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ABSTRACT

The use of Carbon Fiber Reinforced Polymer (CFRP) is one of the most popular methods of
strengthening existing reinforced concrete structures nowadays. Many civil engineering structures
are strengthened this way. After many years of using CFRP strengthening techniques, more and
more concerns are dictated by its lifetime durability, gradual deterioration as well as quality
assessment of the bond between composite and concrete. Whenever any kind of defect is detected
in the bond, there is no simple answer to how it affects the structural member. That is why the
fundamental aim of the thesis is to investigate the behaviour of reinforced concrete beams
strengthened using CFRP strips with existing defects in the bond.

For the purpose of a better understanding of relevant factors affecting the studied
strengthening system and phenomena governing its behaviour, a brief literature review was
presented based on available data. Previously conducted studies concerning ‘the effect of the
defects’ were used as a reference to further work.

The experimental part of the thesis consisted of two series of RC beams strengthened with
CFRP strips, with a different number of stirrups. As a result, the influence of defects on predicted
failure mode was analysed. In each series, three selected defects locations along the beam, on
ultimate load also were studied. To observe the influence of the defect size ratio, an additional
specimen with a relatively large defect was introduced. Experimental work was preceded by an
investigation of materials.

To verify the predictive possibilities of numerical simulations, an additional part of the study
was dedicated to finite element analysis. This part focused on the selected strategy for numerical
modelling of strengthened RC beams with the initiated defects. The data obtained from the
experimental study allowed for the validation of numerical calculations. For an additional level of
verification of FE simulations, an independent numerical tool was developed based on fibre-beam
analysis and strain limitation concept. Thanks to the extended numerical study, the relationship
between the midspan defect size ratio and the ultimate load was determined for the adopted beam
geometry. Additionally, more insightful observations were made on the damage initiation criterion
and damage evolution along the beam. Numerical calculations show that the damage is initiated
discretely around the defects, in the proximity of the point load and at the ends of the strip in the
case of the conducted four-point bending test.

Received conclusions and observations from the study can be useful as a base for further
work in the point of view of formulating guidelines and simplified procedures for dealing with
defects that are detected during the inspection of passive strengthened structural members in

bending with the use of CFRP strips.
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SYMBOLS

SYMBOLS

In this study, the most commonly appearing symbols were presented below.

GREEK LETTERS

sy
4 red
EC

gcu

&f

01,07,03
O-fd

Tmax

LATIN LETTERS

strengthening efficiency
capacity reduction factor
strain of concrete
ultimate concrete strain
strain of CFRP

strain of steel

yield strain

curvature

load increment

creep coefficient
principle stress directions
stress in CFRP due to ultimate load
maximal shear stress

Poisson'’s ratio

area of the defect

area of total bonded CFRP strip

the cross-section area of bottom steel reinforcement in the RC beam
the cross-section area of top steel reinforcement in the RC beam
width of concrete beam

width of CFRP strip

CDP concrete damage parameter in compression/tension
damage evolution variable of CFRP-concrete interface

elastic modulus of concrete

elastic modulus of steel

hardening modulus of steel

elastic modulus of CFRP

characteristic compressive strength

mean compressive strength value

characteristic compressive strength

mean tensile strength value

yield strength of steel
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2F (2P)

Uy, Uy, Uy

the total value of acting point loads in four-point bending tests
fracture energy of the concrete-CFRP interface

width coefficient

effective bond length

length

value of bending moment/design value of bending moment
characteristic / design value of bending moment capacity
ultimate load

variable of damage initiation criterion

radius

ultimate slip

the thickness of the CFRP strip

mid-span deflection

displacement in x,y and z direction

MATRIXES AND TENSORS SYMBOL:

D elasticity matrix
£ strain tensor
&P plastic strain tensor
o stress tensor
IMPORTANT ABBREVIATIONS:
CAD Computer-Aided design
CCS Concrete cover separation failure mode
CFRP Carbon Fiber Reinforced Polymer
EBR Externally bonded reinforcement
EXP Experimental results
FB Fibre-beam analysis
FEA Finite element analysis
FIT The function of least-squares approximation
GFR Gauge factor
IC Intermediate crack debonding failure mode
IRT Infrared thermography
PE Plate end debonding failure mode
RC Reinforced concrete




BACKGROUND AND MOTIVATION

1. BACKGROUND AND MOTIVATION

1.1, INTRODUCTION TO THE RESEARCH

Nowadays, the technology of strengthening and rehabilitation existing reinforced concrete
(RC) structures is a widely used practice in the civil engineering industry, especially when more
and more focus is put on sustainable development. So far, it is still economically and
environmentally justified to strengthen existing structures rather than demolish old ones and build
new ones. Externally bonded reinforcement (EBR) in the form of steel plates was a popular type of
strengthening of structures since the mid-20th century [100]. In the early '80s, the building industry
draws more attention to lighter and non-metallic materials in the form of fibre-reinforced polymers
(FRP). Today, it is almost three decades since the first industrial use of carbon fibre-reinforced
polymers (CFRP) took place in Switzerland to strengthen a Rhine bridge [26]. From that time a
large amount of theoretical and applied research all around the world was dedicated to the
description of mechanical behaviour and the application of such strengthening systems in various
types of structures. Among others: RC, steel [86], masonry [91] and wooden [159] structural
members in bending, shear [77] and torsion [42] were investigated. As a consequence, it resulted in
the formulation of a few guidelines and standards for design purposes [N1][N5][N9][N10][N17],
especially in RC structures. After many years of using CFRP strengthening techniques, more and
more concerns are dictated by its lifetime durability, gradual deterioration as well as quality

assessment of the bond between composite and concrete.
1.2, OUTLINE OF THE PROBLEM

In the strengthening life cycle, there are two basic scenarios when a current state of
strengthening needs to be verified. Firstly, quality control is required to be done right after
strengthening execution. The surface of structural members prepared in a regardless way can result
in hidden defects or voids as well as discontinuities between concrete — adhesive or adhesive -
CFRP interface. Bond quality control does not refer only to the construction stage but also is
required during periodic inspections of existing structures [N18]. Rapid technological progress in
recent years led to the development of various non-destructive evaluations (NDE) of strengthening
systems that can deliver detailed data about the state of strengthening and the potential defects.
Discontinuities revealed in the bond, imply the need for the correct assessment of the structural
performance of strengthened members. This type of issue has to be subjected to engineering
judgment and leads to the fundamental conundrum - what actions need to be taken, what criteria for

acceptable defect level have to be chosen or how member capacity should be estimated taking
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revealed bond defects into account. There is a natural presumption that voids result in local
delamination of the strengthening composite material (especially in the case of passive
strengthening), which may lead to a stage where the bond does not meet the required criteria
anymore. Simplified calculation methods of CFRP strengthened members usually assume a perfect
bond between composite and concrete. That is why, a more complex approach needs to be taken,
given that the crucial aspect of the effectiveness of this kind of strengthening lies in adhesive bond.
Although available manufacturers' design guidelines for nondestructive evaluation of strengthened
RC structures indicate possible inspection methods, in the practice, they are limited mainly to
visual inspection and tap test [N18]. So far, it is not clear if any acceptable level of defect size in
FRP-bonded members exists, thus if any air voids or delamination are detected, (which is based
usually on the worker’s perception) laminate should be replaced with the new one [128]. The lack
of qualitative and quantitative guidelines for acceptable defect levels may lead to conservative

conclusions and unnecessary economic loss.

1.3. WORKFLOW CONCEPT

Many studies are dedicated to the constant development of existing NDE techniques in
a more and more automated manner. This creates new opportunities for a more convenient way to
go through the decision-making process during inspections. An investigation into the structural
performance of strengthened structural members with bond defects is also a part of a wider concept
of the automated diagnostic workflow. An attempt to create such a workflow is a subject of
research at Silesian University Technology [1][9][37][46]. The main goal of this research is to
develop a tool for the diagnostic of strengthened engineering structures even in hardly accessible
places, that gives information on the structural performance of the structure as feedback

(see Fig. 1.1).

Long term/ In-situ defects

Decision ‘

Investor /
Autonomous diagnostics Supervisor

S -

Image analysis ‘

\

Numerical analysis
Structural < d

assessment Experl—menfal‘
|__Investigation

Active IRT

Fig. 1.1. General workflow concept
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The creation of an effective workflow is a multilevel challenge where a wide range of engineering
branches need to be involved. There are many steps to develop: robotics, data acquisition, reliable
defects detection method, data conversion as well as structural analysis assessment that answers if
the defect level is acceptable. Although this research focuses mostly on the influence of defects on

structural performance, a brief description of the whole concept was presented below.

131, DEFECTS AND SELECTED NDE METHOD

Precise FRP strengthening quality control not only requires information if a defect exists or not
but also information about its size and localization. For inspections of composite structures, a few
non-destructive methods are used such as dynamic [112], acoustic, radiographic [159] and
ultrasonic testing [126]. Among them, a method of infrared thermography (IRT) can be found that
seems to have the required potential. A wide range of studies was dedicated to thermal diagnostics
and defects identification in the bond between CFRP and concrete [109][148][151][155]. In the
active infrared thermography pulse, pulse-phase and transient methods can be distinguished
depending on how the spatial temperature field is treated during the experiment. An example of

IRT diagnostic measurement was presented in Fig. 1.2.

Global Coordinate
System
RC BEAM

Local Coordinate
System

CFRP IR Camera

''''''''''' b Axis of movement

Fig. 1.2. General diagnostic measurement setup for IRT NDE

The transient technique gives results that are independent of the local emissivity based on the
inverse analysis, applied to retrieve the values of the thermal resistance between the CFRP and the
concrete [1]. The studies show that temperature response over time is higher in defective areas in
comparison to non-defective ones [134][143]. As a result of using this method, an image of the

bond with potential defects can be received.

11
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132, AUTOMATED DATA ACQUISITION

Data (image) acquisition can be processed manually but also in an automated manner. The
second way is especially important in non-accessible places or areas where access generates high-
cost eg. in the middle of the span of the bridge or inside girders. For this reason, robotic devices
and drones are more and more often developed and used (see Fig. 1.3) where track drive, wheel
drive vehicles and drones can be distinguished depending on specific use [37][51]. The recorded
data via a thermographic camera is transferred to the local PC via a set of microcontrollers and
sensors installed on the device. In the case of external FRP flexural strengthening which is mostly
applied linearly, the important issue is to keep track of coordinates according to the chosen
reference point. Thermographic images need to be taken the required number of times depending

on strengthening length and coordinates to allow localising defects along strengthening.

Fig. 1.3. Aerial device a) and wheel drive vehicle b) for top and bottom surface inspection [37]

1.3.3.  IMAGETO CAD CONVERSION

Images created in the previous step are a powerful database about the structure not only
when it comes to visual checks but also for digital or numerical investigation. Each image in its
digital representation is formulated as a grid of pixels with a specified size depending on its
resolution (see Fig. 1.4). Each pixel handles information about its colour. In the case of an RGB
pallet, it is defined by numbers that take values from O to 255 in three-dimensional space.
Converting images from colour to monochrome, numeric representation is reduced to one
dimension which is much more convenient for retrieving extreme temperature areas. For this
purpose, an author developed a python script that has been used for analysing images pixel by pixel
where a two-dimensional matrix of numbers is created as a result. Numeric boundaries of the
created matrix are remapped based on the max/min boundaries of the temperature scale of the input

image.

12
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Fig. 1.4. Image transformation and its numeric representation.

Usually, the camera is not directed perpendicular to the surface because of the reflecting
phenomenon. For this reason, the image is somehow distorted. However, when the distance range
from the camera to the object is relatively small, this issue can be neglected. In the general case, the
image geometry should be transformed with an assumed level of acceptance of its representation in
perpendicular projection, knowing the distance from the camera to the object and its inclination.

In addition to information about colour, each pixel has its own coordinates (u,v) based on
which the point object can be defined in scaled 2D image space.

By filtering out the assumed temperature level which is considered a defect of photography
(Fig. 1.5a), shapes in form of point clouds are created (Fig. 1.5b). The outline of the defect is
received by solving the mathematical convex hull problem. As a consequence approximation of the
defect outline is obtained as a polyline in CAD representation (Fig. I.5¢). At this point, such
representation can be used to estimate the revealed defect area and compare values to acceptable
defect levels if a proper nomogram or guidelines will be available. On the other hand, it can be

stored in a digital model of structure (digital twin concept) or can be used for advanced numerical

analysis.

b) ©)

Fig. 1.5. a) image from IR camera, b) filtered temperature range,
c) automated CAD approximation of the defect (red line).

13
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1.34.  FROM ALGORITHM TO DIGITAL MODEL

For described workflow, a complementary feature can be added to increase automation of
the structural analysis of strengthened structures where defects could be taken into account until
specific guidelines for defects will be created. To perform analysis, the numerical model is
generated, which is a digital representation of the existing structure that includes all of the data of
material models, geometry and boundary conditions (Fig. 1.6a). Usually, the numerical model is
created manually in the target FEA software each time. However, the design process of reinforced
concrete members such as beams or slabs is repetitive to some extent. By recreating and properly
composing structural rules, an algorithm could be defined (Fig. 1.6b) that generates structural

member geometry as an output.

Input
parameters

Fig. 1.6. a) Laboratory and digital RC beam models investigations b) block representation of the algorithm of
RC beam in the parametric design concept.

As a result, from one properly prepared and developed algorithm, an adaptable numerical
model is obtained whenever the algorithm is called by changing input parameters. This is known as
the concept of parametric design [10][13][28]. Parameters can be different in various strengthening
scenarios. In the simplest case, rectangular beam cross-section dimensions, beam length, main
reinforcement spacing, stirrups spacing, strengthening geometry and most important: defect
geometry and position along the beam, can be set as input parameters in the algorithm. Most of the
input data for the algorithm is used to be available in the design reports as structural data of the

existing structure.
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1.4. RESEARCH AIM AND SCOPE, OBJECTIVES AND LIMITATIONS

Regardless of how the quality control is carried out (manually or automatically), the problem
remains the same - how to estimate the load capacity of a component with present defects? Very
limited research in this civil engineering field pays attention to defects' influence on strengthened
beams. Some of them indicate that the structural performance of passive flexural strengthening may
vary depending on the location of the defect and some cases can be neglected. As far as known,
there are more parameters influencing the behaviour of flexural strengthening RC beams [N5] and
failure modes [81] that should be taken into account to create more general quantitative guidelines
to support engineering judgment. Engineering research usually starts from scientific curiosity
accelerated by doubts and questions that occur in engineering practice and cannot be answered in a
satisfactory manner with the current state of knowledge. In considered context, such questions that
this study is going to answer can be formulated as follows:

- Is it always necessary to replace applied CFRP laminate no matter how big the defect or air
void is detected in the bond?

- Is it possible to arrange and classify geometrical properties of air voids (dimension, quantity,
percentage, distance) based on which it can be decided that the laminate safety level is no
longer acceptable?

- Can failure mode be controlled by the bond defect regardless of the predicted failure mode with
the perfect bond or can failure mode be changed?

- Is it possible to estimate the flexural capacity of CFRP-strengthened RC members based on
records of bond defects detected along the laminate?

- Can the behaviour of the flexural strengthened members with defects in the bond be

satisfactorily represented in the numerical simulations?

Given the above, the main aim of this study is to investigate the influence of bond defects on the
behaviour of CFRP flexural strengthened RC beams in both laboratory tests and numerical
simulations.

Considering that the investigation deals with the safety aspect, conclusions based on this
study should be formulated in a gentle and careful manner. It is necessary to set the limitations of
this study that need to be taken into account:

- Only flexural passive strengthening of rectangular RC beams with the use of CFRP strips is
considered,

- The study is limited to strengthened beams with defects subjected to monotonic load only.

15
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1.5.  ORGANIZATION OF THE THESIS

The thesis consist of six chapters described briefly below.

CHAPTER 01 — BACKGROUND AND MOTIVATION — description of the background and motivation of
this study, the problem definition, aim and scope as well as its limitations.
CHAPTER 02 - INTRODUCTION - presents an overview of issues related to passive CFRP

strengthening. Attention is focused on parameters affecting strengthening, failure modes and
defects which leads to a better understanding of crucial aspects from the point of view of this
study when defects are taken into account.

CHAPTER 03 - EXPERIMENTAL PLAN, RANGE AND METHODOLOGY - presents an experimental plan and

assumptions that have been made. It provides details of test specimens, experimental setup, test

procedures and measurements used in tests.
CHAPTER 04 — EXPERIMENTAL INVESTIGATION - In this chapter, an experimental study is presented.

Work starts from the investigation of materials used in the research, through the results of full-

scale beam specimens with applied defects.
CHAPTER 05- NUMERICAL ANALYSIS - deals with numerical modelling of the structural response of

CFRP-strengthened RC beam with bond defects. A review of the numerical methods used in
the research also was briefly presented. The experimental findings, received in the previous

chapter, are used as a reference for the validation of models.
CHAPTER 06 - SUMMARY - discuss the findings of the research presented in the previous chapters.

Conclusions, as well as recommendations for further research, are formulated.

16
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B
2. INTRODUCTION TO GFRP STRENGTHENING

2.1. BRIEF INTRODUCTION TO FRP MATERIALS

FRP is a group of composite materials consisting of the polymer matrix and a wide range of
fibres, composed and manufactured for many purposes. Many fields including aerospace, aircraft,
railway, automotive, sport, and even the clothing industry are direct recipients of FRP materials,
mainly because of their high strength-to-mass ratio. The building industry uses FRP as an
externally bonded reinforcement (EBR), an internal reinforcement as rebars [45], and directly as
prefabricated structural members [135]. Nevertheless, still, the most recognized application of the
FRP in the civil engineering environment seems to be the technology of strengthening and
rehabilitation existing reinforced concrete (RC) structures (see examples presented in Fig. 2.1).

There are many reasons that RC structures may require the use of strengthening including:

e increase of the load capacity as a consequence of functionality change,

e insufficient reinforcement in case of design or construction in-situ mistakes,
e structural alterations as a supplementary reinforcement,

e structural damage or to improve seismic resistance,

e repair deteriorated structural members.

Fig. 2.1 Examples of FRP strengthening application [128] | two a) and one direction b)

FRP material consists of fibres, resin matrix, and adhesive. For FRP materials a wide group
of fibres can be used where glass, aramid, basalt or carbon fibres are most common. Different kinds
of fibres have different sets of mechanical properties and tolerance for environmental influences
(see Table 2.1 and Fig. 2.2a ) [74][159]. In this study, only carbon fibres will be further taken into

consideration.

17
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Table 2.1. Mechanical properties of selected fibres according to [N5]

Young’s modulus Tensile strength Ultimate tensile strength
[GPa] [MPa] (%]
Aramid 70 - 130 3500 - 4100 25-5.0
Carbon 215-700 2100 - 6000 02-23
Glass 70-90 1900 - 4800 3.0-55
Basalt 80-90 2500 - 3200 3.0-35
Natural 30-70 500 - 1500 1.5-40

Depending on a destination, there are several types of CFRP strengthening: wet lay-up
systems, systems based on prefabricated elements and also special systems (e.g prestressed or near-
surface mounted etc). A strengthening system based on pre-cured strips with unidirectional fibres is
usually recommended for straight and plane surfaces. Wet lay-up systems in form of sheets or

fabrics with one- or two-directional fibres are more flexible and applicable also to out-of-plane

surfaces.
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Fig. 2.2 a) Comparison of fibres' mechanical properties ranges (based on [42])
b) flowchart of the design of the strengthening system (based on [100])

CFRP strengthening system is typically manufactured in a pultrusion process [44]. Direct use
of CFRP materials, is proceeded by the design stage where the pros and cons of strengthening
material choice in a particular case are considered. An example of a flow chart formulated for the

design process of strengthening [N17][100], is presented in Fig. 2.2b.
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2.2. THE GENERAL BEHAVIOUR OF CFRP-STRENGTHENED RC BEAMS IN BENDING

Understanding the behaviour of CFRP strengthening and its limitations are crucial steps in
understanding undertaken design solutions and utilizing them for the right application, as well as in
the context of this study. Over the years, many studies were conducted to recognize CFRP
strengthening behaviour mainly on RC beams in bending where various factors and boundary
conditions have been taken into account. A general trend in load - mid-span deflection response of
idealised CFRP strengthened RC beam based on laboratory four-point bending tests under

incremental load was presented in Fig. 2.3.

