).

Niedermeier, R., 1997. Gemischte Bewehrung bei klebearmierten Bauteilen. In:
Zilch, K. (Hrsg.): Minchner Massivbau-Seminar.

Nitereka, C., and Neade, K. W., 1999. Analysis of reinforced concrete beams
strengthened in flexure with composite laminates. Canadian Journal of Civil Engi-
neering, 26, 646-654.

Noakowski, P., 1988. Nachweisverfahren fur Verankerung, Verformung, Zwangs-
beanspruchung und Rissbreite. Kontinuierliche Theorie der Mitwirkung des Betons
auf Zug. Rechenhilfen fir die Praxis. Schriftenreihe des DAfStb No. 394, Beuth,
Berlin.

231



Renata Kotynia

198.

190.

200.

201.

202.

203.

204.

205.

206.

207.

208.

200.

210.

211,

Oehlers, D. J.,, Park, S. M., Mohamed, Ali M.S,, 2003. A structural engineering
1025 approach to adhesive bonding longitudinal plates to RC beams and slabs.
Composites 1026 Part A: Applied Science and Manufacturing, 34(9), 887-897.

Oehlers, D.J., 1992 Reinforced concrete beams with plates glued to their soffits.
Journal of Structural Engineering, ASCE 1992, 118(8), 2023-38.

Oehlers, D.J, Liu, I., Seracino, R., 2007. A generic design approach for EB and
NSM longitudinally plated RC beams. Construction and Building Materials. 21(4),
697-708

Oehlers, D.J., Moran, J.P., 1990. Premature failure of externally plated reinforced
concrete beams. Journal of Structural Engineering, ASCE, 116(4), 978-95

Oehlers, D.J,, Visintin, P. and Lucas, W., 2015. Flexura strength and ductility of 1
FRP-plated RC beams: Fundamental mechanics incorporating local and global I1C 2
debonding. Journal of Composites for Construction, 20(2), p.04015046. 3
10.1061/(ASCE)CC.1943-5614.0000610

Olivito, E., Pecce, R., Poggi, M.C., 2009. Experimental round robin test on FRP
concrete bonding. In Proceedings of FRP RCS9, Sydney, Australia, 13-15.

Oudah, F., ElI-Hacha, R., 2012. A new ductility model of reinforced concrete beams
strengthened using Fiber Reinforced Polymer reinforcement. Composites Part B
Engineering, 43(8), 3338-3347.

Pan, JL., Chung, T.C.F., Leung, C.K.Y., 2009. FRP debonding from concrete

beams under various load uniformities. Advances in Structural Engineering, 12(6),
807-19.

Pasko, P., Siwowski, T., 2016. Strengthening of steel bridge with prestressed CFRP
laminates. Bridges Journal. [Wzmocnienie mostu stal owego wstepnie naprezonymi
tasmami CFRP. Mosty, 3] (in Polish).

Pellegrino, C., Modena, C., 2009a. Flexural strengthening of real-scale RC and
PRC beams with End-Anchored Pretensioned FRP Laminates. ACI Structural
Journal, 106(3), 319-328

Pellegrino, C., Modena, C., 2009b. Influence of axial rigidity on FRP-concrete
bond behavior: an analytical study. Advances in Structural Engineering, 12(5),
639-649.

Pellegrino, C., Tinazzi, D., Modena, C., 2008. Experimental study on bond behav-
ior between concrete and FRP reinforcement. Journal of Composites for Construc-
tion, ASCE 12(2), 180-189.

Piatek, B., 2017. New strengthening technology of strengthening concrete struc-
tures with prestressed CFRP laminates. [Nowa technologia wzmacniania konstruk-
cji betonowych naprezanymi tasmami CFRP, Ph.D. thesis, Technical University of
Rzeszéw (in Polish).

Piagtek, B., Siwowski, T., 2016a Investigation of strengthening effectiveness of
reinforced concrete bridge with prestressed CFRP strips, Roads and Bridges,
15/2016, 301-314.

