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Abstract

Since 1980s, the use of fibre-reinforced polymer (FRP) has been introduced as
reinforcement or retrofitting measures to concrete structures. The FRP material
features in high strength to weight ratio, high flexibility, ease of installation and
energy absorption, higher corrosion resistance, made this material a viable option for

strengthening RC members in high strain rate events such as impact and blast.

One of the most dominant failure modes in FRP reinforced concrete structures is the
debonding failure, which happens near or at FRP interface to concrete. Extensive
research has been made on the bond behaviour of FRP RC structures under static
loading. However, the influence of high strain rate on bond behaviour of FRP
reinforced concrete under dynamic load is still not well understood as limited studies
are investigated on the influence of high velocity impact load on bond of FRP to
concrete. In addition, the results do not represent the real bond behaviour of FRP to

concrete as factors such as strain rate was not included in the investigations.

This thesis undertakes an exploration into the bond behaviour of reinforced concrete
beams, specifically reinforced with Fiber Reinforced Polymer (FRP) bars, when
subjected to high-velocity impact loads characterized by varying strain rates.
Employing ABAQUS, a commercially available finite element software, a
comprehensive three-dimensional finite element model was meticulously
constructed. The reliability of this model was meticulously ascertained for both static
and dynamic scenarios, with a particular focus on the local reinforcement strain
distribution. The initial stage of this investigation involved a thorough analysis of
variables influencing the bond between FRP and the concrete interface. These
variables encompassed concrete compressive strength, bar diameter, the type of
fibres utilized, and the variation in applied impact loads, which were collectively
examined using a dataset of 255 distinct beam models. It was conclusively
determined that both the diameter of the FRP bars and the strength of the concrete
matrix exert a significant influence on the bond behaviour exhibited by FRP-

reinforced concrete beams. Notably, this study unveiled a groundbreaking revelation,



demonstrating that the strain rate directly impacts the bond mechanism governing

the behaviour of beams subjected to impact loading.

Furthermore, this research effort culminated in the identification and reporting of
optimized parameters for FRP bar diameter, concrete strength, and the type of fibre,
all tailored to the specific requirements of reinforced concrete beams exposed to
high-impact loading conditions. These findings represent a valuable contribution to

the body of knowledge in the field of structural engineering and materials science.

In the subsequent phase of the study, an innovative multi-way regression analysis
was undertaken, marking the first instance in which equations were derived through
a parametric study to forecast slip, maximum bond strength, and mid-deflection in
Fiber Reinforced Polymer (FRP) reinforced concrete beams. To assess the accuracy of
these prognostic equations, validation was carried out through the creation of novel

models.

This research effort yielded significant outcomes, notably the formulation of a
concrete Dynamic Increase Factor (DIF) model, which exhibited a strain rate
dependency. This development stemmed from an exhaustive numerical examination
of bond slip behaviour between FRP bars and the adjacent concrete matrix under
varying loading rates. Additionally, a dynamic slip rate-dependent model for FRP-
reinforced concrete beams was introduced for the first time. The finite element
predictions stemming from the bond-slip DIF model were accurately compared and
corroborated against established guideline codes, founding their reliability and

applicability in engineering practice.
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Nomenclature

Acronyms

ABAQUS Computer program

AFRP Aramid fibre reinforced polymer
BFRP Basalt fibre reinforced polymer
CFRP Carbon fibre reinforced polymer
Ccbp Concrete damage plasticity

DIF Dynamic increase factor

FE Finite element

FEA Finite element analysis

FRPs Fibre reinforced polymers

GFRP Glass fibre reinforced polymer
LVDTs Linear variable differential transducers
RC Reinforced concrete

Rebar Reinforcement bars

3D Three dimensions



Notations
Af,bar

Ae

b

fe
feo
f,CC

fbod
fr

Area of bar
Area of transverse reinforcement
Width of rectangular cross section

Width of FRP plate;

The lesser of the cover to the centre of the bar or one-half of the
centre-to-centre spacing of the bars being developed;

Lesser of the cover to the centre of the bar

Distance from extreme compression fibre to centroid of tension
rebar

Diameter of spiral

Scalar damage variable in tension
Available maximum energy
Bending energy

FRP modulus of elasticity

Rotational kinetic energy

Young’s modulus of steel;
Stress-strain behaviour of outside the confined core concrete
Young’s modulus of transverse reinforcement

Specified concrete strength

Unconfined concrete strength
Compressive strength of confined concrete
Cracking strength of concrete

Yield strength of transverse reinforcement

Concrete compressive strength
Design bond strength of concrete

Stress in FRP reinforcement in tension



fr,frp

Tmax

FRP rupture strength
Gravitational acceleration

Drop height

Bar location factor

Concrete density factor

Bar size factor

Bar fibre factor

Bar surface profile factor
Transverse reinforcement index
Confinement coefficient

Length of object at time
Original length

Development length of reinforcement
Mass of the impact object
Ultimate moment

Number of bars being developed along the plane of splitting

Ultimate load at the FRP end from the load slip curve

Centre to centre spacing of the transverse reinforcement
Slip

Slip at the peak bond stress

Parameters based on curve-fitting resulted from test data
Clear spacing between spiral or hoop bars

Concrete width

FRP width

Rib area

Average bond stress

Maximum bond strength



AE.