Load |, | Stage C

\ i H
i i Yielding of Reinforcement
P,
P!"
i StageD
i Damage
i | Concrete Cracking LA
losse! =
[ ] [ ]
P, Stage A
Elastic Stage
o000
Deflection

Fig. 2.3 Typical flexural stages of CFRP strengthened RC members until failure (based on [14])

In reference to non-strengthened RC members, a few similar phases can be distinguished in the full
load range. At the very beginning, the strengthened RC beam remains fully in the elastic range
(stage A), until the concrete reaches its tensile strength. After the load reached a certain value
corresponding to the cracking moment, the structural member in the crucial section enters
stage B. In this stage, developing cracks cause a weakening tension zone of concrete and cause
a movement of the neutral axis in the beam cross-section. Moreover, forming cracks leads to loss of
initial stiffness of concrete which results in higher deflection of the cracked beam in comparison to
an idealised uncracked beam with the same load level. A decrease in stiffness can be observed as
amore horizontal slope on the load-deflection plot. The next phase (phase C) is initiated by
exceeding reinforcement yield strength in a critical cross-section followed by increasing plastic
strains of reinforcement due to increasing load level until failure. However, depending on the

geometry, properties of used materials and their application, failure (phase D) can occur after as
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well as before phase C. Nevertheless, such ductile behaviour where yield strength of reinforcement
is reached and followed by damage due to concrete crushing or delamination of composite is
usually considered a desirable failure in terms of safety in both RC and CFRP-strengthened
members. The different forms of damage are usually described in the literature under the term
‘failure modes’. On the whole, there are a few failure modes that were observed in laboratory tests
of strengthened beams [81][141]. They can be divided into two main categories:

e where composite action between concrete and strengthening remains,

e where the loss of composite action of strengthening occurs.
2.3. FULL COMPOSITE ACTION

In the first group concrete crushing in the compressive zone (Fig. 2.4a) and laminate rupture (Fig.
2.4b) without debonding can be distinguished, preceded or followed by steel yielding. However, in
the case of carbon-based composite fibres, rupture failure is hardly ever observed due to its high
tensile strength [87].

a) b)
Compression failure

/ ! |

FRP rupture

Fig. 2.4 Failure modes with remained CFRP - concrete bond
a) failure at concrete compression zone b) CFRP rupture

When full composite action remains, basic simplified principles of design of the cross-
section in bending strengthened with externally bonded CFRP composites are quite similar to the
traditional elastic design of reinforced concrete structures in bending [N4][N5]. Hence, the main
assumptions are: the plane section remains plain before and after bending as well as tensile stress
acting on concrete is neglected. The major principle is an assumption of the perfect bond between
steel reinforcement and concrete and crucial from point of view of this study - full composite action
between the CFRP and the concrete substrate. The estimation of the capacity of the strengthening

section is based on the strain limitation of section components.

20



INTRODUCTION  TO CFRP STRENGTHENING

b & WE € bx
v ) ASZESEi27 o P
=

e 7 d, € |’ / B
ASZ X ’ﬁ/ G
h . '
As1 A51EsEs1
o \E £,
Af N
b; t £, € N Ar s g

Fig. 2.5 General case of analytical method of cross-section design

In the analytical approach, the design moment resistance can be obtained from moment
equilibrium. A few design cases need to be considered, depending on the failure mode. Then strain
quantities in Fig. 2.5 are replaced by proper limit values (for an explanation of the symbols see the
list at beginning of the thesis). The most desired failure is the yielding of the tensile steel
reinforcement and crushing of concrete when CFRP bond interaction with concrete is still
maintained [N5]. Neutral axis depth x and flexural resistance of cross-section can be calculated
from strain compatibility and internal force equilibrium. Then calculated strain values in internal
steel reinforcement and external composite reinforcement are compared with adequate ultimate
strain values. A compressive zone can be limited with the use of coefficients ¥ and &, [N5].
Additionally, initial strain &, need to be taken into account when strengthened structural member
was not fully unloaded before strengthening.

Nevertheless, for the flexural design of the RC strengthened section, a more general
numerical-iterative approach based on fibre-beam elements and the same ultimate strain concept of
materials can also be used [142][27]. It is a direct result of the mechanical properties and
generalization of previously introduced principles of the cross-section design method of RC
structural members. An advantage of such an iterative approach is the possibility of applying the
nonlinear stress-strain relationship of material used as cross-section components. It is particularly
important in the case of brittle-plastic materials like concrete where tensile and compressive
behaviour can be taken into account. In this study, this method was used as another level of
verification of the main numerical analysis and the procedure was described in Appendix A. The
main numerical analysis using the finite element method also can be used for calculations of
strengthened members in both cases: full composite action and when composite action loss is

expected. Finite element analysis (FEA) was presented and described in chapter 5.
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2.4, 10SS OF COMPOSITE ACTION

Apart from design based on full composite action, it is required to prevent occurring
debonding failure modes. That is why bond plays a crucial role in externally bonded strengthening
systems. The most observed type of failure is the loss of composite action due to debonding.

Debonding is understood as a failure that may be initialised at different interfaces (see Fig. 2.6).

Concrefe repair

debond \

Concrete repair
debond

Debond : FRP delamination

FRP/adhesive/conrete

Fig. 2.6 Various bond interface debonding (based on [46])

In the case of RC beam strengthening, various failure modes related to debonding can be
found in the literature depending on the initiation point alongside the structural member [81][141].
Hence, two main types can be distinguished: those induced away from the ends of the CFRP (also
known as intermediate crack debonding - Fig. 2.7a) and those associated with high interfacial
stresses near the ends of the bonded plate in a high-shear, low-moment region: (Fig. 2.7b) at the
level of concrete cover or at the level of bond interface between concrete and CFRP (Fig. 2.7c¢).
Some studies, classify the peeling-off of the CFRP due to the unevenness of the concrete surface in
this group (Fig. 2.7d).

a) b)

. 3§ !

Concrete surface

e

Fig. 2.7 Failure modes due to loss of composite action: end debonding a) concrete cover separation b)
intermediate crack debonding c¢) debonding due to unevenness
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24.1.  INTERMEDIATE CRACK DEBONDING (IC)

It occurs as a result of the bond interfacial shear stress effects in form of flexural as well as
shear-flexural cracks along the RC beam. Debonding is initialised by the cracks bridged by the
CFRP and it propagates in a thin layer of concrete towards the end of the CFRP strip. It was noted
that the formation of critical initiating cracks can be affected by the loading pattern. According to
[N8], for design consideration simplified stress/strain limitation approach can be taken. Then stress

and corresponding strain need to be limited and the following criteria need to be met:

0ga < 0rq = min ( frpaic fra) (2.1)
€ga < &q = min (fﬂé% ,Z—: (2.2)
2
kerickiks |52 o 03
frpaic = Vb
where:
fra - the design stress limit value for composite
ffbd_ Ic - the design value of FRP bond strength corresponding to IC debonding failure mode:
fem - mean compressive strength value
k, =0.17 -  coefficient obtained from the statistical procedure as a 5% characteristic value
ke =18 - empirical coefficient
ky - width coefficient (see 2.5.6)
Ord/€Ed - the design value of stress/strain
Yrp =19 - safety factor

A more accurate approach based on the analysis of concrete segments between cracks can be

found in [N8].

2.4.2.  ENDINTERFACIAL DEBONDING/PLATE END DEBONDING (PE)

In this case debonding is associated with high interfacial shear and normal stresses near the
ends of the bonded plate (see Fig. 2.8). This stress in RC beams is related to the sudden ending of
the CFRP strip and it is induced by the curvature of the beam under loading [79]. Failure is
initiated at the near plate end and propagates towards the mid-span region. According to [154], this
failure mode is most likely to occur with a low plate-width to beam-width ratio. This failure mode
occurs usually at the end of CFRP and runs along the beam in a thin layer of concrete near the
surface of the composite due to the typical lower tensile strength of concrete in comparison to the

adhesive.
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Stress

Interfacial shear stress t

Normal stress o
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; \—/ Distance along FRP

1 End of FRP laminate

Fig. 2.8 Distribution of bond stress on the surface of the CFRP-strengthened beam

A design indication for avoiding this type of failure is to ensure the required curtailment of

CFRP [N8] or to strengthen the anchorage zone.
2.43.  CONCRETE COVER SEPARATION (CCS)

Unlike plate-end debonding this failure mode usually occurs at the level of bottom internal
steel reinforcement due to a shear crack in the end region of CFRP which is related to the low shear
strength of strengthened RC element [41]. Failure is initiated at the end of CFRP and propagates
towards the middle of the span. Usually, a part of the concrete cover remains at a detached CFRP
plate after failure. There are a few different approaches like concrete tooth models or interfacial
stress-based models in dealing with CCS failure mode. Most simple and preferred by guidelines
CCS design check, based on Jansze’s shear strength capacity model and strut and tie (truss) concept
[47]. The target truss is set up as a combination of two systems: an unstrengthened member with
internal reinforcement only and a member with externally bonded reinforcement [N8]. Failure
mode occurs when a tie in the concrete generated due to force in the strip can not be carried by
concrete strength due to a missing shear tie between external composite and internal steel

reinforcement.

Compression
A

Tension

Tie initiafing o A
failure

Shift =4

Fig. 2.9 Tuss analogy - strut and tie concept (based on [N8])
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Thus, if shear occurs at the end of support (Vgq) exceed shear resistance (Vgq ¢ re), additional shear

reinforcement at the end of the CFRP strip should be provided:

19.6(100p,)%15
VEd < VRd.c.fe = 075 1 + a VRd.C (24)
f
where:
ar - distance between support and end of CFRP strip in mm
p - steel reinforcement ratio
S
Vrd.c a design shear capacity value of the member without shear reinforcement according to [N4]

244, DEBONDING DUE TO UNEVENNESS

It is mostly related to the proper preparation of concrete surface prior to strengthening as
well as during the installation process. Again, in FIB90 Builettin [N8] it was mentioned that it is
unlikely to cause total debonding. On the other hand, it is recommended to reduce risk by proper
treatment of concrete surface that prevents a reduction of internal force transfer due to accidental
surface defects. Acceptable values of unevenness (see also Fig. 2.7) at the concrete surface
(measured from the perfect geometry of the CFRP strip before the application) were presented in

Table 2.2.

Table 2.2. Acceptable values of unevenness at strengthened element concrete surface [N5]

Precured CFRP On a 2.0m base On a 0.3m base
thickness (mm) (mm)
>Tmm 10 4
<1mm 6 2

2.45.  BOND STRENGTH

The bond is responsible for transferring forces between all related components - concrete, adhesive
and composite. Bond strength is usually determined in shear lap tests (see Fig. 2.10b).
Mathematically, bond behaviour is usually expressed by a bond-slip relationship which describes
the shear stress transfer 7, and the corresponding slip. The area under the bond-slip curve defines
the fracture energy (Gy) of the concrete — CFRP interface (see Fig. 5.16). Many bond models have
been described [118]. They can be used for the estimation of anchoring forces, crack formations,
numerical analysis etc. [N5]. A wide review of advanced bond strength models can be found

in [79].
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CFRP
Adhesive  p|ate

- Concrete

Fig. 2.10 Single shear-lap test setup (based on [130])

2.5. GENERAL FACTORS AFFECTING CFRP FLEXURAL STRENGTHENING

DESIGN RELATED FACTORS

2.51.  MEMBER GEOMETRY, STEEL, AND CFRP REINFORCEMENT RATIO

When the design of the strengthening of existing members using CFRP is required, data on
member geometry, steel reinforcement ratio and material properties usually should be known.
Those factors affect own bending capacity of the beam even if it is non-strengthened. By increasing
member cross-section size and steel reinforcement ratio, its capacity even without strengthening
also increases and as a result the capacity after strengthening increases. That is why it is used to
consider quantity like strengthening efficiency instead of direct member's bending capacity.
A study conducted by Kaminska and Kotynia [67][82] revealed that the effectiveness of CFRP
strengthening of RC beams is higher for the lower value of the steel reinforcement ratio. A higher
value of bending moment capacity can be achieved by increasing the CFRP reinforcement ratio
(see Fig. 2.11a). However, it can be done up to the moment when the value of strain in concrete
exceeds the value of the ultimate strain of concrete usually equal to 3,5%o. It has been noted that the
debonding process of CFRP starts when strain achieves a value of about 5,0%0. A further study
based on a vast numerical parametric study proceeded with laboratory tests [79] shows a clear
distinction between failure modes of IC debonding and concrete failure in compressive zone
depending on those factors. The relationship was expressed through strengthening efficiency as

a function of CFRP reinforcement ratio concrete grade and steel reinforcement.
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Fig. 2.11 a) steel and composite area ratio relationship for strengthened RC beams in bending (based on [67])
b) load — CFRP strain relationship for different steel grades [12]

2.5.2.  SIEEL GRADE

An investigation [12] on strengthened RC beams in bending with different steel grades of
internal steel reinforcement confirmed the relationship resulting directly from the mechanical
properties of materials. Results in form of a relationship between the applied load of the beams and
recorded CFRP strain for different yield strengths of internal steel reinforcement were shown in
Fig. 2.11. For reinforcing steel of a yield strength of 360-520 MPa ultimate strain of CFRP was
recorded in the range of 4,8-6,2%o. For steel of yield strength, equal 1860MPa recorded ultimate
strain value was 7.16%o. The lower value of the steel yield strength for the same steel reinforcement
ratio, the lower value of ultimate load and the ultimate strain in CFRP were observed in the study
when a relatively low value of concrete strength was used (cubic concrete strength varied from 17.6

to 24 MPa).

2.5.3.  PRELOADING EFFECT AND INITIAL STRAIN PRIOR TO CFRP STRENGTHENING

CFRP strengthening is rarely designed for newly raised RC structures and its most common
application is to retrofit existing structures to elongate their life cycle in terms of ultimate and
serviceability states of design. Structural members of such structures undergo certain load history
and they have some current load and strain states which should be taken into account during the
design stage. Several studies have been conducted to investigate the importance of the preloading
effect in the flexural strengthening of existing RC structural members [4][49][96][152]. General
conclusions from those investigations can be formulated as follows: the higher value of the
sustaining load during strengthening application, the lower value of the ultimate load at failure.
Moreover, in the study [152] it was noted, that there is no significant difference in the ultimate
capacity of strengthened beams when the initial load is the same for specimens with different load

histories prior to strengthening. In design considerations, the effect of preloading resulting in initial
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strain in strengthened members is commonly taken into account by reducing the CFRP strain by the
value equal to the existing concrete strain during the application of composite [87][100] or by
assuming initial curvature along strengthened cross-section [79]. Thanks to this approach, the
calculated force acting inside the CFRP laminate decrease respectively, but it can influence the
serviceability limits of the strengthened member [15]. Guidelines [N9] indicate that initial strain
can be neglected in the case when the existing load causes a bending moment that is smaller than

the cracking moment of the structural member.
2.54.  EFFECT OF LOAD DISTRIBUTION

Research on strengthened beams is usually conducted in the point-loading test instead of
a uniformly distributed load which usually fits more to the real design cases. A study [40]
performed on beams in the flexural test with a different number of loading points revealed an
increasing value of the ultimate bending moment at failure with the increasing number of loading
points used in the test and simultaneously, more regions with local debonding were observed prior
to the ultimate failure and critical crack was observed closer to the midspan. Obtained conclusions
in this study indicate that developed debonding strength models based on beams tested in three- or
four-point bending can be conservative for design use in the case of beams under uniformly

distributed loading schemes.
2.55.  EFFECTIVE BOND LENGTH

The effective-bond length concept of CFRP strips can be understood in a similar manner to
reinforcing bar anchorage length in RC structures. It is a minimum length capable to transfer the
required maximal tensile force between the strengthened member and EBR. Increasing the value of
effective bond length does not result in an increased possibility of greater stress transfer due to the
limitation of fracture energy in the bond. It is determined mostly in the pull-off test [17][76]. In
a simply supported beam, it is related to an uncracked zone beyond the outermost crack (see Fig.
2.12). That is why it is required to determine the critical section (where the bending moment value

is lower than the cracking moment M,,) from which the anchorage needs to be provided.

i Ouferrno\sf crack

9

==/ /

Fig. 2.12 An effective length concept (based on [15])
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Over the years different empirical formulas for the minimal effective bond length were

proposed (see Table 2.3). It can be noted that most of them depend on strengthening as well as

concrete mechanical properties.

Table 2.3. Selected formulas for effective bond lengths

HOLZENKAMPFER [54] L= | Bt 25)
(1994) 2 Ecm
CHEN & TENG [17] Ly = |24 2.6)
(2001) fom
fib Bulletin 14 [N5]
(2001) T 2.7)
fib Bulletin 65 [NT] B2 2 ferm
(2010)
23300
ACI 440.2R-08 [N1] Eb =" o8 (2.8)
(2008) (Erteny)
GNR-DT 200 R1[N9] E -t
(2013) gy =150 |- ;, (2.9)
fib Bulletin 90 (2019)

where:
nf
Gf
So

Iy

number of applied CFRP strips

fracture energy of the concrete-CFRP interface
ultimate slip of bond strength law (see Fig. 5.16).
CFRP plate thickness

In most cases, effective bond length depends proportionally on the square root of the part of

the axial stiffness of EBR. For this reason, the use of CFRP with higher stiffness requires ensuring

a higher value of effective bond length. If the provided anchorage zone is shorter than the effective

length, there is a limitation of maximal stress value which the bond is capable to transfer (see Fig.

2.13) according to the formula below:

lEb < lEb.max

where:
lEb.p

lEb.max

Jf ad.max

lEb.p lEb.p
Ofad = I 2 - ] * Ofad.max (2.10)
Eb.max Eb.max
provided bond length
effective bond length

maximal stress which a full bond length is capable to transfer
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Fig. 2.13 a) Anchorable tensile stress in relation to anchoring length
b) width coefficients in a function of plate width to beam width ratio (described further in the text)

2.56.  MEMBER WIDTH TO STRENGTHENING WIDTH RATIO

Based on numerous results from pull-off tests Chen and Teng using a regression method

determined the linear relationship between ultimate bond strength and the coefficient relating

member and laminate width [17]. If the width of the bonded plate is smaller than that of the

concrete member, the force transfer from the plate to the concrete leads to a non-uniform stress

distribution across the width of the concrete member. A smaller b, compared to b, may result in

higher shear stress in the adhesive at failure, attributed to the contribution from the concrete outside

the bond area. That expression was slightly modified by Lu et al. Various formulas for width

coefficient calculation were presented in Table 2.4 and Fig. 2.13b.

Table 2.4. Selected width coefficients formulas.

-- —b./b
HOLZENKAMPFER [54] k, = 1.06 r/be @.11)
GHEN & TENG [17] 2 = by/bc 2.12)
LU et. al. [98] Ky = | 222~ br/be (2.13)
where:
br CFRP width
be Strengthened member width
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The coefficient appears usually as a multiplier in bond strength formulations influencing

calculated limitation stress or strain [N1][N8][N9].
25.1. STIFFNESS OF STRENGTHENING (CFRP)

It has been mentioned before, that axial stiffness influences effective bond length.
Nevertheless, from the experimental test made on CFRP as well as steel EBR, it has been noticed
[39][114] that with lower EBR stiffness, a higher strain at failure can be achieved (see Fig.
2.14a)['79]. From the study made on different types of CFRP for strengthening [81], it has been
noted that for CFRP strips with a higher value of axial stiffness (expressed by the modulus of
elasticity and thickness of laminate E=220GPa, t=1.4mm) debond occurs at the lower value of
strain ~5%o in comparison to CFRP EBR with a lower value of stiffness (E=172GPa, t=1.2mm)
with ultimate strain about 6%o.

a) b)
Fib 14, approach 1 —Fib 14, approach 2 :—:
14 — Al — JSCE __O_O_O_
— Fib 90, approach 2 8

— Fib 90, approach 1

— TR55, approach 1 TRSS, approach 2
SIA166 CNR DT200/2004
L \ CNR DT200/2013 O t} O

Strain ef [%)

50 100 150 200 250 300 350 400
Axial stiffness, Est; [Nm]

Fig. 2.14 a) strain — stiffness relationship according to different guidelines (based on [79)])
b) transverse force concept in CFRP with different stiffness (based on [39])

With increasing CFRP strip stiffness, the maximum bond shear stress T¢,.x and the maximum
fracture energy G, decrease. According to Fickh [39], this is explained by greater transverse
compressive forces acting along less stiff CFRP strips [39]. Those forces hinder the detachment of

the aggregate at the bond interface (see Fig. 2.14b).
2.58.  CONCRETE GRADE

Concrete grade affects minimal concrete strength properties and naturally increases beam
bending capacity and as a consequence its strengthened equivalent [80]. According to Table 2.3, it
can be noted that mechanical properties are related to a major number of formulas determining
effective bond lengths. A general trend is as follows: CFRP — concrete bond interface with higher
values of modulus of elasticity, tensile and compressive strength requires lower effective bond

length (see Fig. 2.15a).
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Fig. 2.15 a) Effective bond length — f relationship (based on [79])
b) fracture energy in the function of fu (based on [25])

The concrete grade through its mechanical properties of concrete is correlated with the
fracture energy of the interfacial CFRP — Concrete bond (see Fig. 2.15b). Simplified equations to
estimate the fracture energy Gf in the pull-off test depending on the concrete compressive strength
and maximum aggregate size were presented in Table 2.5. As mentioned before Gy also is related to

the stiffness of the CFRP strip.