232



References

212.

213.

214.

215,

216.

217.

218.

219.

220.

221.

222,

223.

224,

225,

Piatek, B., Siwowski, T., 2016b. Mechanical anchorage effect on strengthening
efficiency of RC beams strengthened with CFRP laminates. Engineering & Con-
struction Journal. [Wptyw kotwienia mechanicznego tasm CFRP na efektywnosé
wzmocnienia belek zelbetowych] Inzynieriai Budownictwo] 12/2016, 659-662 (in
Polish).

Piatek, B., Siwowski, T., 2017. Research on the new CFRP prestressing system for
strengthening of RS structures. Architecture Civil Engineering Environment —
ACEE, 10(3), 81-87.

Quantrill, R. J., Hollaway, L. C., 1998. The flexural rehabilitation of reinforced
concrete beams by the use of prestressed advanced composite plates. Composites
Science and Technology, 58 (8), 1259-1275.

Rabinovitch, O., 2004. Fracture mechanics failure criteria for RC beams strength-
ened with FRP strips—a simplified approach. Composite Structures, 64, 479-492.

Rabinovitch, O., Frostig, Y., 2001. Delamination failure of RC beams strengthened
with FRP strips—A closed-form high-order and fracture mechanics approach. Jo-
urnal of Engineering Mechanics., 127(8), 852-861.

Radomski, W., 2005. Strengthening of concrete bridge structures with FRPs. Biul-
ding Materials Journal. [Wzmacnianie betonowych konstrukcji mostowych za po-
moca wyrobéw z polimeréw zbrojonych wtéknami. Materiaty Budowlane, 4] (in
Palish).

Rahimi, H., Hutchinson, A., 2001. Concrete beams strengthened with externally
bonded FRP plates. Journal of Composites for Construction, ASCE, 5(1), 44-56.

Raoof, M, Hassanen, M.A.H., 2000. Peeling failure of reinforced concrete beams
with fibre-reinforced plastic or steel plates glued to their soffits. Proceedings of the
Ingtitution of Civil Engineers: Structures and Buildings, 140(August), 291-305.

Raoof, M, Zhang, S., 1997. An insight into the structural behaviour of reinforced
concrete beams with externally bonded plates. Proceedings of the Institution of
Civil Engineers: Structures and Buildings, 122(November), 477-92.

Ritchie, P.A., Thomas, D.A., Lu, L.W., Conelly, G.M.,1991. Externa reinforce-
ment of concrete beams using fibre reinforced plastics. ACI Structural Journal,
88(4), 490-500.

Roberts, T.M., 1989. Approximate analysis of shear and normal stress concentra-
tions in the adhesive layer of plated RC beams. The Structural Engineer, 67(12),
229-33.

Rosenboom, O., Rizkalla, S, 2008. Modeling of IC debonding of FRP-
strengthened concrete flexural members. Journal of Composites for Construction,
12(2), 168-79.

Ross, C.A., Jerome, D.M., Tedesco, JW., Hughes, M.L., 1999. Strengthening of
reinforced concrete beams with externally bonded composite laminates. ACI Struc-
tural Journal, 96(2), 212-20

Rots, J.G.,1988. Computational modeling of concrete fracture. Ph.D. thesis. Delft
University of Technology.

233



Renata Kotynia

226.

227.

228.

229,

230.

231

232.

233.

234.

235.

236.

237.

238.

239.

240.

S& P, 2019. CFRP laminates in epoxy resin. [Tasmy kompozytowe z wtékien we-
glowych zatopionych w matrycy z zywicy epoksydowej] (in Polish).

Saadatmanesh, H., Ehsani, M.R., 1991. RC beams strengthened with GFRP plates.
I. Experimental study. Journal of Structural Engineering, ASCE, 117 (11), 3417-33

Saadatmanesh, H., Malek, A.M., 1998. Design guidelines for flexural strengthening
of RC beams with FRP plates. Journal of Composites for Construction, ASCE,
2(4), 158-64.