Table 2.5. Selected formulas for fracture energy of the concrete-CFRP interface

ZEI-I(I;TUI\:IJI:;ER Gr = 0.046 /fctm * fem (2.14)
2
2 1
where:
Omax - maximal aggregate size in concrete
ke - width coefficient (see 2.5.6)
259.  FATIGUE

The fatigue life is understood as the minimal number of cycles up to the failure of any component
of the structural system. It was noted that strengthening RC beams using CFRP increases their
fatigue life and the failure was always initiated by the brittle fatigue fracture of reinforcing steel
[35]. The stress level of reinforcing steel due to applied load was indicated as the crucial factor in
predicting the fatigue life of CFRP-strengthened RC beams [72]. According to [N8] as a design
criterion, it is recommended to limit the stress range in steel rebar to that allowed in the member

before strengthening. The utilisation of tensile strength in the passive CFRP strengthening of RC
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beams is low which increases the fatigue life of the composite. Moreover, at a material level,

carbon-based composites show significant fatigue resistance [74].
2.510.  PRESTRESSING

The main allegation made against passive external CFRP strengthening is low utilization of
potential fibre tensile strength as well as low contribution in dealing with deflection [75].
According to [34] [84] usage of tensile strength in such strengthening, the system is estimated in
arange of 30-35%. Hence, more focus was put on improving the usage of tensile strength and
aspects related to improving the serviceability of strengthened members. That is why more interest
was dedicated to prestressing composites where many solutions of prestressing have been proposed
and new ones are still being developed [120]. In contrast to passive strengthening, prestressed
systems require special anchorage solutions to increase the transfer of shear stress resulting in a
higher effectiveness of composite utilization and better limitation of deflection by introducing
a prestressing load. More information can be found in related literature based on national research
conducted in Poland mainly at the Silesian University of Technology [63], £6dZz University

of Technology [85] as well as Rzeszow University of Technology [121].

IN SITU APPLICATION AND EXPOSURE FACTORS
2511, SURFACE PREPARATION

Iovinella et al. perform a vast study on the influence of several methods of surface preparation
(sandblasting, bush hammering, grinding, brushing) on bond strength and fracture energy [56]. In
the study, the relationship between bond strength and surface roughness was analysed. As
a consequence, an additional multiplicator for the formula of fracture energy was proposed to
include the effects of surface imperfections. Similarly, Soares et al. studied the influence of surface
preparation on the bond behaviour of externally bonded CFRP reinforcement in single-lap shear
tests where two different methods of concrete surface preparation: grinding and sandblasting [138].
In this study tests conducted with the use of a laser sensor revealed that sandblasting produced
higher roughness of the surface than grinding. As a consequence higher ultimate shear force values
were obtained in the case of sandblasting compared to grinding. Nevertheless, the initial stiffness of
the strengthening system remained unchanged. Another study on surface preparation with the use
of grooves with different shapes has been conducted by Mashrei et al [105]. The study revealed
that prepared grooves filled with epoxy during CFRP had a positive impact on the bending capacity
of the tested RC beams. By increasing the surface area in rectangular grooves significant increase

in bending capacity can be achieved in comparison to triangular grooves with the same depth.
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2.512.  ENVIRONMENTAL CONDITIONS

Temperature plays a crucial role in CFRP strengthening for each type of resin (see Fig.
2.16a). Tt is mainly because of relatively low values of the glass transition temperature
characterised by commonly used epoxy adhesives. There are several studies on the thermal
influence on CFRP strengthening [157]. Krzywon [88] tested CFRP strengthening of RC beams in
different temperatures varying from 20 to 73°C (see Fig. 2.16b). A rapid decrease in bending
moment capacity (>20%) was reached at 73°C when it was only a few per cent at 60°C. In higher

temperatures debonding in the resin occurs.
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Fig. 2.16 Example of influence of temperature on a) adhesive performance (based on [61])
b) load-deflection curves of CFRP-strengthened RC beams with epoxy resin (based on [88])

A similar observation was made by Klamer [74]. For full-scale beams with low plate-support
distance, the drop in ultimate load was relatively low up to 70°C. However, in specimens with a
higher value of plate—end support distance about a 30% bending capacity drop was noted. On the
other hand, research conducted by Trapko [145] shows a significant loss of strength even at a
temperature range of 40°C + 60°C in CFRP-confined compressed concrete cylinders. Experiments
made by Ferrier et al. [3] imply that it is safe to use resins at ambient temperatures lower by at least
15°C than the glass transition temperature. For most epoxy resins, it is a limit of 30°C to 35°C.
CFRP composite indicates no sensitivity and no tensile strength reduction due to moisture in wet-
dry cycle tests. It is also less vulnerable to acid and alkaline media in comparison to other FRP

composites [33], but it was found to be sensitive to exposure to seawater [69].
2513.  LONGTERM-LOADING

There were several studies on long—term loading on the behaviour of CFRP-strengthened
beams. Plevris and Triantafillou [123] revealed the relationship between the CFRP reinforcement
ratio and time-dependent behaviour on strengthened RC beams. It was noted that creep strains can

be limited with a higher composite reinforcement ratio under the same sustained load level. A
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similar conclusion was derived by Kusa et al. [93]. Whereas Krzywon et al. [90] found relatively
good agreement in the use of the effective modulus method taken from Eurocode 2 to predict the
long-term deflection of CFRP strengthening beams in one year period of laboratory tests timeline.
It was noted that long-term deflection was about 43% of instantaneous deflection. Goérski et al. [46]
found possible delamination areas in the bond of strengthened RC beams subjected to long-term
loads with the use of infrared thermography (see Fig. 2.17a and b) nevertheless, the defect growth

rate in time has not been investigated.

D)

Fig. 2.17 a) Experimental setup of two RC free-supported beams under long-term loading [46]
b) IRT view at possible bond defects in one beam [46].

Mari et al. [106] pointed out the difference between the long-term deflection in RC beam
strengthened before and after load application. When a beam is cracked before strengthening
application, the CFRP plate hardly contributes to reducing instantaneous as well as time-dependent
deflections under permanent loads. That is why the use of passive strengthening is not very
effective in real design scenarios in the serviceability limit state. Except for the case that the beam

is unloaded at a sufficient level before strengthening.
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2.6. EFFECT OF DEFECTS

2.6.1.  DAMAGE AND ITS TOLERANCE

Previously presented aspects of flexural strengthening are based on one fundamental
assumption - a perfect bond between CFRP composite and the concrete surface. That is why the
crucial aspect of the effectiveness of this kind of strengthening system lies in adhesive bonds. In
other words, a perfect bond can be considered free from discontinuities and/or local defects (see
Fig. 2.18a and b). Hence, a definition of defect can be understood as an accidental factor that
affects directly the strengthening bond and as a consequence, its current state cannot be considered

desirable.

Fig. 2.18 a) Examples of defects in CFRP strip [N18] b) poorly bonded CFRP mat [courtesy of Katuza M.]

Generally, all the processes and products of human labour bear the risk of negligence or
errors. The attempt to classify defects in FRP strengthening of RC structures was studied by Kaiser
and Karbhari [61]. Defects can occur in all of the stages in the strengthening process:
manufacturing, transportation, on-site installation and/or during the service life of the rehabilitated

structural member (see Fig. 2.19).
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Fig. 2.19 Defect identification in different stages in the strengthening process (based on [61])




INTRODUCTION  TO CFRP STRENGTHENING

While the risk of inconsistencies in materials can be reduced via quality control of materials,
defects that arose during installation or in-service interfacial bond defects are mostly hidden after
FRP application (see Fig. 2.20). Many factors may increase the risk of human-induced bond defects
at the application stage [5] [64]:

e Lack of selection and quality control of materials,

e No control of humidity and thermal conditions during application.

e Improper surface preparation before FRP application and lack of correct filling,

e No technology control in adhesive preparation resulting in cracks and porosity,

e Improper cleaning and degreasing of CFRP leads to improper adhesion between the
adhesive and the adherents, low volume defects e.g kissing defects [151],

e Wrong application of adhesive on CFRP strips,

e Local pressure on CFRP results in local voids.

While encountering types of defects are mostly recognised [50], guidelines of the acceptable
level of defects and their influence on structural performance, still remain rather unknown. FIB
bulletins [N5] and its substitution [N8] concerning Externally Bonded FRP Reinforcement for RC
Structures present remedial measures for bonding defects relying on replacement FRP material or
compatible resin injection if considerable voids are present. However, no quantitive limits have

been included.
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Fig. 2.20 Types of defects in the CFRP — concrete interface.

To some extent, those are included in ACI Guide for the Design and Construction of
Externally Bonded FRP Systems for Strengthening Concrete Structures [N1] For wet layup
systems, three levels of the delaminated area were distinguished: small — acceptable delaminations

less than 1300mm” and 5% of the total laminated area, simultaneously no more than 13000 mm’
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per m?; large - unacceptable delaminations greater than 16000 mm® require FRP replacement and
intermediate values that require repair in form of resin injection. Nevertheless, precured FRP
systems are treated independently and have to be repaired and evaluated via professional authority.
This document indicates also the need for the determination of the threshold for critical defects and
their identification using non-destructive techniques. A measure of the impact of the defects on
strengthening performance in related literature is defined via the term: defect criticality [150]. This
term is widely exploited in the case of composites control in aircraft design procedures where a
damage tolerance approach was introduced [71][149]. Such an approach is related to the ability of

the structural system to endure some level of existing damage without catastrophic failure.
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Fig. 2.21 a) Gradual loss of initial static strength due to damage size
b) the timeline of damage size in the damage tolerance approach in aircraft design (based on [71])

Until the defect is detected and repaired, it may reduce the residual strength of the structural
component below the level of ultimate load [119], but is not allowed to drop below the design
service load (see Fig. 2.21a). The main aim of damage tolerance analysis is to prevent defect
growth under any service loads that could drive a defect to a critical dangerous size (see Fig.
2.21b). This objective can be achieved in a few co-related steps [48]: determination of initial
damage, recognition of damage growth, determination of critical damage state (defect criticality)
and proper inspection frequency.

Adopting such an approach to assessing existing CFRP-strengthened RC beams generates
some questions that need to be answered. It is also creating scientific opportunities to fulfil some
sort of research gap existing in this field. It is required to know how structural members behave
when the defect is recognised under different load scenarios either in the short and long term, how

to choose proper inspection intervals or what is the speed rate of defect growth.
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2.6.2.  DISCUSSION OVER DEFECTS IN FLEXURAL STRENGTHENING OF RC BEAMS

By limiting considerations to simply supported strengthened RC beams there are a few
potential defect locations that can be distinguished given expecting failure mode: in the mid-span,
anchorage zone and also between them (see Fig. 2.22).
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Fig. 2.22 Potential defects locations — bottom view on strengthened RC beam

In simply supported beams with uniformly distributed load, the mid-span zone is usually
exposed to the highest values of bending moment, curvature, normal stress and strain. As a
consequence, it is also the location of the earliest appearance of bending cracks. Brena et.al [14],
suggest that formulating cracks causes a local increase of composite strain in crack proximity
which ultimately may lead to the initialization of IC debonding (see Fig. 2.23).

Such a concept indicates that cracks formulated in defect areas may accelerate defect growth
and decrease of bending capacity of the strengthened system when IC debonding is the leading
failure mode. However, from the engineering point of view, it is hard to predict defect criticality
quantitatively in this case. A similar situation occurs when defects exist between the mid-span and
anchorage zone where the influence of shear is more significant. Shear or shear—flexural crack can
occur right above the defect causing premature failure. According to a study conducted by Zhou et

al. [156], bending moment capacity is more sensitive for such defect location.
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Fig. 2.23 Proposed distribution of strain on the surface of the CFRP composite (based on [14])

Considering the defect close to the plate-end it needs to be remembered that the interfacial

bond between CFRP and concrete in the anchorage zone is subjected to complex normal and shear
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stress states (see Fig. 2.8). However, in this case, defect influence on strengthened beam behaviour
can be estimated. This can be done using the concept of treating the area affected by the defect as

unbounded (see Fig. 2.24).
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Fig. 2.24 Limitation of flexural capacity due to existing bond defect by considering shorter CFRP length
(based on [14])

In such a scenario to maintain anchorage length, a predicted flexural capacity needs to be limited

according to the rule of limiting stress and effective bond length based on the cracking moment.
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263. LABORATORY TESTS OVERVIEW ON DAMAGE CRITICALITY

There are a few studies where the effect of defects was analysed, nevertheless, defects were
understood in a few different ways. Wan et al. [150] conducted research where defects were
considered as initial cracks in concrete before the CFRP application. The study was performed in
the single shear-lap test as well as in the three-point bending test. Existing cracks were simulated
by cutting the surface of the concrete perpendicularly to the main CFRP direction (see Fig. 2.25).
A study showed that existing cracks in RC beams have little influence on the performance of CFRP
strengthening. Similar outcomes over two decades earlier were achieved by Arduini and
Nanni (1997) [4] in the study, where the behaviour of pre-cracked and strengthened RC beams was
analysed. Test results have shown that pre-cracking slightly reduces the initial stiffness and
ultimate strength of the beams, but the overall performance is quite comparable to that of

uncracked beams.
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Fig. 2.25 Results obtained by Wan et al. (based on [150])

A wider look at defects has been taken by Kalayci et al. [62]. Besides the study on the effect
of surface cuts, They presented the results of the effect of surface voids on the structural
performance of RC beams with CFRP precured and wet layup systems. The main studied
parameters were void diameters (see Fig. 2.26) and surface cutting spacing on 2m long beams in a

three-point bending test
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Fig. 2.26 Concrete specimens with defects used by Kalayci et al. (based on [62])
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In the first case, voids were uniformly distributed along the beam and three different void
diameters were studied remaining with the same total void area as 5% of the total bonded area. It
was noted that with the increasing void diameter, the value of the ultimate load decreased (see Fig.
2.27a). Nevertheless, general stiffness remained the same. In all of the specimens, debonding
failure initiated at mid-span (IC) was observed. The ultimate load decreased from the value of ~143
kN (6.4mm void) to ~130 kN (12.7mm void). A negligible effect of different surface cutting
spacing has been observed (see Fig. 2.27b).
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Fig. 2.27 Results obtained by Kalayci et al. in case of air voids a) and pre-cracking b) (based on [62])

Qin et.al [124] focused on interfacial defect criticality of CFRP-Confined concrete columns.
The experimental investigation was conducted on typical cylindrical concrete samples in a
compressive test. It was observed that the ultimate strength of FRP-confined concrete specimens
was slightly reduced up to 5% when the area of interfacial defects was smaller than 50% of the
total confinement area. A larger reduction was noted when the size of the interfacial defect was
more than 50% of the total confinement area.

Zhou et. al [156] shed new light on the approach to defects in the strengthened RC beams.
The research presents an experimental investigation of defect criticality in CFRP-strengthened
beams in a four-point bending test. In this study, initial defects were considered locally in two
major locations - in mid-span and shear-span as local unbounded areas. The experimental
investigation consisted of small-scale concrete beams with a length of 0.5m where defects
measured in various areas were artificially prepared. As a result relationship between the defect
area and ultimate load has been analysed. According to the study, more vulnerable to defects were
beams in a scenario when the defect was localized in the shear span rather than in the middle of the
span (see Fig. 2.28a and b). The reduction of ultimate load for the beam with a defect located in the
middle of the span does not exceed 5% when defects in the shear-span cause reduction of up to
46% of the ultimate load in the case of the defect with an area of 6000mm?’. Besides, extensive

complimentary FE analysis was carried out for beams with a length of 3 and 6 meters where It was
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noted that the beams with a low 1/d ratio (deep beams) are more sensitive to the interfacial defect in

comparison to the typical beam.
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Fig. 2.28 Results obtained by Zhou et al. in case of a defect in
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a) mid-span and b shear-span) (based on [156])

Based on results obtained in the numerical study authors proposed a procedure in form of a

flowchart (see Fig. 2.29) for determining the impact of the defect relating to its size, location and

I/d ratio of the RC beam. A small, medium and large impact has been distinguished where

reduction of peak load respectively less than 10%, 20% and larger than 20%.
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Fig. 2.29 Flowchart for defect assessment by Zhou et al.(based on [156])

43



AN INVESTIGATION INTO THE INFLUENCE OF BOND DEFECTS ON THE BEHAVIOUR OF RC BEAMS..

2.64.  SUMMARY AND DISCUSSION

All strengthened beam specimens analyzed experimentally and described previously were

summarized in Table 2.6.

Table 2.6. Summarized beam specimens

bl b | L b |t | Aw | ftoe|%®| g | & | & | g | Reinforcement

Author | TY0e | oo | | vn) | fom | e | o] | 0N | £ Eff] [MPal | (MPal | [MPal | [GPal [~ T oreom Stirrups
EXP | 152 | 305 [2134| 50 | 14 | 5% | 140 | UV 36 | NA | NA | 227 [2010]2016] o10@127
&y |EXP| 152 | 305 2134 | 50 | 14 | 5% [135| U 36 | NA | NA | 227 | 2010 | 2016 | o10@127
g EXP | 152 | 305 [2134| 50 | 14 | 5% [125|uv 36 | NA | NA | 227 | 2010 | 2016 | o10@127
fs; EXP | 152 | 305 [2134| 50 | 14 | - [170|uc 25 | NIA | NA | 227 | 2010 | 2016 | o10@127
S || 152 | 305 [2134] 50 | 14| - | 170|uC 25 | NA | NA | 227 | 2010 | 2016 | o10@127
Exp | 152 | 305 [2134| 50 | 14 | - [170|uc 25 | NA | NA | 227 | 2010 | 2016 | o10@127
EXP | 100 | 100 | 300 | 100 [119| o |[754| 0 | o | 372 | 286 |28850| 155 | - - -
EXP | 100 | 100 | 300 | 100 | 1.19 é(’%ﬂ) 743 M | 12 | 372 | 286 | 28850 | 155 | - . .
g [BXP| 100 | 100 | 300 | 100 | 119 (ﬁ%?/?) 719 M | 5 | 372 | 286 |28850| 155 | - . .
% EXP | 100 | 100 | 300 | 100 | 1.19 (2%9/?) 716| M | 5 | 372 | 286 |28850 | 155 | - . .
g EXP | 100 | 100 | 300 | 100 | 1.19 é(’%ﬂ) 672| s | 109 | 372 | 286 | 28850 | 155 | - . .
N |exp | 100 | 100 | 300 | 100 | 119 (ﬁ%?/?) 579| s | 252 | 372 | 286 | 28850 | 155 | - . .
EXP | 100 | 100 | 300 | 100 | 1.19 (2%9/?) 20 | s | 469 | 372 | 286 | 28850 | 155 | - . .
EXP | 203 | 406 [3000| 50 [119| o [703| 0 | o | 372 286 |28850| 155 | 2095 | 2016 | &7 @ 102696
EXP | 100 | 125 [1200| 50 [047| - [264] 0 480 | NA | NA | 231 | - | 2010 | o6@50
= [EXP| 100 | 125 |1200] 50 |07 | - |289|uc 73 | NA [ NA [ 231 | - [2010 | o6@50
% EXP | 100 | 125 [1200| 50 [047| - [362] 0 480 | NA | NA [ 231 | - [2010] o6@50
T exp| 100 | 125 |1200( 50 | 047 [ - |367| 0 473 | NA | NA | 231 | - | 2010 | o6@50
= [exp| 100 | 125 |1200] 50 |047| - |333|uc 480 | NA [ NA [ 231 | - [2010 | o6@50
EXP | 100 | 125 [1200| 50 [047| - |[364|uc 73 | NA [ NA [ 231 | - [2010 | o6@50

EXP - experimental investigation, FEA - Finite element analysis, N/A — Data not available, X% - Autor’s estimation
U-C - uniformly distributed cracks, U-V - uniformly distributed voids, 0 - no defect, M - mid-span defect, S - shear-span defect,

It can be noted that the great majority of samples can be characterised by small dimensions
where samples were up to 2m long and relatively narrow CFRP plates. Defects were considered
artificial voids as well as initial cracking. In all specimens, the failure mode was described as
intermediate crack debonding initiated in the middle of the span. Studies were focused mainly on
comprising load-deflection plots of beams with and without defects. On the one hand, the defect
area-based flowchart created by Zhou [156] gives some qualitative indication of debonding risk.
On the other hand, such an indicator as defect area is affected by the scale of the total bonded area

of the CFRP. Hypothetically, there can be a strengthened beam where the given area of the defect

44



INTRODUCTION  TO CFRP STRENGTHENING

may be a small percentage of the total bonded area as well as the beam where the same defect area
to total area ratio will be relatively high. That is why the defect area cannot be the only valid
parameter in the defect criticality of the CFRP strengthening.

Given the above, there is a great number of material and environmental factors that affect
CFRP strengthening beams. Considering a beam with defects in the bond it is required to be aware
of all presented in this chapter accompanying effects and conditions that can modify the behaviour
of a perfectly strengthened beam. It can be seen that even without analysing the defects, the
behaviour of the CFRP strengthening beam is not trivial. Defects introduce to the whole
consideration an additional variable which needs to be analysed together and makes the analysis
even more complicated.

In conclusion, the existing studies give some hints, however, do not exhaust a subject on the
behaviour of CFRP-strengthened RC beams with defects. Karbhari and Kaiser [70] made a valid
point that a sufficient level of knowledge about lifetime durability and the effects of accidental
defects in strengthening techniques limits the hesitation of its usage when fundamentals for
inspection and field acceptance of rehabilitated systems are developed. It can be noted that despite
almost three decades of the history of CFRP strengthening, research interest in the effects of
interfacial bond defects on structural member capacity increased only in recent years. There is still
no full answer to how strengthened beams with defects behave under various circumstances, with
different initial parameters or when other failure modes than IC are expected. Hence, further study

on this topic needs to be investigated.
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3. EXPERIMENTAL PROGRAMME, RANGE AND METHODOLOGY

3.1. AIM AND SCOPE OF LABORATORY TESTS

The main goal of this study was to investigate the behaviour of RC beams strengthened with
CFRP with interfacial bond defects. To get closer to the determination of defect criticality of
strengthened RC beams, laboratory tests described in this chapter were prepared and conducted. In
this study main interest was put into determining the influence of defect location in strengthening
bonds under statically realized monotonic load. As far as it is known failure modes of strengthened
beams can be initialised by flexural or/and shear cracks, therefore beam models were divided into
two series in terms of predicted failure mode: in bending - Serie A, and in shear - Serie B. As a
consequence, it was planned to examine the response in the case of both: shear and bending
moment-sensitive beams. The only difference between RC beams in both series (before
strengthening application) was the number of used shear reinforcement.

In addition to the main goal, it was searched for any symptoms indicating in advance hidden
voids during loading that inform about incoming failure or can potentially affect the capacity of
CFRP-strengthened RC members. Results obtained in experimental tests were planned to be used
for the validation of numerical analyses simulating the nonlinear response of strengthened
structural members.

At this point, a valid objection can be made against the test where strengthening is applied on
newly produced RC beams. In the real case scenario, structures usually have undergone some load
history before the application of CFRP strengthening which decreases its initial stiffness due to
cracking and long-term effects. It needs to be emphasised that this study concentrates on revealing
the effects of the defects in general which are still not well known. It was decided to not introduce
additional parameters, which could make results unclear and correlated. One of the specimens was
planned to be initially preloaded and unloaded prior to strengthening. Nevertheless, the preparation
of this beam specimen (poorly prepared adhesive thickness) was judged unsatisfactory and was
excluded from this study.

Two main stages of experimental study can be distinguished: Investigations of full-scale RC
beams and initial investigation of materials. The aim of the initial investigation of materials was to
determine the mechanical properties of materials where concrete, CFRP laminate, and reinforcing
steel were tested. The following properties have been determined during the investigation of
materials:

e Concrete compressive strength
e Concrete modulus of elasticity and Poisson's ratio

e Concrete tensile strength
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e Steel modulus of elasticity and yield strength
e CFRP modulus of elasticity and tensile strength
All of the tests were conducted on beams with a length of 3m. The beams had a rectangular
cross-section, 200£2 mm in width and 300+5 mm in depth. Two 8mm diameter steel bars were
used as a top reinforcement and the bottom reinforcement consisted of four 12 mm steel bars. The 6
mm diameter steel bars were used for shear reinforcement. The concrete cover was set as 25 mm.

The geometry and the reinforcement of the beams are presented in Table 3.1.

Table 3.1. Type of series of beam models

SERIES SECTION VIEW SIDE VIEW
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uw
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b Saad
e

(1) 208 1=300 cm
2 300

uwy

228

B ]

| 10x29=290 |5
300
Sx42 |37

20041 @ 4p12 L=300cm

Characteristic bending and shear beam capacities were determined based on estimations according
to simplified methods given in Eurocode 2. Characteristic capacity values calculated for concrete

class C30/37 with assumed material safety factors equal to 1, were summarized in the table below.

Table 3.2. Estimated characteristic capacities according to EC2

No Quantity Concrete Class EC2
1 Bending Capacity C30/37 Mgy = 57.49 kNm
2 Shear resistance C30/37 Vare = 44.10 kNm
without stirrups
(10cm)
= 138,13 kN
3 Shear Resistance C30/37 Vek.s 3813 k
with stirrups (spacing) [/;q(;‘;cm) = 46,04 kN

Capacity in terms of
4 CFRP delamination of C30/37
strengthened beam

MRd = 105.94 kNm,
€min/max — —1.75 %o / 6,51%0
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All beam specimens were prepared with the use of ready-mixed concrete from the same
supply at one time and were stored next to each other in the same thermal-humidity indoor
conditions: about 19°C and 45% relative humidity. Strengthening was performed with the use of
wide 120mm x 1.2mm CFRP strips, bonded to the bottom side of each beam. The location of the
defect along the span of the beam was set as a main parameter in the experimental study. Three
defect position has been chosen: in the mid-span under point load and just behind the anchorage
zone. For the methodology of application of defects see section 3.3. After Serie A had been
conducted, It was decided to increase the defect area in Serie B in order to increase the influence of
the defects. For a comparative study, a reference RC beam (A1) and CFRP-strengthened beam with

no defects (A2) were provided. All data of beam models were summarised in Table 3.3.

Table 3.3. Summarized data of beam models

CFRP Reinforcement | Defect Area of
No Description _ Abb. Age/ Avot
Strengthening type Type the defect
Reference
! RC beam ) A ) A-l ) )
Reference
2 CFRP strengthened Strip A - A-2 - -
beam - no defects

CFRP strengthened . 12 000

3 Defect #a Strip A a A-3a mm’ 5%
CFRP strengthened . 12 000

4 Defect #b Strip A b A-3b nm’ 5%
CFRP strengthened . 12 000

5 Defect #c Strip A c A-3c mm? 5%
CFRP strengthened . 24 000

6 Defect #a Strip B a B-3a mm’ 10%
CFRP strengthened . 24 000

7 Defect #b Strip B b B-3b nm? 10%
CFRP strengthened . 24 000

8 Defect #c Strip B c B-3c mm’ 10%

9 Large defect Strip A d A-6 2?3“5122 0 61%

3.2. EXPERIMENTAL SETUP AND MEASUREMENTS

The whole study was conducted in a four-point bending test. The load points were located 1m away
from the support on both sides of the beam. The load was applied in force control mode in a static-
incremental scheme with 20 kN monotonic load increment up to 100 kN and 10 kN over this value
in case of strengthened beams and 10 kN increment in the whole range in case of beam reference
RC beam. The load was applied with the use of a hydraulic actuator with a range of 1000 kN

equipped with a strain gauge sensor.
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Fig. 3.1.: Types of tested specimens with applied defects - bottom view (defects area in red)
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Fig. 3.2.: Expected internal forces during the test under external incremental load (excluding self-weight)

It was decided to measure strains at the concrete surface in the middle of the span with the
use of a set of six foil strain gauges (see Fig. 3.2) with a base length of 70mm, uniformly
distributed along the beam deep. For measuring vertical displacements inductive LVDT sensors in
five points along one side of the beam were used. CFRP strain was measured with a set of paper
strain gauges with a 50mm base length distributed along the beam (see Fig. 3.1). Additionally,
strain gauges were located each time at the defect outline. The strain of bottom reinforcement was
measured at the mid-span with the use of the strain gauge with a base length of 2 mm. A constant
collecting data system with the use of a 64-channel analogue-to-digital converter (ADC) was used.
The following quantities were measured during tests:

e load value,

e beam deflection,

e width, distribution and development of cracks,
e concrete, steel and CFRP strains.

Measurement check was performed each time at the beginning of the test by loading and
unloading process in the load range of 0 + 10 kN for strengthened members and 0 + 5 kN for
reference RC beam for initial records verification. After that, during the target tests, the distribution
of cracks and their development were marked manually on one side of the beam at each load

increment up to the value of 160 kN which was specified as a limit for safety reasons (see Fig. 3.3).
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Fig. 3.3.: Loading protocol during tests

Crack width was measured with the accuracy of 0.lmm with the use of Brinnel’s reading
glass on the painted side of the beam (see Fig. 3.4a). Auxillary strain and displacement
measurements were conducted on the opposite side of the beam using the digital image correlation
(DIC) method by the Aramis GOM system (see Fig. 3.4b). For this reason, one side of each beam

was covered with quasi-uniformly distributed dots of black paint in 50% of the side area.

a)

il [l

Fig. 3.4 a) Experimental setup of beam specimen on one side
b) Measurement of the DIC system on the opposite side of the beam specimen

In Fig. 3.5 the whole research timeline has been shown. It can be noticed that 12 months
passed after beam specimens have been prepared up to the test for reasons beyond the control.
Before demolding, beams were stored on four wooden supports. After six months four beams have
been strengthened. After the next six months, the CFRP on the rest of the beams were applied.
Then, beams were stored as simply supported with supports in target positions. All beams and

concrete specimens were tested within one week.
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3.3. TECHNOLOGICAL ASPECTS OF CFRP STRIPS APPLICATION

CFREP strips were applied to the bottom surface of the beam, after demolding (see Fig. 3.6b).

The surface of the beams was prepared gently given that surface preparation has a significant

impact on strengthening capacity. The manufacturer of the strengthening system recommends using

sandblasting, shot-blasting, or grinding to remove the weak concrete cover. In this study grinding

with a grinder and silicon carbide grinding disk was used. The process was prepared with great care

in order to remove the outer layer of the release agent from the moulding stage and also to ensure

proper roughness of the surface (see Fig. 3.6a). Afterwards, an industrial vacuum cleaner was used

to clean the bottom surface of the beam from the dust. According to the manufacturer's technical

guidelines, no surface priming was provided.

a)

Primary .
smooth

surface

Oil resuidals

revealed during

grinding

Rough surface
after grinding

Fig. 3.6 a) Preparation of concrete surface b) Applied CFRP strip on the bottom side of the beam
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Artificially created defects were prepared with the use of polyester foil installed in a desirable
position along the RC beam (see Fig. 3.7a). Before application, the surface of CFRP strips had
been cleaned and treated gently with solvent in the form of petroleum ether. A degreasing agent
was applied directly to the CFRP surface by wiping to remove grease, dust, and any other
contaminants that existed on the material. Target adhesive was prepared based on the two-
component epoxy resin (component A: light grey epoxy resin solution, B: black hardener) mixed
slowly in a weight proportion of 4(A):1(B). CFRP strips were covered uniformly with the adhesive
mixture in the form of a roof-shaped layer with an average thickness of 5mm in the middle.

a) b)

O -

Fig. 3.7 a) Defect before and after b) application of CFRP strip
Prepared strips were set up in a desirable position from the bottom of the beam (under self-weight,
with target support conditions) and gently pressed to its surface with the removal of excess
adhesive on the sides (see Fig. 3.7b). Ultimately, the average measured thickness of the adhesive
was 2-3mm. In the case of specimen A6 with a large applied defect, an additional wooden beam
and set of clamps have been used to keep the composite in the right position after application (Fig.

3.8).

Without additional equipment, the composite was detaching during curing under the self-weight of

adhesive due to the small bonding area.

53



AN INVESTIGATION INTO THE INFLUENCE OF BOND DEFECTS ON THE BEHAVIOUR OF RC BEAMS..

|
4. EXPERIMENTAL INVESTIGATION

41. EXPERIMENTAL INVESTIGATION OF MATERIALS.

411.  REINFORCING STEEL

For the main reinforcement of RC beams steel grade BSOOSP with nominal diameters of
8mm for top reinforcement and 12mm for bottom reinforcement were used. Stirrups were prepared
with a diameter of 6mm and steel grade S500B. Six 400mm long specimens for each type of
reinforcing bar were prepared for investigating material properties in the axial tensile test

(see Fig. 4.1b).

Fig. 4.1 a) Steel specimen in testing machine b) Example of reinforcing steel samples

The increasing displacement rate was set as 2 mm/min. Specimen strain was measured with foil
strain gauges with a length of 2mm as well as a video extensometer (see Fig. 4.1a). The average

values from recorded data for each diameter of reinforcement were summarized in the table below.

Table 4.1. Geometry and mechanical properties of specimens obtained in the test

Cross- - . . .
o]l | |
Diameter [mm] ] [GPa] [MPa] [%a] [(MPa] eu [%]
1| ¢12/11.8+02 113 201 575 28 700 12 C
2 | $8/78+04 503 199 575 2.8 670 8 C
3| $6/58+02 283 201 500 2.5 550 6 B
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A good agreement between the samples in the stress-strain plot can be observed. It can be noted
that for diameters 12 and 8 the yield strength is in the range of 400-600, the tensile strength to yield
strength ratio is higher than 1.15 and the ultimate strain is higher than 7.5 % which allows
classifying as a C steel class standing for high-ductility class according to Eurocode 2 [N4]
requirements. For stirrups lower value of ultimate strain was recorded.

It can be noted that for almost all samples of all diameters, the plastic plateau is almost

horizontal for the strain value up to 10%o, which is mostly used value in static analysis and design.

a) b)
800 - 800 -
700 700 o
00 00 | -‘JE\_
500 500 o
o a
400 400 -
Z_ d=12mm Z_
© 300 A= 113 mm? ® 300 1 d=8mm
f,= 575 MPa #2050
200 b 200 - f,= 575 MPa
-
f = 670 MPa
E.=201 GPa t
100 | 100 o E.= 199 GPa
0 L} L} L} L} L} L} 0 L} L} L} L} L}
0 20 40 60 80 100 0 16 32 48 6b 80
€, % €, %
c)
800 -
700 o
600 o
500 o
a
S 400 -
=) 300 - d = 6mm
A= 28.3mm’
200 f, = 500 MPa
f,= 550 MPa
100 E.=201 GPa
0 1 1 1 L] 1
0 20 30 40 50
€, %

'

Fig. 4.2 Stress-strain relationship of prepared samples d=12mm a) d=8mm b)
d=6mm c)
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41.2.  CARBON FIBER STRIPS

The tensile strength test of carbon fibre strip samples was prepared according to ASTM
D3039 standard [N2]. Analyzed CFRP samples were signed as S&P Lamelle CFK 150/2000
(see Table 4.2). For the test, six specimens were prepared with an overall length of 500mm and
width of about 20mm, trimmed from the primary strip with the use of a cutting knife. The width of
each sample was measured with the use of a calliper with an accuracy of 0.1 mm. Steel tabs (S235)

were bonded to the ends of the strips to get proper anchorage in a testing machine (see Fig. 4.3a).

Table 4.2. Manufacturer data of the used CFRP material

S&P Lamelle CFK 150/2000

Elasticity modulus >175 GPa
Tensile strength 2800 MPa
Width / Thickness 120/1.2
mm/mm
Tensu()‘ié"/rgfga;trai“ 151.2 kN /201.6 kN

A hydraulic machine signed as ZD-100 was used in the test. Each time, the CFRP specimen
was placed vertically in the grips and then it was subjected to controlled, incremental, uniaxial
displacement until failure. The displacement rate was set as 2 mm/min [N2]. Specimen strain was
measured with strain gauges with a length of 2mm as well as a video extensometer (see Fig. 4.3b).

Recorded data and geometry of specimens were summarized in the table Table 4.3.

Fig. 4.3 a) Specimens prepared for tensile test b) Specimen in testing machine
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Table 4.3. Geometry and mechanical properties of CFRP specimens obtained in the test

Cross-section

No Width Thickness area Elasticity modulus Tensile strength Strain at rupture
| [mm] [mm] (i [GPa] [MPa] [%o00]

1 | 188+02 12 225+03 1729 2147 123
2 | 202+02 12 242+03 171,9 X X
3| 199+0.1 12 238+0.1 172.9 1709 X 2027 X L7
4 | 19.8+0.2 12 23.7+03 163.4 =30 1934 =98 11.6 =04
5 ] 200x03 12 24.0+0.4 1707 1968 115
6 | 200+05 12 240+0.5 1725 1960 11.35

Obtained results have shown the explosive type of failure mode (Fig. 4.4a) in four of six

tested specimens. In the rest of them, premature failure was observed due to longitudinal fracture

along its length. Nevertheless, in all samples highly linear behaviour was observed as expected

(Fig. 4.4b). Relatively good matching with the data delivered by the manufacturer was obtained in

the case of elasticity modulus and about a 25% lower value of tensile strength was recorded.

However, this may be caused due to way of preparation of samples in the cutting process. Given

that, CFRP tensile strength is hardly ever used in its full range in the case of RC strengthening,

obtained results can be considered satisfactory.

2500 A
2000 -
1500 +
g Y= 172,94 x
>
= 171,95x
o 1000 2.
3y = 172,86x
L.y = 163,36x
500
gy = 170,69x
6. Y = 172,55x
0 L] L] 1
0 2,5 5 15 10 12,5 15
€, %

Fig. 4.4 Major failure mode obtained in the test. a) stress-strain relationship of CFRP samples b)
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413.  CONCRETE

In the study ready-mixed concrete from a local supplier was used. It was based on cement
CEM III/A 42,5N - LH/HSR/NA with fly ash and the addition of a plasticizer described as
MASTERPOLYHEED 220. The maximal aggregate grain was set as 16mm. A concrete mixture
was cast at the lab temperature (19°C and about 45% humidity), during winter conditions outside

(2°C). Detailed information about the concrete mixture composition was presented in Table 4.4.

Table 4.4. Concrete mixture composition

Component Quantity [kg/m?]
Sand (fraction 0/2) 814
(fraction 2/8) 418
Gravel

(fraction 8/16) 525

Cement 285

Fly ash 90

Water 162
Water-cement ratio 0,58

Concrete was delivered via a concrete mixer truck and transported to the destination point
using a concrete-mixer container and crane. Concrete in formwork was poured in layers and
vibrated to reach the required compatibility (Fig. 4.5a). Beyond the main RC beams, three different
kinds of specimens of concrete were cast: twelve concrete cylinders and ten concrete cubes (Fig.
4.5b). Small samples were prepared from the same delivery, poured and vibrated using a metal

spatula.

Fig. 4.5 a) Concrete pouring b) Concrete cubic and cylindrical specimens
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The formwork of the beams was constructed from 22mm thick plywood and covered with
a thin layer of release agent inside (see Fig. 4.6a and b). Beams were treated with the required

technological care after forming in the first few days.

Fig. 4.6 a) Beams before pouring concrete b) Beams after pouring concrete

In contrast to beam specimens, concrete cylinders in the size of 300x150 mm and cubes
150x150 were treated in accordance with PN-EN-12390-2 [N16] after had been poured. After
removing the formwork, irregular and relatively small surface air voids were observed in a
diameter of less than Smm. Concrete cylinders were used in the compressive strength test and
splitting tensile strength test also known as the Brazilian test [N12]. Modulus of elasticity and
Poisson's ratio were estimated based on measured average strain during tests in both vertical and
horizontal directions (see Fig. 4.8). To reach this goal, six strain gauges (three for vertical and three
for horizontal direction) were used in total at each sample in a compression test. The load speed
rate was set as 10kN/s and plywood pads were used on the top and bottom surface of the specimen.

Concrete cubes were used in the compressive strength test only. Specimens were placed

directly in the testing machine and tested for the ultimate load value without strain control.

Fig. 4.7.: Cylindrical specimen during a) compression and b) splitting tension Brazilian method test

Tensile strength was estimated indirectly from the splitting tensile strength test. In this case,

the load speed rate was set as about 2 kN/s.
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A direct tensile strength of concrete was estimated according to [127], where it is expressed as a
function of the split tensile strength of cylindrical specimens via the equation:

3
fer = fctm.spl -(1-p%2 4.1)

where:

fetmspt - tensile strength from splitting tensile test
B =b/D - load-bearing strip width to specimen diameter ratio.

0 r T T T 1

-15 -05 o 0.5 15 2,5

€, %o

Fig. 4.8.: Avg. strain in vertical (y) and horizontal (x) directions from compressive tests of cubic specimens

In this case, the measured load-bearing strip width was 19mm. Obtained results on concrete
samples were summarized in Table 4.5. On the one hand, a relatively good agreement among
results in the compression test was obtained in the case of compressive strength as well as the
estimated modulus of elasticity. All of the failure modes of samples in the compressive strength test
were the same and can be considered satisfactory according to ISO 1920-4 [N12] for both
cylindrical (Fig. 4.9a). and cubic specimens (Fig. 4.9b).

Fig. 4.9.: Typical failure mode of compressed samples: a) cylindrical b) cubic
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On the other hand, a variety of tensile strength results obtained in the Brazilian test can be
noticed. Furthermore, the average tensile strength values, are lower than those corresponding to the
delivered concrete grade. The most possible reason for such an effect can be explained by
insufficient concrete vibrating during the pouring of small cylindrical samples using hand tools.

For this reason, non-destructive strength estimation using a concrete rebound hammer was
performed to exclude the influence of potential discrepancy of strength on results in target bending
tests of beams, however, this additional test shows good agreement in results obtained from all of

the prepared beams.