Sand, B., Remlo, H., 2001. RC beams with externally bonded CFRP: Finite ele-
ment modelling of delamination failure. Doc. No. NTAS F2001-32, Interreg Nord-
kaotten Institute.

Savoia, M., Bilotta, A., Ceroni, F., Di Ludovico, M., Fava, G., Ferracuti, B., Maz-
zotti C., Nigro, E., Olivito, R., Pecce, M., Poggi, C., 2009. Experimental Round
Robin test on FRP-concrete bonding, Proceedings of FRPRCS-9, Sydney, Austra-
lia, July 2009, 1-4, on CD.

Savoia, M., Ferracuti, B., Mazzotti, C., 2003. Nonlinear bond-slip law for FRP-
concrete interface. In Proceedings of the conference FRPRCS-6, Singapore.
Sayed-Ahmed, E. Y., Bakay, R., Shrive, N. G., 2009. Bond strength of FRP lami-
nates to concrete: State-of-the-art review, Electronic Journal of Structural Engi-
neering, 9, 45-61.

Schlaich, M., Zwingmann, B., Liu, Y., Goller, R., 2012. Zugelemente aus CFK und
ihre Verankerungen. Bautechnik, 89(12), 841-850.

Schwegler, G., 1994. Verstairken von Mauerwerk mit Hochleistungsfaserv-
erbundwerkstoffen, Dissertation, EMPA - Bericht Nr 229.

Sebastian, W. M., 2001. Significance of midspan debonding failure in FRP-plated
1040 concrete beams. Journal of Structural Engineering, 127(7), 792-798.

Seim, W., Hérman, M., Karbhari, V., Seible, F., 2001. External FRP poststrength-
ening of scaled concrete slabs, Journal of Composites for Construction, 5(2), 67—
75.

Seracino, R., Jones, N.M., Page, M.W., Ali, M.S.S,, Oehlers, D.J.,, 2007a. Bond
strength of near-surface mounted FRP-to-concrete joints. Journal of Composites for
Construction, ASCE, 11 (4), 401-4009.

Seracino, R., Raizal Safulnaz, M.R., Oehlers, D.J.,, 2007b. Generic debonding
resistance of EB and NSM plate-to-concrete joints, Journal of Composites for Con-
struction, 11 (1), 62-70.

Serbescu, A., Guadagnini, M., Pilakoutas, K., 2013. Standardised double-shear test
for determining bond of FRP to concrete and corresponding model development.
Composites Part B Engineering, 55, 277-297.

Serega, Sz, Kotynia, R., Lasek, K., 2018. Numerical modelling of preloaded RC

beams strengthened with prestressed CFRP laminates. Engineering Structures
176:917-934.

234



References

241,

242,

243.

244,

245,

246.

247.

248.

249.

250.

251

252.
253.

254.

Shahawy, M., Chaalla, O., Thomas, E.B., Adnan, E., 2001. Flexural strengthening
with carbon fiber-reinforced polymer composites of preload full-scale girders. ACI
Structural Journal, 98 (5), 735-743.

Shahawy, M.A., Arockiasamy, M., Beitelman, T., Sowrirgian, R., 1996. Reinforced
concrete rectangular beams strengthened with CFRP laminates. Composites. Part
B, 27B, 225-33.

Sharif, A., Al-Sulaimani, G.J., Basunbul 1.A., Bauch M.H., Ghaleb B.N., 1994.
Strengthening of initially loaded reinforced concrete beams using FRP plates. ACI
Structural Journal, 91(2),160-8.

Shima, H., Chou, L.L., Okamura, H., 1987. Micro and macro models for bond in
reinforced concrete. J Fac Eng Univ, Tokyo (B), 22, 133-94.