Table 4.5. Test results on cylindrical and cube concrete specimens

f.[MPa]
Sample Aot of —
Cylindrical i Results Mean value Sta{ld?rd Coeffllcu.ant of
15x30¢m concrete deviation variation
NU [days] fc Ec fc Ec \% Sfc sE: Vfc VEc
[MPa] | [GPa] | [MPa] | [GPa] [-] [MPa] | [GPa] [%] [%]
1 39.6 | 24.0
2 36.1 23.7
3 362 | 22.0
1 374 136 | 250 | 382 | 241 0.15 2.6 1.1 6.88 47
5 359 | 244
6 310 | 256
f [MP:

Cylindrical | Age of ([MPa] —
15x30cm | concrete Rfesults Mean Mean jtafldtz_lrd COEffI.GIt(?nt of
NU [days] ctm.spl o - eviation variation

[MPa] fom st [MPa] | - [MPa] s [MPa] v [%]
7 2.07
8 2.81
9 2.35
10 374 5o 2.44 2.38 04 15.26
11 378
12 2.94
Cllbe fc_cuhe [MPa]
Sample hge of Standard Coefficient of
concrete Results Mean value a|.1 a." o8 |lcu?n °
15x15¢m T deviation variation
No. f, [MPa] f, [MPa] s [MPa] vic [%]
1 60,1
2 54,6
3 58,1
p 475 612 58,1 2,36 43
5 55,4
6 58,7
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4.2. EXPERIMENTAL RESULTS OF FULL-SCALE TESTS

421.  FAILURE MODES

In the case of reference non-strengthened beam Al and strengthened beam A2, occurred
failure modes were as expected. The test of beam A1 was stopped when a large deflection of 70mm
due to exceeding yield strength in bottom reinforcement was obtained in the experiment.
Simultaneously concrete was crushed in the top part of the beam in the mid-span zone after such
deflection occurred. Buckling of top reinforcement in the compressive zone was noted (see Fig.
4.10a-b). In the case of strengthened specimen A2, a failure due to loss of composite action was
observed (see Fig. 4.10c-d). A thin layer of concrete remains on the CFRP strip after the failure

occurred.

Fig. 4.10.: Typical failure mode of reference beam specimens A1 a) and b) and A2 ¢) and d)

The failure happened rapidly when a critical crack occurred near the end of the anchorage
zone after gradual degradation of the bond due to successively occurring cracks starting from the
middle of the span. Total debonding occurred on the length of one-half of the span. Based on
theory (see chapter 2.4) and expectations, this type of failure was described as IC debonding (IC).
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A full compilation of failure modes of all strengthened beam specimens was presented in
Appendix C. Similarly to the reference beam A2, an intermediate crack debonding was observed in
all cases in specimens: A3a, A3b and A3c (Fig. 4.11a-b). In contrast to specimens A2 and A3a, in
the case of A3b and A3c debonding occurred on the side of the non-sliding support.
Simultaneously this was the side where defects were initiated. In series B, where less shear
reinforcement has been used, failure modes were initiated due to diagonal cracks (Fig. 4.12a-b).
Failure was initiated in the proximity of the end of CFRP and was propagating horizontally towards
the middle of the span at the level of bottom reinforcement. Relatively large parts of concrete were
attached to the composite after debonding. Occurred symptoms of failure allow classifying it as the
concrete cover separation (CCS) failure mode. This type of failure was observed in all beams in
series B.

In all specimens in both series A and B, the failure took place suddenly each time. A clear
distinction in failure mode could be observed between series A and series B. From the quantitative

point of view, it can be concluded that the location of the defect with a given size does not affect

failure mode directly in both flexural controlled beams as well as shear controlled beams.

Fig. 4.12.: Typical failure mode (CSS) of beam specimens in series B (here B3b)
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In the case of specimen A6 with a large 60% defect failure occurs at the end of CFRP in the
anchorage zone. During the tests, twice the loud sounds of breaking material had been heard before

failure occurred. The result of the failure was the pulling of the strip from the anchorage zone.

Fig. 4.13.: Failure mode of beam specimen — A6 a) cracks in the adhesive layer of anchorage zone,
b) broken adhesive layer; c) general view of the beam; d) the debonding area under the point load

On the side where debonding occurs broken adhesive layer partially attached to the beam in
the anchorage zone and partially to the composite has been observed. In close-up, small cracks in
the adhesive have been visible and probably here failure was initiated (see Fig. 4.13a and b). In the
midspan, the adhesive layer remained on the beam, when directly under the point load concrete has

been pulled off from the side of supports (see Fig. 4.13c¢ and d).
422.  LOAD - DEFLECTION RESPONSE AND CRACK PATTERNS

In the figures (Fig. 4.14a+b) load - mid-span deflection relationships in both the A and B
series were presented. Specific slight drops of applied force values are related to the holding of the
load in order to crack measurement (see also Fig. 3.3). Analysis of load-deflection response can
result in information on specific stages of beam behaviour (see 2.2). The clear difference between
strengthened beams and RC can be seen. An increase of ca. 58% of the ultimate load of the

strengthened beam was achieved in comparison to the reference A1 beam. No significant difference
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can be observed among all of the strengthened beams in series A in behaviour under loading but
also in ultimate load values. Although it was decided to increase the defect area in series B, the
general behaviour of all three specimens with various defect locations was rather similar. No clear
part of the diagram related to steel yield can be seen in the beams of series B. A good agreement
between slopes of load-deflection response can indicate also coherent material properties obtained

between them.

a) b)
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200 - 200 +
175 1 175 1
150 + 150 -
=Z 125 - = 125 A
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a 100 - o’ 100 -
~N ~N
75 - 5 1
50 - 50 - B3a
—B38B
25 ~ 25 -
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0 L] 1 0 L] L] L] L] L] L] 1
30 0 5 0 15 20 25 30
u, mm

Fig. 4.14.: Load-deflection response of strengthened beams a) series A b) series B

A comparison of values of the ultimate load P, was presented in Table 4.6. The differences
between specimens in both series were calculated in relation to specimens with type ‘b’ of the
defect — where the highest ultimate load value in each series was recorded. The difference in
ultimate load value AP, among specimens with initiated defects does not exceed 1% in the case of

series A (A3a,A3b,A3c) and 5.1% in the case of results obtained in series B (B3a,B3b,B3c¢).

Table 4.6 Ultimate load and corresponding mid-span deflection values

ID P., kN AP, u, mm AU

A1(ref.) 1271 - - -

A2 (ref. strenathened) 201.3 - 27.2 -
A3a 200.9 0.2% 26.1 4.0 %
A3b 201.4 0% 27.2 0.0%
A3c 199.3 0.99 % 26.1 4.0%
A6 171.6 14.8 % 20.6 24.3 %
B3a 166.77 4.0% 20.8 -15%
B3b 173.8 0.0% 20.5 0.0%
B3c 164.9 51% 18.5 9.8%

*deflection was increasing in the whole loading range (see Fig. 4.14)
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It can be noted that the average value of the ultimate load of about 17% lower in beams of
series B in comparison with series A. The defect of 60% of the total area causes only about a 15%
reduction in ultimate load. Vertical displacements measured in five points along the beam for series
A and series B were presented in Fig. 4.15a and b. Symmetrical deformation of the beams in
relation to the midspan can be observed in the whole load range in both series. This indicates that

the assumed defects in each selected location have a negligible effect on deflection shape.
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Fig. 4.15.: Vertical displacements along the beam at different load levels

Appearing cracks which were manually marked during the tests up to the load value of 160kN were
presented in Fig 4.16. In general, a more vertical crack pattern can be seen in beams series A in
comparison to series B where cracks occur in a more diagonal form. This was caused by a lower
number of used stirrups. In both cases, the highest recorded crack width was 0.4mm, but in general,
in series B higher average values of the width of cracks were observed. It can be seen that crack

patterns in both series are not clearly affected by defects and their location on the beam.
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Fig 4.16 Recorded crack patterns at beam specimens of series A and B
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421.  CURVATURE AND STRAIN DISTRIBUTION

Bending moment-curvature relationships for both series A (Fig. 4.17a) and series B (Fig.
4.17b) were presented which is common when numerical cross-section analysis is performed. This
relationship was derived from geometrical properties and circular approximation of deflection
shape between load points for each beam corresponding to strain distribution in the mid-span cross-

section (see Fig. 4.18).
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Fig. 4.17.: Bending moment-curvature response of tested beams in series A and B

Like in the case of load-mid-span deflection, there is no significant difference between the
bending moment-curvature relationship among results obtained in series A. Moreover, similarly to
the load-deflection curves, the part of the diagram related to steel yield can be seen in the beams of

series A beyond the value of about 0.02 //m. This is not clearly visible in diagrams in series B.

C

R2=|BD|2+|CD|?
R?=|BD|%+(|CE|-|DE|)?
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g
\ LN
© \

Fig. 4.18.: Determination of curvature in the study

A small distinction between the results of specimens in series B can be noticed, where 9% and 4%

lower curvature values were obtained in specimen B3C and B3B respectively in reference to
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specimen B3A. In series A all specimens achieved curvature of about 0.03 //m just before failure
when curvature values in series B were close to 0.02 //m.

According to the Euler-Bernoulli beam theory [144], a natural consequence of existing
curvature is strain distribution in each cross-section of the beam in flexure. In Fig. 4.20 strain
measured at CFRP strip along the span at a different loading level of all specimens was presented
where defect location was additionally marked at each figure. In series A as well as reference beam
A2 maximal measured strain value of 5.8%o was measured at failure which is close to the results
obtained in the study [79] (see 2.5.7). In series B, maximal measured strain values at failure varied
in the range of 3.26 + 4.16%o. It can be noticed a slight variation of strain values measured in the
proximity of the defects, especially for load values close to the ultimate load. It can be seen that up
to a load level of 150kN strain value increased steadily. Over this value, the strain rate increased
for specimens A3a-A3c with the same load increment due to exceeded yield strength in bottom
reinforcement. For the specimen with a large defect (A6), delayed strain response was observed at
the beginning of loading. Lower strain values at the same load level were measured in specimen A6
in comparison to the rest of the specimens. This can be explained by the existing clearance between
CFRP and adhesive and local slip of composite in areas where defects were applied before full
composite action occurs.

It is worth mentioning that accidentally, the behaviour of specimen A6 with a proposed
pattern of the defects, some analogy can be found to the behaviour of reinforced RC beams with
external ties/tendons (see Fig. 4.19). In such systems, the initial slip of the tendon usually occurs at
the initial loading stage in the anchorage. Similar behaviour was observed in the case of sample A6.
Adhesive placed locally under point loads performs the function of deviators and the adhesive
located at the ends creates a clear anchorage zone. A large defect caused a visible slip of the CFRP
strip which is close to the behaviour of typical systems with ties/tendons without adhesion.

However, this small consideration will not be further investigated in this study.

P/2 @ @ P/ZI/Devia’ror

A

\End Anchorage \Ex’rernal Tendon

P/2 @ @ P/2

Anchorage zone “ Adhesive Defects

Fig. 4.19.: Analogy found for a) external tendon b) specimen with a large defect

Recorder distribution of cracks based on strain using the digital image correlation method,

before and after failure was presented in Fig. 4.21, Fig. 4.22 and Appendix D.
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Fig. 4.20.: CFRP strain measured along the beam specimens in selected load steps
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Fig. 4.22 Strain e distribution in specimen B3c a) before and b) after failure
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422.  SUMMARY OF EXPERIMENTAL PART

The following summary and conclusions can be formulated based on the results obtained in

the experimental study:

The defects did not affect the type of expected failure mode in both series of beam
specimens. In series A, IC debonding failure was obtained while in series B, CCS failure

mode was observed.

For series A, delamination occurred after and in series B, failure occurred before

reinforcement reached its yield strength,

Results obtained from series A show that applied defects up to the value of 5% of the total
strengthening area almost do not affect the ultimate load of tested beams. In other words, all
specimens in series A had almost the same ultimate load value. The difference in ultimate
load between strengthened beams with defects and the strengthened reference beam does not

exceed 1%.

There is also no significant difference between the ultimate load values of beams in the B
series where the defects of up to 10% of the total strengthening area were applied. The
difference does not exceed 5.1%. It is worth noting that there was no tested beam with no
defects in the B series. However, based on results obtained in series B, and results obtained
in series A, it can be presumed that the ultimate load of the strengthened beam with type ‘B’

geometry with no defects (B2) could be similar to values obtained in conducted tests,

In the case of both series, the highest ultimate load was obtained when the defect occurred

directly under the point load and the lowest value occurred near the anchorage zone.

Fig. 4.23 presents the distribution along half of the beam of the relative ultimate load values
(P,) related to the maximal ultimate value obtained in the series (Pym.x) based on Table 4.6.
Distribution is correlated to the location of applied defects. Ultimate load values for given
Sand 10% defects levels are not significantly location-dependent. It means that the
relationship between ultimate load values and defect location along the beam is almost a
constant function for given defects and geometry of the beams (Fig. 4.23). Results confirm
the numerical study presented by Zhou et al. [156] that mid-span defects less than 12000mm”
have little effect on the ultimate load values of the beam with an //d ratio higher than 4. In
contrast to Zhou, results obtained in this test show that shear-span defects up to 24000mm”
has also a little effect on strengthening performance in this case. Such behaviour may be a
result of wider CFRP strips used in this study and the high longitudinal steel reinforcement

ratio.
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Fig. 4.23.: Relationship between relative ultimate load values and defect location
for series A (blug), series B (red)

Beams with initiated defects in all tested beams show the same stiffness and curvature up to

the failure. This also indicates good agreement in material properties between specimens.

The obtained crack patterns do not show any symptoms of hidden defects in the interfacial

bond and that is why it cannot be treated as a bond defect indicator.

The defect with 60% of the total area, reduced the ultimate load of the strengthened beam
(A6), by 15% in comparison to the strengthened beam with no defects (reference specimen
A2). It leads to a more or less obvious conclusion that the ultimate load value depends not
only on the bond in anchorage zones but also there is the influence of the composite-concrete

bond between anchorage zones in the passive strengthening systems.

Referring to the absolute decrease of the ultimate load value does not inform about the
change of the effective part of the capacity of the strengthened element. It is helpful to
express the effective part of the bearing capacity of strengthening relative to the non-
strengthened element and strengthened element with a perfect bond (see Fig. 4.24a). For this

reason following quantities can be introduced:

A — Ai — Pui_PuRC (42)
Left Ayi00  Puioo — Purc .

4.3)
Aijrea=1—Ajerf

where:

PuRC

PulOO

- The ultimate load of the RC beam
- The ultimate load of CFRP strengthened beam with no defects (reference specimen)

- The ultimate load of CFRP strengthened beam with defect, P,rc < Pyui < Pyu100
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Quantity A,y (called here strengthening efficiency) takes values from O to 1 and informs
what is the increase of capacity of strengthening with interfacial bond defects in relation to the
unstrengthened member. Nevertheless, from the point of view of diagnostics, it is more appropriate
to operate on the loss of the strengthening capacity. Thus, A,.; informs what is the bearing capacity
drop of the strengthened member with defects relative to the strengthened member with no defects.
The quantity A,.; as a function of the defect percentage ratio for tested specimens was presented in
Fig. 4.24b. A defect ratio of 0% can be considered as no defects, and 100% basically means that
there is no CFRP- concrete bond and the beam behave as unstrengthened. It can be seen that for the
ratio of the analysed defects (5%,10% and 64%) only one point between a range of 5% to 100%
was obtained. That shows the significance of the specimen A6 test from the point of view of this
study. It shows that strengthening efficiency is not a linear function of the defect ratio. Based on
three points, a second-order polynomial approximation can be used. Confirmation for such function

for given beam geometry and boundary conditions can be validated later using a numerical

approach.
a) b)
225 - 100 = »
4 Pu reduction /
200 - J
15 - 801
Auioo /
150 - /
60 - i
Z 125 - o
o 4
Q100 - 3 i
N <0[_J 40 p ,”//
75 - .
——RC beam - A1 e
50 - 20 - %
—— 0% defect - A2 -
25 -7y = 0,0086x2 + 0,1409x
——64% defect - A6 R? = 0,9996
0 L] L] L] L] L] L] 1 O < " L] L] L] L] 1
0 5 10 15 20 25 30 0 20 40 60 80 100
u, mm Adef/Acfrp' %

Fig. 4.24.: The logic behind the introduced capacity reduction factor a)
capacity reduction factor in a function of defect percentage ratio b)

It is worth mentioning that by changing A,.; to A,y a decreasing parabolic function can be
obtained that corresponds to the general damage tolerance approach used in aircraft design

(compare Fig. 2.21a).
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I
5. NUMERICAL STUDY

9.1. A BRIEF OVERVIEW OF FE ANALYSIS OF CFRP STRENGTHENING

Numerical analysis of CFRP-strengthened RC beams was the subject of many studies over
the years [21][78][97][116][132]. A wide range of research in this field was dictated by highly
complex phenomena like nonlinear concrete behaviour or adhesive bond between FRP and
concrete in different loading conditions were studied. There are limited studies where the defect in
the bond in CFRP-strengthened RC beams is considered an initial parameter [156]. Nevertheless,
various attempts for modelling CFRP strengthening of concrete were popular subjects of study in
recent years. Calculations are performed with different levels of simplification. Different
approaches to simulating bond behaviour can be distinguished depending on the aim of the
research. The simplified method of perfect bond assumption was mostly adopted [52][110][147]
but also used as a reference to more complex approaches [21][95][116]. Selected studies of
numerical analysis of CFRP-strengthened beams based on FEA were briefly described below with
an emphasise on the used bond-slip law parameters.

Kotynia, Baky et al. [78] presented a numerical study that consisted of a three-dimensional
nonlinear finite element analysis of reinforced concrete beams strengthened with FRP laminates. A
quarter of the beam was analysed with the use of symmetrical boundary conditions. The whole
study was performed in ADINA software using FE element sizes of 50mm and 12.5mm in the
tension zone. A bond-slip model according to [98] was adopted to characterize the behaviour of the
CFRP/concrete interface. The nodes of the CFRP elements were connected to those of the concrete
elements through additional interface finite elements. Good agreement was found with
experimental results where the main focus was put to analyse shear stress distribution through the
interface. Another study conducted by Obaidat et al. [117] focused on a numerical study of CFRP-
strengthened beams in flexure with different anchorage lengths. 3D modelling was limited to one-
quarter of the beam with the use of symmetry in boundary conditions. The whole study was
performed in ABAQUS software. The concrete damage plasticity (CDP) model of concrete was
used and the CFRP-concrete interface was modelled using a cohesive zone concept via cohesive
elements. Initially, the bond-slip law was adopted according to Lu [98] and additionally, the perfect
bond was analysed. Nevertheless obtained ultimate load was too high in comparison to
experimental data in all specimens. Good agreement in all specimens was obtained when maximal
shear stress was reduced from 3 MPa to 1.5MPa when concrete tensile strength was 1.81 MPa. A
symbolic influence was observed for different bond fracture energy values of 500-900 N/m when

the composite—beam width ratio parameter was 0.33.
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Zhou et al. [156] presented one of the few FE studies concerning defects' influence on FRP-
strengthened concrete beams. The influence of the geometry parameters of the beam and the
location of defects were analyzed. The numerical part of this study was performed in a two-
dimensional analysis. Steel and FRP reinforcement were considered as truss elements when the
concrete part was modelled using plane stress finite elements with the use of the CDP model. For
the concrete uniaxial behaviour, the stress-strain relationship according to the model code was
adopted. The FRP-concrete interface was considered with the use of additional cohesive elements
and damage evolution was assumed with the use of bilinear traction-separation law also according
to [98]. The lack of cohesive elements was treated as a defect. The expressions for bond-slip
models have been presented however, the used values in the analysis have not been shown
explicitly.

The comprehensive work presented by Cohen [21], was focused on analysing different
parameters of numerical models of RC beams strengthened with CFRP strips. The whole study was
performed using the CDP concrete model and cohesive elements. Like in previous studies, a 3-
dimensional analysis was limited to one-quarter of the beam model. Mesh sensitivity study, strain
calibration and concrete model parameters were analysed. For cohesive bond-slip law, the
maximal shear stress was estimated as 5.49 MPa when the tensile strength of concrete was 3.66
MPa. The exponential damage evolution of the bond has been adopted and expressed by an
exponent value of 1.194 and a maximal displacement of 0.214mm.

Serega, Kotynia et al. [132] presented vast complex numerical research on prestressed CFRP
strips for strengthening RC beams in their study based on experimental results. The two-
dimensional analysis was performed and it was divided into a few steps including self-weight
deformation, concrete shrinkage, application of prestressing and external preloading. A concrete
constitutive model using the smeared cracks concept was adopted. The whole study was performed
in DIANA commercial software for which a developed user subroutine of interface modelling was
used. The traction-separation relationship in a tangential direction was expressed as an extended
function including an exponential branch according to [98]. In contrast to other studies, the bond-
slip relationship was described not only for monotonic load but also it was developed for the cyclic
type of loading. Beyond the concrete - CFRP interface, a bond-slip relationship between steel and
concrete as well as the bond-slip relationship in the mechanical anchorage region were
distinguished and taken into account. Bond—slip parameters of CFRP — concrete interface were

determined individually for each specimen.
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5.2. FINITE ELEMENT ANALYSIS

5.2.1.  NUMERICAL METHODOLOGY

Due to the use of a combination of nonlinear material models and bond behaviour of CFRP-
concrete interface, a finite element analysis (FEA) was divided into a few steps (see Fig. 5.1).
Firstly, material models were determined and described with required parameters based on
laboratory tests and literature. Secondly, a trial run for the selected case found in the literature was
performed. Initial analysis to validate assumed data was conducted for reference RC beam Al and
reference strengthened beam A2 with perfect bond assumption to avoid interference of bond-slip
model on results. Additionally, to confirm obtained at this stage results, a numerical tool was
developed by the author in Python programming language based on the fibre-beam approach. The
theory behind the tool and validation process was described widely in Appendix A.