Sierko, R., Dyduch, K., Derkowski, W., 2006. Strengthening RC structures by
prestressing. XXI Nationa Workshops for Construction Designer. Ustron 2006.
[Wzmacnianie konstrukcji zelbetowych przez sprezenie. XXI Ogélnopolska Konfe-
rencja Warsztat Pracy Projektanta Konstrukcji, Szczyrk], 27-63 (in Polish).

Sika CarboDur’, 2016. CFRP laminates for structural Strengthening. [ Tasmy z
wtokien weglowych do wzmocnien konstrukgji, Sika CarboDur ]. Karta informa-
cyjnaproduktu (in Polish).

Siwowski T., Pigtek B., 2014. Research on the new bridge strengthening system
with prestressed CFRP strips. The Proceedings of the International Symposium on
Life-Cycle Civil Engineering (IALCCE 2014). Tokyo, Japan.

Siwowski T., 2012b. Prestressing CFRP laminates. Strengthening concrete Struc-
tures. [Sprezone tasmy CFRP. Wzmacnianie mostéw betonowych. Mosty, 5] (in
Polish).

Siwowski, T., 1997. Strengthening technology of RC Bridges with FRP laminates.
[ Technologia wzmacniania mostéw zelbetowych tasmami kompozytowymi. Konf.
Naukowo-Techniczna Mosty w drodze do X X1 wieku], 743 — 752 (in Polish).

Siwowski, T., 2006. Road Bridges. Part |. [Czes¢ |. Magazyn Autostrady, 10/2006,
wydanie specjane - jesien 2006, Mosty - konstrukcja, wyposazenie, utrzymanie,
30-38, Czesc II. Magazyn Autostrady, 11/2006, 67-72] (in Polish).

Siwowski, T., 2012a. CFRP materials for Strengthening concrete Bridges. [Mate-
rialy kompozytowe CFRP stosowane we wzmachianiu mostéw betonowych, Mo-
sty, 4, 24-29] (in Polish).

Siwowski, T., 2015. Bridge Engineering. Selected I ssues. p. 190.

Siwowski, T., Kaleta, D., Rajchel, M., Wlasak, L., 2017. The first Polish road
bridge made of FRP composites. Structural Engineering International, 27(2), 308-
314.

Siwowski, T., Michatowski, J., Btazewicz, S., 2009. New prestressing system for
strengthening bridges with CFRP laminates. [Nowy system sprezania tasm kompo-
zytowych CFRP do wzmacniania mostow. Konf. Naukowo-Techniczna Awarie
Budowlane X X1V, Szczecin-Miedzyzdroje], 947-960 (in Polish).

235



Renata Kotynia

255.

256.

257.

258.

250.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Siwowski, T., Michatowski, J., Btazewicz, S., 2010. New prestressing system for
strengthening RC structures with CFRP laminates. [Nowy system sprezania tasm
kompozytowych CFRP do wzmacniania konstrukcji zelbetowych. Inzynieriai Bu-
downictwo, 3], 152-156 (in Polish).

Siwowski, T., Michatowski, J., Btazewicz, S., 2010. New prestressing system for
strengthening RC structures with CFRP laminates. [Nowy system sprezania tasm
kompozytowych CFRP do wzmacniania konstrukcji zelbetowych. Inzynieriai Bu-
downictwo, tom LXVI, 3, 152-156 (in Polish).

Siwowski, T., Radomski, W., 1998. First national application of FRP laminates for
bridge Strengthening. [Pierwsze krajowe zastosowanie tasm kompozytowych do
wzmocnieniamostu. Inzynieriai Budownictwo], 7, 382 — 388 (in Polish).

Siwowski, T. Radomski, W., 2015. The Polish experience in bridge strengthening
with CFRP composites. Third Conference on Smart Monitoring, Assessment and
Rehabilitation of Civil Structures SMAR 2015, Antalya.

Siwowski, T., Zéttowski, P., 2012. Strengthening Bridges with Prestressed CFRP
Strips. SSP - Journal of Civil Engineering, 7(1), 2012.

Smith ST., Teng J.G., Interfacial stresses in plated beams. Engineering Structure
2001, 23(7):857-871.

Smith, S.T., Teng, J.G., 2002a. FRP-strengthened RC beams. |: Review of debond-
ing strength models. Engineering Structures, 24(4):385-95.

Smith, S.T., Teng, J.G., 2002b. FRP-strengthened RC beams. II: Assessment of
debonding strength models. Engineering Structures; 24(4):397-417.

Smith, S.T., Teng, J.G., 2003. Shear-bending interaction in debonding failures of
FRP-plated RC beams. Advancesin Structural Engineering, 6(3), 183-99.

Spadea, G., Bencardino, F., Swamy, R.N., 1998. Structural behavior of composite
RC beams with externally bonded CFRP. Journal of Composites for Construction,
ASCE, 2(3), 132 -137.

Stocklin, 1., Meier, U., 2003. Strengthening of concrete structures with prestressed
and gradually anchored CFRP strips. Proc. 6th Int. Symp. FRP Reinforcement for
Concrete Structures, FRPRCS-6, K.H. Tan ed., World Scientific, Singapore, 1321-
1330.

Swamy, R.N., Lynsdale, C.J., Mukhopadhaya, P., 1996. Effective strengthening
with ductility: use of externally bonded plates of non-metallic composite materials.
Proc. of Second International Conference on Advanced Composite Materials in
Bridges and Structures, ACMBS I, ed. El-Badry, M.M., Montréal, Canada, 481-
488.

Swamy, R.N., Mukhopadhyaya, P., 1999. Debonding of carbon-fibre reinforced
polymer plate from concrete beams. Proc. of the Ingtitution of Civil Engineers:
Structures and Buildings, 134, 301-17.

Taerwe, L., Khalil, H., Matthys, S., 1997. Behaviour of RC beams strengthened in
shear by external CFRP sheets. Proc. of the Third International Symposium Non-
Metallic (FRP) Reinforcement For Concrete Structures, 1, 483-90.

236



References

269.

270.

271

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.
282.

283.

Takahashi, Y., Sato, Y., Ueda, T., Maeda, T., and Kobayashi, A., 1997. Flexura
behaviour of RC beams with externally bonded carbon fibre sheet. Proc., Non-
Metallic (FRP) Reinforcement for Concrete Structures, JCI, 1, 327-334.

Takeda, K, Mitsui, Y, Murakami, K, Sakai, H, Nakamura, M., 1996. Flexural be-
haviour of reinforced concrete beams strengthened with carbon fibre sheets. Com-
posites Part A, 27A, 981-7.

Taljsten, B., 1994. Strengthening of existing concrete structures with epoxy bonded
plates of steel or fibre reinforced plastics. Doctoral Thesis, 1994:152, Luled Uni-
versity of Technology, 290.

Taljsten, B., 1996 Strengthening of concrete prisms using the plate bonding tech-
nique. Int. J. Fract., 82, 253-266

Taljsten, B., 1997a. Strengthening of concrete structures for shear with bonded
CFRP fabrics. Recent Advances in Bridge Engineering, U. Meier and R. Betti, 67-
74.

Taljsten, B., 1997b. Strengthening of Beams by Plate Bonding”, ACI | Journa of
Materialsin Civil Engineering, 9(4), 206-212.

Tanaka, T., 1996. Shear resisting mechanism of reinforced concrete beams with
CFS as shear reinforcement. Graduation thesis, Hokkaido University, Japan.

Technical Report no 55, 2000. Design guidance for strengthening concrete struc-
tures using fiber composite materials. Concrete Society, London.

Teng, J.G., Chen, JF., Simth, S.T., Lam, L., 2002. FRP-strengthened RC struc-
tures. UK: John Wiley & Sons Ltd., Chichester (UK), ISBN 0-471-48706-6.

Teng, J.G,, Lu, X.Z., Ye, L.P., Jiang, J.J., 2004. Recent research on intermediate
crack-induced debonding in FRP-strengthened RC beams. Advanced composite
materialsin bridges and structures, M4. El-Badry and L. Dunaszegi, eds., Canadian
Society for Civil Engineering.