After confirmation of the results, calibration of the bond-slip relationship parameters was
conducted based on the trial and error method for specimen A2. The final stage consisted of the
validation of all taken assumptions on all tested experimentally beam models with defects. In the
final step, analysis was extended to additional numerical beam models to obtain the ultimate load—

defect ratio relationship.

: Determination of ! ! !
i parameters of material i i Extended analysis E

i Trial FEA run for reference specimens: E
(A1 and A2 with perfect bond assumption), E

: Validation of adoptfed !
i models on specimens with i
i defects ;

Initial sensitivity study

i Verification of FEA resulfs with the :: ' Calibration of bond strength model i
i use of calibrated Fiber-Beam ] |:> '; with the use of trial and error !
I analysis tool i i (specimen: A2) ;

*NO SATISFACTORY RESULTS

Fig. 5.1. Adopted methodology in numerical FE analysis
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5.2.2. INITIAL CONDITIONS

Numerical calculations were performed in ABAQUS Standard software [1]. In the case of
3D models, 8-node hexahedral (C3D8R) solid finite elements were used for modelling the concrete
of the beam (see Fig. 5.2). For steel reinforcement, 2-node beam elements (B31) were used for both
longitudinal bars and stirrups. Reinforcement was embedded in solid elements of concrete and the
bond-slip relationship between steel reinforcement and concrete was neglected. CFRP strips were
modelled as 4-node shell (S4R) finite elements. Steel rectangular plates were used for supports as
well as for intermediate elements transferring load directly to the beam.

Newton's numeric technique has been used for solving the nonlinear equilibrium equations in
the analysis. A few finite-element mesh sizes were used for the mesh sensitivity study: 15mm,
25mm and 50mm, from which 25mm was finally selected for further calculations. Analysis was
conducted in two steps. In the first step, the self-weight of the beam was taken into account. In the
second, a monotonic external load was applied using the displacement control technique. The
maximum range of displacement was set as 30mm and displacement increments vary between 10"
mm and 0.01lmm. The load was applied to the beam through steel plates on the top surface. Beam
was supported on steel plates where simpe boundary conditions were used. On the centre line of the
bottom surface of steel plates, translations in all directions were restrained (u, = uy = u, = 0), while
on the other side only vertical and transverse translations (uy = u, = 0) were restrained. Symmetry

boundary conditions in relation to the YZ plane were used at nodes in the midsection plane.

Fig. 5.2.: Visualisation of the 3D RC beam model and main mesh size (25x25mm)
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5.3. MATERIAL MODELS

5.3.1.  REINFORCING STEEL

The stress-strain relationship for reinforcing steel was adjusted to the results obtained in the
material investigation. An elastic-plastic material model with kinematic hardening was assumed,
thus the stress-strain curve was approximated using a bi-linear relationship as shown in Fig. 5.3a.
The slope of the elastic segment is represented by Young’s modulus based on laboratory tests and
was set as 200GPa for associated yield strength of 575MPa. Poisson’s ratio was assumed based on
similar studies found in the literature. All parameters taken in the numerical analysis were

summarised in Table 5.1.

Table 5.1. Reinforcing steel material parameters used in the model

Parameter Symbol Value Unit
Yield strength 5 575 MPa
Yield strain &y 0.0028 -
Young's modulus E; 200 GPa
Poisson's ratio v 0.3 -
Strength f 665 MPa
Esh 0.028 -
Eg 2.0 GPa

To avoid convergence issues, a plastic plateau beyond yield strain was assumed with a

slight slope described by hardening modulus with the value of 2GPa.
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Fig. 5.3.: Bi-linear material model for reinforcing steel a) linear elastic material model for CFRP strip b)
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5.3.2.  CFRP STRIPS

The stress-strain curve of the CFRP strip was assumed to be perfectly elastic up to the failure
as shown in Fig. 5.3b based on average values obtained in laboratory tests. The parameters needed

to specify this behaviour in the numerical model were summarised in Table 5.2.

Table 5.2. CFRP material parameters used in the model

Parameter Symbol Value Unit
Ultimate strength Jou 2179 MPa
Rupture strain Epu 0,012
Young's modulus Ecrrp 171,9 GPa
Poisson's ratio v 0,3 -
Thickness t 1,2 mm

5.3.3.  CONCRETE

Over the years modelling of complex nonlinear behaviour of concrete has been developing
and nowadays it can be considered an independent branch of engineering [104]. Nevertheless,
numerical analyses (based on the finite element method [7][24] [158]) mentioned in the previous
chapter were performed mostly using available material models in FEA commercial packages
[60][73] and adjusted to results obtained in the experimental investigation. In this study, for the
nonlinear response of concrete, the concrete-damage plasticity (CDP) model was adopted. This
model was firstly proposed by the team Lubliner, Oller, Oliver, and Onate in 1989 [99], in
collaboration between the University of California (Berkeley, USA) and Universitat Politecnica de
Catalunya, (Barcelona, Spain). The main effort of the authors has been focused on the
determination of a mathematical model describing more precisely, the nonlinear response of
reinforced concrete structures. It has been developed over the years by Fenves and Lee [94], and
implemented in commercial software ABAQUS in 2002. In 2017 validated modification of this
model was proposed by the research team including one of the authors of the model [2], where a
new method of calculating concrete damage variables depending on mesh size was introduced.

CDP is a combination of elastoplastic material stress-strain relationships where isotropic
degradation is considered. The degradation process of material starts after the ultimate level of
stress on the damaged surface is reached. The CDP model assumes two major damage mechanisms
- cracking in tension, as well as concrete crushing in compression. The degradation process of
material is a result of the development of micro-cracks under the monotonic as well as cycling

load, which is why the concept of effective stress was introduced (see Fig. 5.4) The general
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relationship between the stress state of undamaged material and the effective stress state is

determined by damage variables that can be defined as a scalar or tensor quantity.

|
i &

| -
. . .
Fig. 5.4 The concept of effective stress
In the case of the isotropic damage model, such a relationship is formulated as follows:
1
o=——)- 5.1
G ( T d) o (5.1
where:
o effective stress tensor
d scalar damage parameter (0 < d < 1)

Formulation of effective stress by the Cauchy stress tensor can be related to the constitutive
relationship which in iterative plasticity theory can be expressed as follows [11]:
o0=(1—-4d)D:(eg—€P) (5.2)

During the unloading process, the elastic behaviour of the material is maintained with lower
stiffness in both cases - tension and compression. Damage is progressing by reduction of initial
stiffness which is dependent on two damage parameters: d. (DAMAGAC) in case of compression
and d, (DAMAGET) in case of tension. Parameters take values in the range of 0 (perfect elastic
behaviour) to 1 (total stiffness loss). During uniaxial tension (Fig. 5.5a) material works fully

elastic up to stress reaches a value of 6.

k el
e, €4

Fig. 5.5.: Uniaxial concrete response due to (a) tension (b) compression
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After o, value is exceeded, material degradation in form of tension softening starts which is
related to appearing of micro-cracks in concrete. In the case of uniaxial compression (Fig. 5.5b),
the concrete response starts to be nonlinear after the stress value exceeds oy up to the ultimate
stress value 6., when the softening behaviour of concrete has begun. In case of a change of stress
sign, the effects of closing and opening micro-cracks in the material structure are provided in the
model.

It was achieved by connection tension and compression damage parameters with the use of

the following relationship:

(1-d)=1-s5d)(1—scdy) (5.3)
where:
St)Se - functions related to sign changing of stress
d - general damage parameter (SDEG)

Functions s, and s, are defined as follows:

se=1—w;-r"(011) 0<w <1

se=1-w(1- r*(all)) 0< w. <1 (5.4)
where:
Wy, W, - coefficients that control the stiffness in the transition between compression and tension, which are a
property of the material.
r*(011) - the function of the state is expressed as follows:
. _ _(1foro;; >0
r(©@0) = HOw = { g for o = 0 (5.5)

As far as concrete in real conditions is subjected to a complex stress state, damage to concrete is
described as a yield surface which is considered in 3D principal stress space. The yield function in

the CDP model is based on a modified Drucker-Prager function in the form as follows [59]:

_ 1 _ _ _ _ s
F(O'; 5pl) = m ( q—3a-p+ B(Kxo-max) - y<_gmax> ) — Gc(gpl) =0 (5.6)

where:
a,B,y - dimensionless model parameters

D,q - effective values of invariants p and q

Omax - Mmaximal value of effective principal stress

gl - stiffening variable, defined by two independent parameters s‘f *for tension and &P " for compression.
The effective values presented above, marked with the accent "~ " depend on the degree of
material degradation, while the designation " ( ) " is defined as Macauley brackets, where

(x) = % (]x] + x). The parameters of the plasticity function are described as follows:
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-1
o= (0b0/0c0 ) (5.7)
2(0po/0c0) — 1
—,apl
o-&
B = _C(\;l)(l—a)—(1+a) (5.8)
Ot (gt )
31 -K,)
=—> 5.9
2K, —1 (59)
where:
0c0,.0p0 - concrete strength value in uniaxial and biaxial compression
AGS) . . o
— l) - concrete strength in compression to concrete strength in tension ratio
ot (&
K, - The ratio of Inclination of tension to compression meridian0 < K, < 1.

The shape of the yield surface in plain stress space and meridian and deviatoric sections were

presented in Fig. 5.6.
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Fig. 5.6.: Shape of failure surface a) meridian section
b) deviatoric section c) plain stress projection d) 3D view [6]
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CDP model of concrete assuming non-associated flow rule, where the plastic potential is based on

hyperbolic Drucker-Prager potential function (see Fig. 5.7), which is expressed as:

Gepp = /(€040 tan )2 + G2 — ptany (5.10)
where:
e - Eccentricity parameter
Y - Dilation angle.
dGepp

Fig. 5.7.: Yield function, its asymptote, and gradient in P point
where the graphical representation of parameters e and w were included

For concrete, experimental data of uniaxial compression and tensile stress-strain relationship
was calibrated with the FIB model [N7]. In the case of uniaxial compressive behaviour, the stress-
strain curve was prepared according to equations describing the linear elastic phase and softening

parts related to concrete crushing [2].

O-C(l) = EOEC (511)
(Ee _ (&)
ECi me (gcm)
UC(Z) = e e (512)
14 (o - 2) 25
-1
24+ Vefeme g2y,
Oc3) = <# —VcEc T 2c = (.13)
cm
Ve = T[chmgcm
€ 2 5.14
2 [ﬂ—o.Sfcm (ecm(l —b) +be—’")] G194
leq E,
where:
pl
p = (5.15)
gch

In the case of uniaxial tensile behaviour, the stress-strain curve was prepared according to two parts
describing the linear elastic phase and softening part expressed as an exponential function related to

concrete cracking according to [2][55]:
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O¢1) = Eoét (5.16)
o (w w3 w
(W) = [1 + (cl —) ] -——+ cf)e'c2 (5.17)
ftm WC WC
where:
c1 =3 c, =693 (5.18)

Concrete response in relation to finite element size was correlated with the tensile strain through

kinematic relation based on crack band theory [8] relating strain with the crack opening:

& = &m + W/lgq (5.19)
where:
w - crack opening
leq - finite element size

Tensile and compressive damage variables were determined according to the iterative approach [2]

by adjusting the b parameter as follows:

1
de=1- TTa [2(1 +ap) exp(—btefk) — apexp(—2b.ef*)] (5.20)
t
d,=1- [2(1 + a.) exp(—b.es" ) — ac exp(—2b.eM)] (5.21)
2+a,

where auxiliary parameters according to [2]:

2
3 1.97 - +8
a=1 a, = 7.873 b, = 04533 y be = (fex )'leq
GF €q GCh

Table 5.3. Parameters used in for determining stress-strain relationship and damage variables

Parameter Symbol Value Unit
Compressive strength fem 38.1 MPa
Tensile strength Jfem 2.37 MPa
Peak strain £co 0.0019 -
Ultimate strain & 0.0035 -
Shear modulus G 11435.96 GPa
Fracture energy Gr 0.141 N/mm
Crushing energy G, 33.80 N/mm
Regular mesh size leq 25 mm
Auxillary Parameter 1 b 0.9 -
Aucxillary Parameter 2 a, 7.873 -
Auxillary Parameter 3 a 1.00 -
Auxillary Parameter 4 b, 55.369 -
Auxillary Parameter 5 b, 778.219 -
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Table 5.3 summarise the required values for determining post-elastic response and damage
variables in the function of strain. It can be noted that those functions in this approach are related to
mesh size parameter l., Thus, stress-strain relationships were determined for different mesh sizes
in accordance with formulas: 5.13 in compression and (5.17 for tension (Fig. 5.8a-b). Damage

variables (Fig. 5.9a-b) were determined with equations eq (5.13 in compression and (5.17 in

tension.
a) b)
50 - 25
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L0 - 2,0 15mm
25mm
30 1,5 SOmm
o n
o
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Fig. 5.8.: Uniaxial post-elastic relationships of concrete adopted in the numerical model for a given mesh size
a) compression stress - crushing strain b) tension stress - cracking strain
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Fig. 5.9.: Uniaxial relationships of concrete adopted in the numerical model for a given mesh size
a) compression damage variable - crushing strain b) tension damage variable - cracking strain
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It can be noted, that more fine mesh is related to higher values of fracture energy in tension and

crushing energy in compression.
5.3.1.  CPD CONCRETE MODEL SENSITIVITY STUDY

The main aim is to verify the numerical FEA model as well as to validate adopted material
parameters in terms of experimental results. For initial calculations, parameters for the CDP model
described in the previous subsection were presented in Table 5.4. The mean Poisson ratio and
elastic modulus values were taken directly from the test. The rest of the parameters were adopted
based on related literature [2][57][117][137][153]. A sensitivity study was performed to verify how
results are affected by changes or uncertainty in input data as well as to confirm the correctness of

the adopted literature-based parameters in this type of analysis.

Table 5.4. Direct input data used in the CDP model

Parameter Symbol Value Unit
Dilation angle v 35 °
Stress ratio 010/ 0co 1.16
Eccentricity e 0.1
Meridian slope K. 0.667
Viscosity parameter u 0.0001+ 0.0002

The set of load-deflection curves for various parameters in the case of specimen A1 were shown in
Fig. 5.10. There is an agreement in publications for meridian slope K. which for concrete was set as
0.66 as well as with the value of eccentricity. As shown in Fig. 5.10c, values of eccentricity
varying from 0.05 to the value of 0.2 had a negligible effect on load-deflection response. The stress
ratio was adopted according to well-known research conducted by Kupfer et al [92]. However,
there is some discrepancy when it comes to dilation angle . Values from 5 [139] up to 56 degrees
[32] can be found. Wosatko et al. [153] presented an extensive study and explanation for the role of
the dilatancy angle. In conclusion, the authors recommend using values not larger than 35 degrees.
Load-deflection responses for different dilatation angles were presented in Fig. 5.10a. Higher
values of dilatation angle slightly increase the slope of the load-deflection response of the beam.
However, a difference in the load level at which plastic strain occurs in bottom reinforcement is
unnoticeable. In one of the studies [125], values lower than 25° gives model response (slope) not
consistent with RC beam response in the experiment in the higher load values. For this reason, the
value of 35 degrees has been chosen as the most common value found in the literature in this type
of analysis. In many publications, a low value of viscosity parameter x is recommended and it
stands for the stabilization of results by controlling the convergence of conducted analysis. Here,

the value was varying from an initial 0.0001 up to 0.0002 It was increased when premature loss of
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convergence was observed especially when the concrete — CFRP bond interface described in the

next paragraph was taken into account. In performed analysis, no relevant difference in the whole

range of load in the model response has been observed for selected CPD parameters. At this stage,

only a slight influence has been observed by directly changing the mechanical properties of

concrete like the modulus of elasticity.
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Fig. 6.10.: Comparison of load- mid-span deflection response with mesh size 25mm and selected parameters:
dilatation angle a) viscosity parameter b) eccentricity c¢) elasticity modulus d)

5.3.1.

INFLUENCE OF FE SIZE ON CDP MODEL RESPONSE

The next step was to verify the insensitivity of adopted parameters for a post-elastic response

of concrete(see Fig. 5.8 - Fig. 5.9) for different mesh sizes in accordance with Alfarah et al. [2].
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A comparison of load-deflection curves for selected finite element sizes (15mm, 25mm and 50mm)
was presented in Fig. 5.11a. Calculated parameters for concrete show good agreement among load-
deflection and moment-curvature responses (Fig. 5.11b) for each mesh size used in the numerical

model in the whole load range. The differences between results do not exceed 3%.

a) b)
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Fig. 5.11.: Load-deflection a) and moment-curvature b) response in relation to the finite element size

Convergence issues have been found in the case of the sample with an FE size of 50mm.
This might be due to a dramatic drop in the tension-softening response of concrete when a
reasonable load increment has been used. Although load-deflection response and moment-
curvature response have been found insensitive for finite element size, a general damage

propagation has been inconsistent on finite elements in the case of coarse mesh (see Fig.: 5.12).
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Fig.: 5.12 Comparison of experimental crack pattern and damage variable distribution in tension for different
FE sizes at load value of 120kN — specimen A1
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Finally, It was decided to use a mesh size of 25mm as a balance between the accuracy of the

damage propagation variable and the time consumption of analysis.
5.3.2.  VALIDATION OF SELECTED PARAMETERS

At this stage, numerical responses were compared for unstrengthened specimen Al and
strengthened specimen A2 where a perfect bond between concrete and CFRP was assumed. It can
be noted that the general post-cracking response is rather similar and relatively good agreement in
stiffness in form of the slope was achieved. The difference in derivative calculated between the
experimental and numerical load-displacement curves in the range of 5-15mm for specimens A1l
and A2 do not exceed 5% and 2% respectively. Using the same mechanical input data based on
experimental investigation, the load-deflection response (Fig. 5.13a) and moment-curvature
response (Fig. 5.13b) obtained in FEA were confronted with results obtained using the simplified

fibre—beam (FB) method described wider in Appendix A
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Fig. 5.13.: Comparison of numerical and experimental results a) load-deflection response b) bending
moment-curvature response (EXP - experimental results, FB — Fiber beam analysis, FEA - Finite element
analysis)

Higher ultimate load values were achieved in numerical calculations - 2% for specimen Al
in FE analysis and 1% lower in the case of the FB method. Due to the lack of delamination in the
FE model with perfect bond assumption, only result under specific load value can be compared in
the case of specimen A2. It can be noted that in the FB method the slope in load-deflection
response is higher in contrast to the FEA. However, simultaneously, relatively better agreement in
moment-curvature response can be observed.

A difference between FEA and experimental results can be noted in the load level at which

the inelastic response of concrete has begun. Concrete cracking occurred in about 1.5 times higher
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load value in numerical simulations in comparison to laboratory tests in both cases. On the one
hand, this may be the consequence of the adopted procedure for determining damage variables and
post-elastic response that makes results independent from the mesh size. On the other hand, such
behaviour can be observed also in other numerical studies on RC beams in bending where the CPD
concrete model was adopted [21][58] (see also information in Appendix B). Assuming the same
post-elastic response in tension in the FB method similar overestimation of the cracking moment
can be observed.

In Fig. 5.14 the mid-span concrete strain response in the compressive zone has been
compared for specimens Al and A2. The difference between the maximal reached strain does not
exceed 8% in the case of specimen Al. A higher difference of up to 15% has been observed in the
comparison between FEA and experimental results. Strain recorded in the FB method takes similar

values as FEA up to 125kN then the difference increases up to 7%.
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Fig. 5.14.: Mid-span strain comparison measured in a compressive zone of concrete
a) in specimen A1 b) in specimen A2

The mid-span strain at CFRP and steel reinforcement for both numerical calculations were
compared with laboratory results in figure Fig. 5.15. In the case of FE analysis, both steel and
CFRP strain values at ultimate load are about 8% lower than the value measured in the test. The
strain value in composite at ultimate load in of fibre—beam analysis, is only about 3.5% higher.
However, a clear distinction can be found in strain values after yield strength had been reached in
reinforcement. In contrast to FEA and laboratory test, the mid-span zone in the FB method is an
exact cross-section where reinforcement undergoes plastic deformation. In the test and FEA, the
measured point was located between cracks and between points where plastic deformations of

reinforcement occur.
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Fig. 5.15.: Mid-span strain history comparison between numerical models and laboratory test of sample A2
measured in steel a) in CFRP composite b)

Considering the minor effect of tension stiffening effect on the ultimate load in some cases
[N17] and in results obtained from the FB method (see Appendix A) and obtained agreement in
strain response in materials, validation of numerical results was found acceptable given the aim of

the study.
5.3.3.  BOND BEHAVIOUR OF CFRP - CONCRETE INTERFACE

So far, a perfect bond assumption between concrete and CFRP has been adopted. This is
sufficient in the common strain limitation approach. However, it is not always possible to predict a
proper failure mode, especially when defects exist in the bond. In this case, behaviour is limited,
load is increasing up to the moment when the failure mode not related to debonding occurs. It was
also noticed that the perfect bond model overestimates stiffness after concrete cracking [117]. The
simplified method of perfect bond assumption was adopted in [52][110][147], and it is usually used
as a reference to more complex approaches [21][95][116]. A few basic approaches to modelling
concrete - CFRP contact can be distinguished: the use of a predefined crack or cohesive zone
model [133]. Here, the second approach with the use of surface-based cohesive behaviour related
to cohesive traction—separation law has been adopted. On the whole, a shear traction-separation law
of the CFRP—concrete interface in related literature is referred to as the bond-slip law. In traction-

separation law, the initial elastic relationship is followed by damage initiation and evolution.

a) Elastic behaviour - before a specific value of ultimate stress in the considered direction
is reached, the bond interface provides elastic cohesive behaviour. In the general case, a three-
dimensional space traction stress vector consists of the normal, shear and tangent stress

components. Each of them corresponds to the related quantity of separation which describes
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relative displacements between nodes on bonded surfaces. Those quantities are associated with the

stiffness matrix in the following constitutive relation [22][146]:

Un KTLTl KTlS Knt 671
Ts =\ Ksn Kss Ky 8 (5.22)
Tt Kin  Kes K /6,
where:
on Ts, Ty - traction stresses corresponding to normal, shear and transverse stress components
6y, 05,6, - Separations refer to normal, shear and transverse stress components
Knn Kgs, Ki¢ - cohesive stiffness components in normal, shear and transverse direction
Ko Kns, K¢ cohesive coupled stiffness components

A special case of this relationship — uncoupled traction-separation behaviour was adopted which
assumes only non-zero values on the main matrix diagonal. In this study, this uncoupled stiffness
relation was adopted.

b) Damage initiation - quadratic nominal stress criterion was assumed for the damage

initiation. [115][116][156] In this approach, each stress component contributes to the damage

initiation state except compressive normal stress.