Teng, JG., Smith, ST., Yao, J.,, Chen, JF., 2003. Intermediate crack-induced
debonding in beams and slabs. Construction and Building Materials, 17(6-7), 447-
62.

Teng, JG., Yuan, H., Chen, JF., 2006. FRP-to-concrete interfaces between two
adjacent cracks. theoretical model for debonding failure. International Journal of
Solids and Structures, 43(18-19), 5750-78.

TNO DIANA BV., DIANA, User's Manual.
Triantafillou, T. C., Deskovic, N., 1991. Innovative prestressing with FRP sheets.

Mechanics of short-term behavior. Journal of Engineering Mechanics, 117(7),
1652-1672.

Triantafillou, T. C., Deskovic, N., Deuring, M., 1992. Strengthening of concrete
structures with prestressed fiber reinforced plastic sheets. ACI Structural Journal,
89(3), 235-244.

237



Renata Kotynia

284.

285.

286.

287.
288.

289.

290.

2901

292.

293.

294.

295,

296.

297.

298.

290.

Triantafillou, T.C., Antonopoulos, C.P., 2000. Design of concrete flexural members
strengthened in shear with FRP, Journal of Composites for Constructions, 4 (4),
198-205.

Triantefillou, T.C., Plevris, N., 1992. Strengthening of RC Beams with Epoxy-
Bonded Fiber-Composite Materials. Materials and Structures, 25(4), 201-211
Tumiaan, G., Belarbi, A., Nanni, A., 1999. Reinforced concrete beams strength-
ened with CFRP composites: failure due to concrete cover delamination. Depart-
ment of Civil Engineering, Center for Infrastructure Engineering Studies, Report
No. CIES-99/01, University of Missouri-Rolla, USA: 1999.

Tyfo  UC Composite Laminate Strip System, 2015.
Ueda, T., Sato, Y., Asano, Y., 1999. Experimental study on bond strength of con-

tinuous carbon fiber sheet. In Proceedings of 4th International Symposium on Fiber
Reinforced Polymer reinforcement for Reinforced Concrete structure, 407-16.

Uji, K., 1992. Improving Shear capacity of existing reinforced concrete members
by applying carbon fiber sheets. Transactions of the Japan Concrete Institute, 14,
253-266.

Van Gemert, D., 1980. Force transfer in epoxy-bonded steel-concrete joints. Inter-
national Journal of Adhesion and Adhesives, 1, 67-72.

van Mier, J.G.M., Shah, S.P,, Arnaud, M., Balayssac, J.P., Bascoul, A., Chai, S., et
al., 1997 Strainsoftening of concrete in uniaxial compression. Materials and Struc-
tures, 30(4), 195-209.

Varastehpour, H., Hamelin, P., 1997. Strengthening of concrete beams using fiber-
reinforced plastics. Materials and Structures, 30, 160-6.

Vecchio, F.J., 1989. Nonlinear finite element analysis of reinforced concrete mem-
branes. ACI Structural Journal, 86(1), 26-35.

Vecchio, F.J., 1990. Reinforced concrete membrane element formulations. Journal
of Structural Engineering, 116(3), 730-50.

Vecchio, F.J., Collins, M.P., 1993. Compression response of cracked reinforced
concrete. Journal of Structural Engineering, 119(12), 3590-610.

Vonk, R.A., 1992. Softening of concrete loaded in compression. Ph.D. thesis.
Eindhoven University of Technology.

Wan, B., 2002. Study of the Bond Between FRP Composites and Concrete. Ph.D.
Dissertation, University of South Carolina, Department of Civil and Environmental
Engineering

Wang, C.Y, Ling, F.S., 1998. Prediction model for the debonding failure of cracked
RC beams with externally bonded FRP sheets. In: Proceedings of the Second Inter-
national Conference of Composites in Infrastructure (ICCl), Arizona, USA, 548-
562.