(on) 2 Ts )2 Tt 2
CSQUADSCRT Q = {W} + {Tmax} + e =1 (5.23)

n s Tt
The damage initiation criterion is expressed by the software variable CSQUADSCRT (here
denoted as Q) describes a stress state intensity at a given point and indicates the start of local
damage propagation when the variable reaches the value of 1.

c) Damage evolution - it describes softening process after damage initiation of the cohesive

zone up to the complete failure of the bond corresponding to maximum slip. The softening curve
can take different forms whereas exponential and bilinear forms are mostly used in the case of the
Concrete — CFRP interface [98]. After degradation is initiated, stress components are correlated
with the damage variable CSDMG (here denoted as D) which takes value from 0 (no degradation)

to 1 (complete local failure):

On= (1 - D)Jn
Ts=(1-D)Ts (5.24)
Tt=(1-D)T

From many bond strength models [97], the bilinear function of the bond-slip relationship for
externally bonded FRP reinforcement for RC structural members was adopted in this study. This is
recommended for design purposes according to [N7][N8]. For the bilinear form of bond-slip law,

mentioned linear damage variable is defined as:

b SO = 55)

7 5 (5.25)
Om (5m —6m)
where:
5};1 - the effective separation at complete failure
S - relative to the effective separation at damage initiation
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The damage variable is based on effective separation that combines normal and shear

displacements across the interface:

O = \/((Sn)z + 62 + 67) (5.26)

Sometimes, the parameter of the bond fracture energy Gy is used interchangeably, which is defined
as the area under the bond-slip curve (see Fig. 5.16a). In the case of bilinear form it can be

expressed as:
oy 1
Gy = f tdd = §5meax (5.27)
0

For formulas of the bond-slip curve usually displacements symbols '8’ are replaced by symbol “s’.

Thus, the bilinear function of each stress component can be expressed by the following equations:

7(S) = Tmax ( :—0) for0<s<s, (5.28)

S— Sy

7(8) = Trax (1 - ) forso<s<ss (5.29)

Sf_SO

5.3.4.  CALIBRATION AND SENSITIVITY STUDY OF CONCRETE - CFRP INTERFACE

As mentioned before, for general isotropic material bond-slip relationship with assumed
bilinear form is described by a few quantities: the maximal cohesive failure stress T,,x and
interchangeably by bond stiffness K and damage initial slip as well as the critical energy release

rate Gyand ultimate slip sy (see Fig. 5.16a).

max

Bond Stress

0 So St Slip
Fig. 5.16.: a) Bilinear stress-slip relationship for EBR with required parameters

The calibration process of the CFRP- concrete interface in terms of the ultimate load was
conducted by adjusting interface parameters on specimen A2. It was achieved by the use of trial

and error in reference to experimental results. The resulting parameters were summarised in Table

5.5.
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Table 5.5. Concrete - CFRP interface parameters used in the model

Parameter
Tensile strength
Width ratio (eq. (2.12)
Max. shear stress
Fracture energy
Ultimate separation
Normal Stiffness

Shear Stiffness

Symbol Value
£ 2.37
kp 0.935

Tmax 2.27
Gy 163
8¢ 0.15
K, 410"
K=K, 3.85+10"

Unit
MPa

MPa
N/m
mm
Pa/m
Pa/m

Values of stiffness components were adopted according to Sergga et al. [132] where the

normal and tangent stiffness in both directions were assumed to be equal to 4.0-10'' Pa/m and

3.85-10"" Pa/m, respectively. As a starting point, the maximal shear stress and ultimate separation

at failure were adopted according to [N8] as the second approach as a 5% mean value and

calibrated. Nevertheless, it should be emphasized that after adjusting the bond-slip law to

experimental results for specimen A2 and selected FE size, the mesh sensitivity study for traction-

separation law in the surface-based contact approach has not been investigated. In Fig. 5.17 and

Fig. 5.18 sensitivity study for parameters of bond-slip law was shown. Unlike, the CDP material

model, each parameter has a major effect on obtained results in terms of ultimate load. In Fig.

5.17a the effect of maximal shear stress value on ultimate load was analysed for constant fracture

energy, which confirmed initial expectations.

a) MAXIMAL SHEAR STRESS VALUE b) FRACTURE ENERGY
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Fig. 6.17.: Comparison of load- mid-span deflection response for various parameters of traction-separation
law a) Maximal shear stress, b) fracture energy

By increasing the maximal shear value, the ultimate load increase until debonding. Changes

made in maximal shear stress value do not have a linear influence on ultimate load. In reference to
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the sample with a maximal allowable shear stress of 2.0MPa, by increasing this value by 15%, the
ultimate load increased by about 9% while for decreasing the maximal stress of 25%, only a 9%
reduction of the ultimate load has been observed.

In a similar manner increase in fracture energy for a given maximal shear stress value cause
also increase in ultimate load (Fig. 5.17b). However, In the case of fracture energy, a linear
relationship has been found. Fracture energy was controlled by ultimate slip for given stiffness and
maximal shear stress. A 70% increase in fracture, energy cause a 70% increase in ultimate load and
similarly 65% decrease cause a 65% drop in ultimate load in relation to the specimen with fracture

energy of 163Nm.

a) DAMAGE INITIATION CRITERION b) BOND STIFFNESS
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Fig. 5.18.: Comparison of load- mid-span deflection response for various parameters of traction-separation
law a) damage initiation criterion b) bond stiffness

The bond stiffness has a minor effect on load-deflection response in the proximity of the
considered value of 3.85-10"" Pa/m. An 8% increase in ultimate load was found for ten times of
initial value (see Fig. 5.18d).

Additionally, another damage initiation criterion has been checked based on absolute
maximal stress in each direction (MAX). Nevertheless, because of the higher value of ultimate load
obtained using this particular criterion (Fig. 5.18a), even lower values of maximal stress or fracture
energy should be found to adjust numerical results to the experimental data. Thus, the quadratic
nominal stress criterion (QUAD) has been used. No visible difference has been observed in the
slope of the load-deflection curve which indicates a lack of influence of parameters on general

member stiffness.
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9.4. VALIDATION OF BOND BEHAVIOUR ON STRENGTHENED BEAMS WITH DEFECTS

Based on the parameters selected in the previous section, validation of the numerical models
in reference to experimental beam specimens with defects was performed. A comparison of the

load-deflection responses was presented in Fig. 5.19.

a) b)
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Fig. 5.19.: Validation of a numerical model in load- mid-span deflection response a) for specimens A3a, A3b
and A3c b) for specimens B3a, B3b and B3c.

A relatively good agreement for specimens of both series A and B was achieved. In the case
of specimens in series A a 1%, 5% and 6% difference in ultimate load was obtained for specimens
A3a, A3b and A3c respectively in comparison to experimental data. Similar to the previous
analysis, a slight overestimation of the cracking moment can be noticed. Smaller differences (2%,
4% and 2%) in ultimate load were obtained in the case of specimens B3a, B3b and B3c
respectively. Higher values of difference were obtained in the numerical study for series B in

comparison to experimental data when lower values were obtained for series A (see Table 5.6).

Table 5.6. Comparison of ultimate load values between specimens in FE analysis and laboratory tests

SPECIMEN EXP: Pu [kN] FEA: Pu [kN] DIFFERENCE

A1 130 130,08 0,1%

A2 201,3 202,99 0,8%
A3a 200,9 198,70 -1,1%
A3b 201,4 192,01 -4,7%
A3c 199,3 187,71 -5,8%

A6 171,6 161,55 -5,9%
B3a 166,77 170,60 2,3%
B3b 173,8 180,90 4,1%
B3c 164,9 167,80 1,7%
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A difference of about 6% in ultimate load in relation to experimental studies was obtained
for specimen A6. In this case, the numerical simulation shows slightly different behaviour in terms
of stiffness in contrast to a model without a defect after the load had exceeded 80kN (see Fig.
5.20a). In contrast to the experimental study, failure of the bond occurs before reinforcement

reached its yield strength.

a) b)
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Fig. 5.20.: a) Validation of a numerical model in load- mid-span deflection response specimens A2 and A6
b) comparison of the relationship between relative ultimate load and defect location along the beam for
experimental and numerical part

In most cases, simulations confirmed that the highest influence on member capacity in both
series has a defect located in the shear span near the anchorage zone - where the lowest values of
ultimate load were obtained. Similarly to Fig. 4.23, in Fig. 5.20 relationship between relative
ultimate load (calculated in relation to the highest ultimate load value obtained in a given series)
and distance along the half of the beam was presented for numerical and experimental results.
According to numerical calculations, the effect of the defects increases with the distance measured
from the middle of the span towards the end of the strengthening. The difference between the
highest and lowest values of relative ultimate load and as a consequence maximal capacity
reduction depending on defect location does not exceed 6% in series A and 8% in series B which is
consistent with the experimental part of the work and indicates a relatively small sensitivity of
defect location on the flexural capacity for given beam specimens and given percentage of the

defect area.

9.5. DAMAGE INITIATION AND EVOLUTION ALONG THE CFRP STRIP

Finite element analysis allows greater insight into the degradation of the bond interface

under increasing load. The degradation process measured along the composite up to the failure can
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be expressed as a two-dimensional function of the chosen damage initiation criterion. It can be
done by retrieving the values at each node of variable Q in subsequent load steps in relation to the
distance measured from one end of CFRP to another. Here the quadratic nominal stress criterion
was adopted (see eq. (5.23). In other words, the stress-dependent damage initiation criterion - Q,
can be recorded along CFRP in each load step and expressed as a function.

Mathematically it can take the form as follows:

2 2 2
Q:Q(x,ZF):{%} +{ e | +{r,€%} (530)
where:
x - the distance measured from one end of CFRP to another
2F - Increasing applied external load value

The output of the function recorded in the case of reference strengthened specimen A2 up to the

peak load was presented in Fig. 5.21.
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Fig. 5.21.: Damage initiation of the bond for a numerical model of specimen A2

It can be noted that the degradation process appears directly under the zone of applied
external load at the load value of 90kN. Damage development has a discrete and symmetrical
nature at the beginning. This fact can be related to the process of crack opening in concrete,
nevertheless, the mid-span zone where crack also occurs remains rather non-affected by the
damage. With increasing load, damage initiations proceed towards beam supports and become
more intense. At higher load values degradation in the adopted interface model loses its discrete
character and becomes fuzzier up to the complete failure at the ends of the composite.

The output of the function of damage initiation variable Q for the rest of the specimens was

summarised and shown in Fig. 5.22, Fig. 5.23 and Fig. 5.24.
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Fig. 5.22 Damage initiation criterion of the bond for selected numerical beams: A3a, A3b, A3c
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Fig. 5.23 Damage initiation criterion of the bond for selected numerical beams: B3a, B3b, B3¢
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For numerical convenience, the value of the variable was linearly interpolated over the
defect area between the values on both sides in the diagrams, though those interpolated values on
the defect area have no physical meaning. In series A, higher values of the Q variable appear under
the different load values varying from SOkN to 90 kN. In the case of series B, damage initiation
appears a little bit earlier in the range of 40kN to 60kN.

At a higher load level, the stress concentrates closely on the defect in each case. On the
whole, the distribution of damage initiation variable Q has also a discrete nature when the defects
exist. It seems that local peaks of variable Q are more densely distributed in series A, than those in
series B where distribution is more loose and fuzzy but the damage initiation variable seems to be
more intense. This may contribute to crack distribution in both series. For specimens, A3b and A3c
the symmetry of the stress intensity is disturbed due to an occurrence of the defects in the bond in
comparison to specimen A2 without defects. A similar situation takes place in series B for
specimens B3b and B3c. Initially, a damage initiation variable takes different values on both sides
of the defect. At the same time, higher values occur on the side closer to the beam support. An
exception occurs for specimens A3a and B3a with symmetrically located defects where damage
initiation variables on both sides are almost equal. Stress distribution, in an outer part of the CFRP
split by a defect in shear span for specimens A3cand B3c, reminds the behaviour and stress
distribution of specimens used in the shear lap test [154]. In the case of specimen A6 damage
initiation criterion increase in the proximity of sides of defects starting at the segment near

supports. Lower values of damage initiation variables can be noticed in mid-span located segments.
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Fig. 5.24 Damage evolution of the bond for a numerical model of specimen A6.

In the proximity of the ultimate load, the damage proceeds rapidly. In general, it is expressed

via the damage variable D in numerical calculations. Propagation of the damage variable for
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specimen A2 in the selected timesteps was presented in Fig. 5.25 where the red colour represents
damage (D=1) and the blue colour represents no damage (D=0). The arrows represent the main
direction of damage evolution. It can be clearly seen that damage develops from the area of point
load towards beam supports up to complete debonding. This behaviour seems to reflect IC
debonding failure observed in the laboratory tests, though it has not been started directly from the

midspan (cf. Chapter 2.4.1), but under the area of applied external load.

State at loading:

Fig. 5.25.: Damage evolution variable D (CDSMG) at the CFRP - concrete interface for specimen A2 in
selected load steps
Generally, any significant differences have been observed In damage propagation among the
specimens in both series. In contrast to series A, damage in series B was initiated closer to the
support. Based on an experimental study in series B concrete cover separation failure mode was
observed as a consequence of propagating diagonal crack. A similar observation in numerical
models was found where the loss of composite action propagated towards the middle of the span.
(see Fig. 5.26). Although the whole CFRP — adhesive- concrete interface in form of a bond-slip
relationship is some kind of numerical simplification, a coherent failure was observed in

simulations with those recorded in an experimental study.
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Fig. 5.26.: Damage evolution variable D (CDSMG) at the CFRP — concrete interface for specimen B3a in
selected load steps
In specimen A6, the damage has been developing at each end of each defect (see Fig. 5.27).
Nevertheless, loss of composite action was governed by the evolution of damage at the anchorage

zone followed by delamination under point load.
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State at loading:
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Fig. 5.27.: Damage variable at the CFRP — concrete interface for specimen A6 in selected load steps

It can be noted that the midspan zone between point loads has not been affected dramatically
by the damage in numerical simulations in all types of specimens even if the cracks occur firstly in

the middle of the span at loading.
9.6. INFLUENCE OF DEFECT AREA ON FLEXURAL CAPACITY REDUCTION

Thanks to numerical calculations the relationship between defect area to total bonded area
ratio on reduction of flexural capacity can be determined in the wider spectrum. To achieve this
goal, additional specimens signed as A7 and A8 were introduced. and analysed using the FE

method only (see Fig. 5.28).
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Fig. 5.28 Additional numerical beam specimens signed as A7 and A8

Specimens were based on type A reinforcement with other defect area percentage ratios. Additional
numerical specimens were designed with the assumption that the defect always increases its size
symmetrically in relation to the mid-span. Ultimate load values of 180kN and 187kN were obtained
for specimens A8 and A7 respectively. Based on the set of beam specimens including specimens

A7 and A8 as well as specimens analysed previously (A2, A3a and A6) a gradual decrease of
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capacity can be observed with increasing defect area (Fig. 5.29a). In Fig. 5.29b relationship
between maximal CFRP strain in the midspan and defect area ratio was presented. It can be seen
clearly, that with the increasing size of the defect, lower values of maximal CFRP strain can be
obtained. Assuming zero strain at a 100% defect ratio, a second-order fitting curve can be plotted

as an approximation in the whole range.

a) b)
200 - . 61
To = 2.27MPa T
180 | K_= 375 GPa/m SRR ™ A3 A FEA
160 o G = 163nm AR > N A7 FEA-FIT
U.= 0.0001 e A
140 1 £ - 24.1 GPa o 4 -
120 | p= 0.0001
- p
X100 - v NEEW
h T eeee- A2-FEA 5
~ 80 - o i
S - A6-FEA-60% £
60 o * . w
I I e AB-FEA-L2% \
g, . ] \
wdlo T AF-FEA-307% ! y = -0,0003x2 - 0,0208x + 55 \
N A3a-FEA-5% R? = 0,997
0 L} L L L L L] 0 L} L} L L -
0 5 10 15 20 25 30 0 20 40 60 80 100
u, mm Aget/ Actepe %

Fig. 5.29.: a) Load - displacement response at midspan zone of specimens
b) Maximal recorded CFRP strain at midspan zone
Similarly, the results allow building a relationship in form of a decreasing strengthening
efficiency (Fig. 5.30a) and an increasing reduction of relative capacity (Fig. 5.30b) with an

increasing ratio of defect area to the total bonded area (see eq (4.2) and (4.3)).
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Fig. 5.30.: Strengthening efficiency a) and relative capacity reduction b) in a function of defect area ratio

On one hand, more conservative values of relative capacity reduction were obtained in
numerical analysis in comparison to the experimental study. On the other hand, the other effects

like friction in propagating defect between concrete — CFRP interface has not been taken into
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account in numerical simulations. It also needs to be emphasised that the fitting curve based on
least squares and obtained from the experimental study is governed only by one specimen (A6) for
higher defect ratios. Nevertheless, numerical study confirms the experimental prediction that
reduction of capacity due to the increase of defect ratio can be expressed closely with the use of the
parabolic function. It can be noted that according to numerical results, the whole additional
capacity given by the installation of the CFRP strip is lost when the defect is about 80% of the total
bonded area (lower value than 100%). This means, that for higher defect ratio values, the CFRP
strengthening debonds at a load level below the ultimate load flexural capacity of the

unstrengthened RC beam.

5.]. CONCLUSIONS FROM NUMERICAL STUDY

Summarizing the presented discussion and analysis, the following conclusion from a numerical

study can be formulated:

. Performed numerical analyses indicate that the finite element method can be considered
a valuable tool for assessing beams with defects. A good agreement in terms of the ultimate
load, as well as strains, has been received after the calibration of materials and the bond-slip

models.

. No sensitivity of the CDP model on results with different mesh sizes was observed when
proper formulas for determining post-elastic response and damage variables were used.

Nevertheless, the cracking moment was rather overestimated in numerical analysis.

. Correct behaviour of damage propagation reflecting failure modes in numerical simulations

has been observed and different for both series A and B,

° The numerical simulations show that beam models with surface-based cohesive contact are
highly sensitive to maximal shear stress and fracture energy and less sensitive to bond

stiffness.

. Lack of cohesive interaction in CFRP — concrete interface occurs to be a sufficient approach

for simulating defects in performed analyses,

. Complex stress distribution expressed as damage initiation criterion was cumulated mostly at

the border of the defects and can correspond to formulated cracks in the strengthened beam.

. The extended analysis confirmed the experimental prediction of expressing the reduction of
flexural capacity of the beam with the increasing defect ratio by the use of the parabolic

function (second-order polynomial).
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.
6. SUMMARY

6.1. GENERAL

In this study, an attempt to investigate the influence of the bond defects on the behaviour of
the passive strengthened beams with the use of CFRP strip in flexure was made. The research was
limited to artificial defects that cause discontinuities in the concrete — CFRP interfaces in three
particular locations: in the middle of the span, under point load and in the shear span. Two series of
three beams each have been considered. The series differed in the amount of shear reinforcement

which was related to expected failure modes.
6.2. CONCLUSIONS FROM THE EXPERIMENTAL PART

Carried out experimental investigations confirm that RC beams strengthened with CFRP
with existing defects still exhibit essential residual flexural capacity. The value of existing bending
capacity in the case of one-cycle loading strongly depends on the defect area ratio as well as on the
properties of the strengthened member. In series A where 5% area defect has been considered,
differences of less than 1% of ultimate load value have been observed in comparison to
a strengthened RC beam with no defects (reference beams). An experimental study of series A
shows that results were insensitive to defect location along the beam at this level of defect ratio. In
series B where less shear reinforcement and an increased defect ratio of up to 10% were used,
differences between specimens do not exceed 5.1%. Beams in series A show better flexural and
more ductile performance than beams in series B. A 15% higher ultimate load has been observed
in series A. Moreover, the debonding process occurred after the yield strength of bottom
reinforcement was reached in series A in contrast to series B where debonding occurred before.
Although, obtained results confirm the results of the numerical study presented by Zhou et al.
[156], for assumptions and geometry adopted in the presented study, also defects up to 24000 mm”
located in the shear span do not affect ultimate load significantly.

Any relevant differences have been observed in the behaviour of strengthened beams in
terms of cracks and stiffness among all beams in each series. The defect did not affect the pattern
of the cracks recorded on the beams and the existence of the defect remains hidden. In the studied
range of defect ratios, any change of predicted failure mode due to defects has been observed. In
other words, the failure mode of strengthened beams has not been affected by defects at any
location in both series. The 60% defect ratio caused about a 16% decrease in the maximal flexural

capacity.
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The function of flexural capacity in relation to defect ratio was approximated with the use of
a second-order polynomial. For given beam geometry and strengthening, flexural capacity can be
estimated according to a determined relationship based on records of bond defects detected along
the CFRP. The smallest 5% defect ratio for performed analysis was represented by an artificial
defect in size of 120x120mm. That is why, from the non-destructive evaluation point of view,
obtained results can indicate roughly the relevance of the required precision range for defects

recognition with the use of detection devices and image analysis (see chapter 1.3.3).

6.3. CONCLUSIONS TAKEN FROM NUMERICAL SIMULATIONS

The main goal of this study was to verify the possibility of reflecting the proper behaviour of
the flexural strengthened members with existing CFRP bond defects in numerical analysis.
Secondly, numerical analysis was used to extend the range of laboratory tests. Numerical nonlinear
analysis was performed in the ABAQUS software with the use of the concrete damage plasticity
material model for concrete, bilinear material model for steel and linear for CFRP. Obtained results
for reference RC beam A1l and strengthened specimen A2 with perfect bond assumption, were
verified using software developed and calibrated by the author where good agreement between
results in both tools has been found. For composite—concrete interface a surface-based cohesive
behaviour has been chosen where bilinear bond-slip law has been considered. In performed
analysis, constitutive law for bond was calibrated to results obtained in the laboratory tests wherein
values from related literature were adopted as starting points. A sensitivity study for various
parameters of numerical computations has been conducted.

Performed numerical simulations prove a satisfactory level of analysing the response of the
flexural strengthened members with existing defects in the bond. After the calibration process, for
smaller (up to 10%) defect ratios, error margins in comparison to laboratory tests do not exceed
6% for the specimens in series A. For specimens of series B, the difference in obtained results does
not exceed 4.1%. A difference of up to 6% was obtained in the case of specimen A6 with a larger
defect of up to 60% of the total bonded area. A good agreement in ultimate load was obtained
regardless of the type of expected failure mode — IC debonding or shear endplate debonding.

In the next step, numerical analyses were used to determine the defect—ultimate load
relationship where the size of the midspan defect was set as the main parameter. A good
approximation of this relationship has been found by expressing it with the use of close to second-
order polynomials. The obtained fitting plots correspond to the laboratory tests. For assumptions
made in this study, the capacity loss was found to be proportional to the square of the defect area
ratio that exists in the bond. The comparison of experimental and computational results confirms
a good predictive performance of the FEM model in terms of the flexural response of CFRP-

strengthened RC beams when defects were taken into account.
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SUMMARY

Given the above, questions asked in section 1.4, were answered and the target aim was
achieved. Results indicate that exists some acceptable defects level in terms of the percentage of
total bonded area that has a minor effect on the bending moment capacity of the strengthened
member. For defects classified in terms of location and considering the size of the defect, a limited
relationship to estimate its ultimate load was found. Applied defects do not cause any noticeable
change in the failure mode of the beams in the tested range. For given specimens and boundary
conditions, numerical simulations show relatively good agreement with those in the experimental
study. Thus, the influence of bond defects on the behaviour of RC beams strengthened with CFRP

was successfully investigated in the planned limits and range.
6.4. FURTHER RESEARCH

It needs to be emphasised that only a few beam specimens with described geometrical
assumptions have been analysed experimentally in this study. Additionally, only beams under
increasing monotonic load have been investigated. That is why general conclusions for the whole
spectrum of passive CFRP strengthening in flexure with existing defects cannot be formulated
without any further research.

According to the study presented here and the study presented by Zhou [156], it seems that a
small defect ratio does not affect significantly the ultimate capacity load under monotonic load.
However, a similar study should be performed under long-term as well as cyclic or dynamic loads.
In those cases, also the defect growth rate in time needs to be investigated which allows for
determining the inspection window from the time that the defect has been already detected to the
time when the capacity drops beyond acceptable limits.

Considering the above, obtained results in this study may contribute to formulating
guidelines and simplified procedures for considering detected defects in assessment procedures for

passive strengthened structural members with the use of CFRP strips.
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APPENDIX A — DEVELOPED TOOL FOR ANALYSIS VERIFICATION

A.1 - DESCRIPTION

The software was developed by author using Python programming language to control numerical
nonlinear analyses using the fibre beam concept where more complex material models were

adopted (see Fig.A. 0.1).

aaaaaaaa
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Fig.A. 0.1 Materials scheme and strain distribution in RC cross-section divided into fibres
under bending and axial force

It is based on the following assumptions:
= consideration is limited to normal stress only
= plain section principle was adopted in the whole load range
= a perfect bond between concrete and reinforcement as well as concrete and CFRP was
assumed
= the nonlinear uniaxial stress-strain relationships for concrete and steel for each diameter
obtained in experimental data were adopted

= the stress-strain relationships for CFRP obtained in experimental data were adopted,

Table A.0.1. Input parameters for numerical cross-section procedure

Geometry
External Load P, — axial force*, M,,; — bending moment
Cross-section geometry= b — width, h- height, ct — top cover, cb — bottom cover
Steel geometry n — reinforcement number, ¢ — rebar diameter, ¢, — stirrup diameter
CFRP geometry by~ CFRP width, t;— CFRP thickness
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* optional, here N=0kN,
** rectangular section

Table A.0.2. Input relationships of materials

Material properties

Concrete o. = a.(g;)
Steel or = 07 (&f)
CFRP 05 = 05(&s)

The numerical procedure starts by calculating the initial strain distribution for a given load
increment and the considered RC section geometry(see Table A.0.1) as well as for assumed
material stress-strain relationships (see Table A.0.2). Based on the plain section assumption the

linear distribution of strain along the section (see Fig.A. 0.2) can be written:

e(z)=az+b=kz+¢, (A.0.1)
where:
a,b - linear function parameters
K - curvature
SECTION STRAIN STRESSES FORCES
OI(EE) N
— E— c
=
— — =5

Fig.A. 0.2 Stress and strain distribution in RC cross-section divided into fibres

Initially, b=0 is considered. By changing curvature, received strain distribution allows calculating
strain value in each fibre. Based on material constitutive relationships (steel, concrete, CFRP
separately) and fibre cross-section area, the stress in fibres is calculated for a given strain value.
Then, internal forces from stress distribution are determined and the condition of forces equilibrium

acting on the section is checked:

|P3xt - Nintl S 5N (A02)
Nstrip m

Nipe = N, + Ny = Z Acio(ey) + Z As0(€si) + Apo(gf) (A.0.3)
i=1 k=1
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(A.0.4)
|Mext - Mintl = 5M
Nstrip m
M = ) AqoCad g =¥ + ) A (eq) 0 — i) + Aro(e) 0 = 3p)
i=1 k=1 (A.0.5)
where:
Sy Oy - assumed iteration accuracy parameters
Ag, Ag, - across-section area of i - concrete strip, k - reinforcement row

If equilibrium is not achieved, the curvature is modified and the procedure is repeated as long as
the balance of external and internal forces will be met. Once is achieved, the next load increment is
considered. Ultimate load is obtained when strain limits value in concrete, steel, or composite is

reached (see Table A.0.3).

Table A.0.3. Adopted strain limits values

Strain limits
CONCRETE in Compression: & jm = €cuz = 0.0035
STEEL in Compression/Tension &g ;;,, = 0.01
CFRP in Tension & 7, =0.005 = 0.006

By recording strain data for each load (bending moment) increment up to the ultimate load, the
moment-curvature relationship can be plotted. In this study, this relationship was used to compare

with experimental results.

A.2 - ADOPTED MATERIAL MODELS

Concrete — EC2 Steel — Bilinear Model CFRP - Linear Model
fy

T E ©
= S : E,

o] o]
-f ; ; ; | 01 : '
y—10 -5 0 5 10 0 2 4

€ [%o] € [%eo]
Parameters:
o for fetr Eci @ fy > Es  Esn Ef
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CFRP strengthening was implemented as optional. If strengthening influence is
investigated, the linear response is considered for CFRP material where the only value of modulus
of elasticity is required. For steel, the bilinear stress-strain relationship was adopted.
Mathematically, positive values of the strain in the steel material model are described by yield
strength, modulus of elasticity and hardening modulus. It can be expressed via the following

equation:

o = gEs forg < fy/Es (A.0.6)
$ fy + (Si - fy/Es)Esh fOT & > fy/Es o
Concrete response for concrete section design was adopted according to EC2 and [3] :
GC -~
fe i for0 < e < e
i i\
cm i (- 2]
Compression: g ‘ co (A.0.7)
fOT Ec2 =< Eci < Ecu
Occ = fe
ECI Eu Ec
Ot 4 =0 90
R el
E P < E
Tension o 0o = {Sl ce fOT Eci fct/ ce (AOS)
B - 0 for e > fer/Ece
£, (1+p)e,, Eat
where:
& - compressive strain at point i
k = EceECO/fC
£co = g(1+9)

An increase in total strain in case of long-term effects like a creep can be included in the
calculation based on the concept of increasing &, strain value [3] and introducing effective

modulus of elasticity related via creep coefficient:

Ece = (A.0.9)
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A.3 - DEFLECTION CALCULATION

For the calculation of the deflection, the tool uses the moment-area method [14] based on
Mohr’s theorems [16] relating rotations, curvatures and deflections. Calculation of deflection
requires obtained previously moment-curvature response of the analysed beam in bending in the
given section. The numerical procedure starts from the plot of the bending moment diagram along
the beam for the given length and chosen load configuration. If each bending moment value is
referenced to the curvature value, a curvature diagram along the beam can be determined with the
use of the bending moment diagram. Calculations of rotations and as a consequence deflections
(equations A.0.10 + A.0.12) at any point may be calculated using numerical integration of
expression under integral based on the curvature diagram (see Fig. A.0.4). For numerical

integration trapezoidal rule was adopted.

], [ K

‘u .. u,
_______ X84
AAX
Xk ]
Fig. A.0.3 Rotation and deflection relationship (based on [6])
Uy = Ogx, — Agy (A.0.10)
n
6, = a8 1fBM X5 d 12 A A0.11
= —= — — X X = — X; . . 0.
A I I M El 1B I ' iB i ( )
i=1
k M n
AAx =f —-mdx=2xik-Ai (A012)
A El o
i=1
where:
0y - Rotation at support A
Xik> Xip - Distance to a given point of integration from support A, Distance from support B

Load — deflection response of a simply supported beam can be obtained in the following steps:

1) Calculation of moment-curvature response in the considered load range,

2) Determine the bending moment diagram along the beam considering boundary and load
conditions,
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3) Determine the curvature diagram along the beam based on the moment-curvature response

4) Numerical integration of curvature diagram by dividing it into a finite number of segments
and calculating the area, centroid and the first moment of area of each segment about point
k and point A,

5) Calculate deflection based on geometrical relationships of rotations and tangents.

Moment - Curvature Bending Moment Diagram Curvature Diagram

X Xi
(M) (k) / "

>

M, k (17r)

f k, k

Fig. A.0.4 Deflection calculation concept based on (based on [6])

The tension stiffening effect is represented through optional concrete tension softening
(stress-strain diagram) after crack formation. In Fig. A 0.5 set of load-deflection curves was
compared for the beam model (described in the numerical part of this study) without tensile
strength (NC), with the only elastic response (0) and with tension softening in the post-elastic

response taken into account.

200 - 100 -
175 4
150 o 75
125 4
= =
<100 - =< 50 o
w s ol
ISV R A — ~N o°
75 4 RN A AT TR A1-FB-0

......... A1-FB-TS

eeccee A1-FB-TS
50 o — A1-FB-NC 25 A A1-FB-NC
S 0 tee-- A2-FB-0 &S eeee- A2-FB-0
25 Ft -t -1 s A2-FB-TS secees A2_FB-TS
— A2-FB-NC A2-FB-NC
0 L L L L L L 1 0 L L L 1
0 5 10 15 20 25 30 0 5 10 15
u, mm u, mm

'

Fig. A 0.5.: Comparison of load-deflection curves: NC — Concrete carries no tension, TS - Tension Stiffening,
0 - Linear behaviour of concrete up to tensile strength a) overall response b) zoom at an early stage of
loading
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Although response at the early stage varies between models, there is no significant

difference in overall response and ultimate load value.

A.4 - MODEL VALIDATION

The tool prepared according to the rules presented above can be used to compare moment-
curvature and load-deflection response, as well as strain at steel, concrete and composite obtained
in the experimental study. Here, three different specimens based on available literature were
selected to verify the correctness of the proposed tool and its predictive ability [S8][67][83][89].
Specimens vary in terms of length, cross-section dimensions, concrete as well as steel and CFRP
reinforcement. Specimens were tested in a four-point bending test with different point load
configurations (see Fig. A.0.6). The experimental setup for each beam was presented in Fig. A.0.7

and material properties were summarised in Table A.0.4.

a) Krzywon et. al [89]

1000 ’SL 800 JE‘ 1000
CFRP strip 60x1..mm [—
50 11x100 235 | 230 | 235 11x100 50
3000

b) Kaminska, Kotynia (2000) [67]

800 il 1400 IJ—L 800
[T CFRP strip 80x1.2mm [
150 8x100 7x200 8x100 150
3000
3300

c¢) Kotynia, Kaminska (2003) [83]

1400 ’SL 1400 FL 1400
4 CFRP strip 80x1.2mm -
150 14x100 7x200 14x100 150
4200
4500

Fig. A.0.6 Experimental setup for verified beam specimens
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a) Krzywon et. al [89]

o)
g
(=] 00|
) )
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Table A.0.4. Input material parameters of considered specimens
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b) Kaminiska, Kotynia (2000) [67]

300

131
,I—

238

51,

| S

2

&

31 88 I3
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¢) Kotynia, Kaminiska (2003) [83]

y
L]

&

Fig. A.0.7 Cross-sections for selected beams used invalidation

Krzywori et. al

Kotynia, Kaminska

Kaminska, Kotynia

Material Parameters [89] (2003) [83] (2000) [67]
£c4» MmM/m 0.0022 0.0022 0.0022
fz» MPa 44.7 32.3 28.5
CONCRETE fet» MPa 3.20 2.80 2.73
E., GPa 31.0 22.7 23.4
®, - 0 0 0
fy» MPa 570 (493)/(524) 421
STEEL f+» MPa 660.8 (688-126) (647-115) 651
E,, GPa 200.7 (215)(209) 199.5
CFRP Ef, GPa 171.2 (60x1.4) 172 (80x1.2) 171.9(80x1.2)

Based on available data from a study conducted by Krzywon et al. [89], load-deflection

curves of strengthened and non-strengthened RC beams (Fig. A.0.8a) were compared. Good

agreement in curves close to the ultimate load can be found. The difference in ultimate load does

not exceed 1% and 4% relatively for strengthened and non-strengthened beams. A little

underestimation of stiffness can be noted just after the load value related to the cracking moment.

Similar behaviour comparing composite strain at midspan as a function of load (Fig. A.0.8b) in the

case of the strengthened beam can be found.
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Fig. A.0.8.: Comparison of experimental and fibre-beam analysis results of mid-span load-deflection response
a) and mid-span composite strain of CFRP strengthened RC beam b)

More relevant differences were observed when specimen B0-04/S in accordance with the
study conducted by Kaminska and Kotynia was analysed (see Fig. A.0.9a and b). About a 12%

difference in the value of strain referring to the ultimate bending moment was noted.
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Fig. A.0.9.: Comparison of experimental and fibre-beam analysis results of mid-span load-deflection response
a) and mid-span compressive strain of concrete b)

For the next comparison, another sample of the experimental study performed by the same
research team [83] has been chosen (specimen B-08/S). Good agreement is obtained results of the
ultimate load can be observed in both the load-deflection curve as well as CFRP strain response
(see Fig. A.0.10a and b). A similar disturbance can be noted in the proximity of the cracking load.
This is related to the lack of tension stiffening effect after cracking load and sudden drop of stress

down to zero value.
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Fig. A.0.10.: Comparison of experimental and fibre-beam analysis results of mid-span load-deflection
response a) and mid-span composite strain of CFRP strengthened RC beam b)

Based on the relatively good agreement of results obtained from fibre—beam analysis in
comparison to available data from different experimental studies can be concluded that the
developed tool has been properly prepared and have the predictive potential for studies of
reinforced concrete beams both non-strengthened and strengthened (with perfect bond assumption)
subjected to monotonic load. The tool also has great potential for even designing purposes, and
various effects of analysis can be additionally developed. More information about source code can

be found at [E1].

[E1] Bialozor R.: Beams in Bending in Python, Online source code repository,
https://github.com/rbialozor/phD [online] (available: January 2022).
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AN INVESTIGATION INTO THE INFLUENCE OF BOND DEFECTS ON THE BEHAVIOUR OF RC BEAMS..

APPENDIX B — INITIAL VERIFICATION OF THE CDP MODEL

To initial verification of the CDP model, available in literature laboratory results of RC beams
strengthened with CFRP were recreated in numerical analysis. Following analysis based on results
obtained at £.6dz University of Technology. Beam signed as B-04/S and its material investigation
have been chosen [66][67]. The beam geometry and material properties were presented in Fig.

B.0.1 and Table B.0.1.

3-04 -
LS
i 2810
[ 8
" 2¢10
= o o
¥ Bx100 * 75200 " 8x100 * 150
y 3000 ¥
(1) 2610, L=335
(2) 2910, L=335
Fig. B.0.1.: Geometry and reinforcement data of specimen B-04/S [66][67]
Table B.0.1. Input material data and parameters for the CPD model
Concrete
Ey.GPa v v.° 0o/ 0co e K. )z fe.MPa Sasp, MPa
23.40 0.2 35 1.16 0.1 0.667 0.001 28.4 2.8
Steel
E,; GPa fy.MPa fi, MPa & %o
®10 199 421 651
E; GPa fy.MPa fi, MPa &, %o
i 207 437 501
CFRP

E.GPa v Epu, Yoo fy.MPa t, mm b, mm
1715 03 17.1 2915 12 80

Stress-strain relationship and damage variables for concrete tension and compression were

calculated according to the procedure in chapter 5.
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Fig. B.0.2.: Comparison of the moment-curvature response of specimen B-04/S
(based on data from [66][67])

Moment — curvature response for the considered specimen received from the numerical
study was presented in Fig. B.0.2. Good agreement in terms of the ultimate load has been obtained.
A slight overestimation of the cracking moment has been observed in both FE and FB methods
Comparable crack pattern in form of damage variable in tension has been observed (see Fig. B.0.3).

The range of crack patterns along the beam is also coherent with the experiment.

AL A

Fig. B.0.3.: Comparison of the crack pattern obtained in an experimental study [66] with damage variable in
the numerical model
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APPENDIX C — FAILURE MODES OF TESTED STRENGTHENED BEAMS
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APPENDIX C - FAILURE MODES OF TESTED STRENGTHENED BEAMS
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IC - Intermediate crack debonding, CSS - concrete cover separation

Fig. C.0.1.: List of failure modes of beam specimens recorded in the experimental study
with suggested theoretical identification (in brackets)
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APPENDIX D — STRAIN DIC RESULTS

Beam - A1

Fig. D.0.1 Strain &1 distribution in specimen A1 a) before and b) after failure

Beam - A2

d 432 mim|

Fig. D.0.2 Strain e distribution in specimen A2 a) before and b) after failure
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APPENDIX D - STRAIN DIC RESULTS

Beam - A3a

-26.101 mm)|

-28.431 mm|

Fig. D.0.3 Strain &1 distribution in specimen A3a a) before and b) after failure

Beam - A3b

Fig. D.0.4 Strain &1 distribution in specimen A3b a) before and b) after failure
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Beam - B3a

-21.579 mm)|

Fig. D.0.5 Strain &1 distribution in specimen B3a a) before and b) after failure

Beam - B3b

-20.483 mm

-22.345 mm)|

Fig. D.0.6 Strain e distribution in specimen B3b a) before and b) after failure
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APPENDIX D - STRAIN DIC RESULTS

Beam - A6

Fig. D.0.7 Strain &1 distribution in specimen A6 a) before and b) after failure
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