Wight, R.G., Green, M.F., Erki, M-A., 2001. Prestressed FRP Sheets for Post-
strengthening Reinforced Concrete Beams., Journal of Composites for Construc-
tion, 5(4), 214-220.

238



References

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311

312.

313.

314.

Wong, R. S. Y., Vecchio, F. J.,, 2003. Toward modelling of reinforced concrete
members with externally bonded fibre-reinforced polymer composites. ACI Struc-
tura Journal, 100(1), 47-55

Wu, H.CH., Eamon, Ch.D., 2017. Strengthening of Concrete Structures Using
Fiber Reinforced Polymers (FRP): Design, Construction and Practical Applica-
tions, Woodhead Publishing series and Structural Engineering

Wu, Z. S, Iwashita, K., Hayashi, T., Higuchi, T., Murakami, S., Koseki, Y., 2003.
Strengthening prestressed-concrete girders with externally prestressed PBO fiber
reinforced polymer sheets. Journal of Reinforced Plastics and Composites, 22(14),
1269-1286

Wu, Z. S, Yuan, H., Yoshizawa, H., Kanakubo, T., 2001. Experimental/analytical
study on interfacia fracture energy and fracture propagation along FRP-concrete
interface. ACI International SP-201-8, 133-52.

Xue, W., Tan, Y., Zeng, L., 2010. Flexural response predictions of reinforced con-
crete beams strengthened with prestressed CFRP plates, Composite Structures, 92,
612-622.

Yang, D.-S., Park, S-K., Nede, K. W., 2009. Flexural behaviour of reinforced
concrete beams strengthened with prestressed carbon composites. Composite Struc-
tures, 88(4), 497-508.

Yang, H., Wu, Z. S, Yoshizawa, H., 2001. Theoretical solutions on interfacial
stress transfer of externally bonded steel/composite laminates. J. Structural Me-
chanics and Earthquake Engineering, JSCE, 18(1), 27-39.

Yao, J., 2004. Debonding failures in RC beams and slabs strengthened with FRP
plates. Ph.D. thesis. The Hong Kong Polytechnic University.

Yao, J, Teng, J. G., Chen, J. F., 2005. Experimental study on FRP-to-concrete
bonded joints. Composites Part B Engineering, 36, 99-113.

Yao, J., Teng, J.G., 2007. Plate end debonding in FRP-plated RC beams-I: experi-
ments. Engineering Structures, 29(10), 2457-71.

Y eong-soo, S., Chadon, L., 2003. Flexural behavior of reinforced concrete beams
strengthened with carbon fiber-reinforced polymer laminates at different levels of
sustaining load. ACI Structural Journal. 100 (2), 231-240.

Yu, P., Silva, P. F., Nanni, A., 2008. Flexural strength of reinforced concrete beams
strengthened with prestressed carbon fiber-reinforced polymer sheets—Part I1. ACI
Structural Journal, 105(1), 11-20.

Yuan, H., Wu, Z., 1999. Interfacial fracture theory in structures strengthened with
composite of continuous fiber.” Proc., Symp. Of China and Japan: Sci. and Tech-
nol. of 21st Century, Tokyo, Sept.,142-155.

Yuan, H., Teng, J. G., Seracino, R., Wu, Z. S., Yao, J., 2004. Full-range behavior
of FRP-to-concrete bonded joints. Engineering Structures, 26(5), 553-564.

Zhang, S., Raoof, M., Wood, L.A., 1995. Prediction of peeling failure of reinforced
concrete beams with externally bonded steel plates. Proceedings of the Institution
of Civil Engineers: Structures and Buildings, 110, 257-68.

239



Renata Kotynia

315.

316.

317.

318.

319.

320.

321.

322.

Zhang, S., Raoof, M., Wood, L. A., 1997. Prediction of peeling failure of rein-
forced concrete beams with externally bonded plates. Proc., Inst. of Civ. Engrs,,
Struct. and Build., London, 122, 493-496.

Zhang, W., Kanakubo, T., 2014. Local bond stress-dlip relationship between carbon
fiber reinforced polymer plates and concrete under fatigue loading. ACI Structural
Journal, 111(4), 955-65.

Zhou, Y. W., Wy, Y. F., & Yun, Y., 2010. Analytical modeling of the bond-slip
relationship at FRP-concrete interfaces for adhesively-bonded joints. Composites:
Part B, 41, 423-433

Zilch, K., Niedermeier, R., Finckh, W., 2010. Bauteilspezifische Effekte aus die
Verbundkraftibertragung von mit aufgeklebten CFK-Lamellen verstarkten Beton-
bauteilen. Bauingenieur, 85, 97-104.

Zilch, K., Niedermeier, R., Finckh, W., 2011. Sachstandbericht Verstarken von
Betonbauteilen mit geklebter Bewehrung. Schriftenreihe des DAfStb No. 591,
Beuth, Berlin.

Zilch, K., Niedermeier, R., Finckh, W., 2012. Praxisgerechte Bemessungsansitze
fur das wirtschaftliche Verstarken von Betonbauteilen mit geklebter Bewehrung -
Verbundtragfahigkeit unter statischer Belastung. Schriftenreihe des DAfStb No.
592, Beuth, Berlin.

Zilch, K., Niedermeier, R., Finckh, W., 2014.Strengthening of Concrete Structures
with Adhesively Bonded Reinforcement Design and Dimensioning of CFRP Lami-
nates and Steel Plates. BetonKaender. Wilhelm Ernst & Sohn, Berlin.

Ziraba, Y.N., Bauch, M.H., Basunbul, I.A., Sharif, A.M., Azad, AK., Al-
Sulaimani, G.J., 1994. Guidelines towards the design of reinforced concrete beams
with external plates. ACI Structural Journal, 91(6), 639-46.

240






	RENATA KOTYNIA, FRP COMPOSITES FOR FLEXURAL STRENGTHENING OF CONCRETE STRUCTURES THEORY, TESTING, DESIGN. LODZ UNIVERSITY OF TECHNOLOGY, LODZ 2019
	Contents
	Preface
	Symbols
	1. Introduction
	1.1. Overview
	1.2. FRP materials
	1.3. FRP composites
	1.4. FRP strengthening systems

	2. Flexural strengthening
	2.1. State of the art in research
	2.2. Failure mechanisms of FRP strengthened RC members
	2.3. Strengthening with prestressed FRP members
	2.4. Preloading effect

	3. FRP to concrete bond behaviour
	3.1. Debonding mechanisms
	3.2. Bond behaviour between FRP and concrete
	3.3. Effective bond length
	3.4. Theoretical bond models

	4. Bond strength models
	4.1. Empirical models
	4.2. Shear bond slip models
	4.3. Parameters effecting the FRP to concrete bond behaviour

	5. Design guidelines and code formulations
	5.1. ACI 440.2R–08
	5.2. fib Bulletin 14
	5.3. fib Bulletin 90
	5.4. JSCE Recommendations
	5.5. Concrete Society TR55
	5.6. CNR DT200
	5.7. Swiss guide SIA166 2004
	5.8. German simplified method DAFStb (2014)
	5.9. The comparison of design approaches

	6. Advanced design models
	6.1. Accurate analysis of bond strength according to DAFStb
	6.2. Fundamental mechanics model

	7. Author’s approach to flexural strengthening
	7.1. Description of the model
	7.2. Comparative analysis of the tested members
	7.3. Parametric analysis

	8. Chosen nonlinear finite element models
	8.1. Nonlinear finite element analysis by R. Kotynia, H. Abdel Baky, K. Neale and U. A. Ebead (2009)
	8.2. Nonlinear finite element analysis by Sz. Serega, R. Kotynia and K. Lasek (2018)

	9. Conclusions
	References