6mid

<l

Diameter of reinforcement bar
Strain rate
Total strain in tension

Ultimate strain in concrete

Equivalent plastic strain in tension
Cracking strain

Immediate strain

Time interval

Change in kinetic energy

Impact velocity

Velocity of falling object

Curve fitting parameter

Parameters based on curve-fitting resulted from test data

Standard deviation with the same unit as the sample x
Mid Deflection

Thickness of FRP plate

Final slip of bond-slip curve

Dynamic maximum local bond stress under different strain rate
Maximum principle effective stress

Initial axial compressive yielding stress

Initial equibiaxial compressive yielding stress

Maximum stress under static condition

Effective hydrostatic pressure

Mises equivalent effective stress

FRP reinforcement ratio
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Chapter 1: Introduction

1.1 Background

Reinforced concrete (RC) structures are widely used as structural material in
construction. Yet, there are steel disadvantages such as corrosion under changed
environments, heavy weight and difficulties in handling the steel structures can cause
failure in structural elements, which leads to high maintenance cost and major repair.
For many vyears, engineers tried to prevent the corrosion and high cost of
rehabilitation of steel by replacing it with different materials for structural members,
nonetheless the results happen to be unsuccessful [5]. In contrast, properties of fibre
reinforced concrete (FRP) made this material a viable option for replacing and
strengthening the RC structural members, [6]. Benefits of using FRP includes high
strength, light weight, high energy absorption, high electrochemical corrosion
resistance, excellent tensile strength that makes insignificant amount of FRP in
structure to increase resistance of members to resist large extent of tensile load and
bending moment, without considerably increase in weight of the members.
Consequently, throughout the past 20 years, use of FRP to strength and replace steel
reinforcement increased in concrete structures. Due to certain properties of FRP such
as high electrochemical corrosion resistance, FRP reinforcements are used in harsh
weather and chemical environments that steel cannot be applicate. These structures
include sea walls, magnetic resonance imaging rooms (MRI) in hospitals, Laboratory
that needs elements with electromagnetic neutrality, floating piers and many other

civil infrastructure [7].

Meanwhile, mechanical properties of FRP such as high tensile strength, low young’s
modulus and linear stress-strain diagram until the rupture point are different from
Steel mechanical properties. Therefore, same method of calculation for steel
reinforcement cannot be used for FRP reinforcement. Mechanical properties of FRP
can cause wide cracks and large deflection under different loads due to high tensile
strength and low modulus of elasticity of FRP that makes structures stiffer without
significantly enhance the ductility of the members. This behaviour leads the structure
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to brittle failure [8] [9]. FRP properties varies between different types of FRP. In civil
structures Carbon fibre reinforced polymer (CFRP), Glass fibre reinforced polymer
(GFRP), Basalt fibre reinforced polymer (BFRP) are widely used as strengthening and
reinforcement application. There are numbers of different fabrication processes
reported for FRP bars in different guidelines including ACl committee 440 reports [10]
[11]. Pultrusion is one of the most common fabrication process that allows
production to complex shapes. This method is used in different industries including
civil engineering and automotive. The reinforcement bars are pulled into resin matrix
bath in order to saturated with a resin with a low viscosity in pre-shaping station with
atemperature of 110°to 160°C to make the final product. During this stage of process,
curing happen and fibres eternally tensioned in the axis direction. At the end, the
profile pulled through “moving-cut off-saw” section for sawing, then cut into

specified lengths.

Figure 1: Different stages of Pultrusion manufacturing process, [12].

Different types of FRP have been used in existing studies including Carbon, Glass,
Basalt and aramid fibre reinforced polymer. These FRPs are used in shape of bar,
rebar, sheet and wraps for different members of RC structures. Figure (2)
demonstrate number of FRP bars in tension that do not yield before failure and reveal

higher strain tolerance compare to steel bars.

The FRPs have linear stress-strain relationship until the failure point that can be

result of fragile rupture, as FRP bars have low elastic modulus and stiffness. The

15



mechanical properties of FRP bars such as young’s modulus, ductility and even bond
potentials are considerably vary between different FRP bars depending on the
capacity of fibres and nature of FRPs. Thus, determined values for mechanical
properties of FRP cannot be established and indicative standards can be specified as

mechanical properties for different FRPs bars.
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Figure 2: stress-strain relation of FRP bars compared to steel in tension, [13]

Different shapes and forms of FRP can be produced and used for structural members.
However, circular shape of FRP bars is one of the most common option for RC
structures. Furthermore, different methods are used to improve FRP bond features
in concrete including: surface texture, sand coating, surface deformations such as

ribbed deformed, helical wrapping and indented grooves [14] [15].

FRP RC structures have complex behaviour such as post cracking, failure modes under
different loading, interaction effect between FRP and concrete interface and etc. this
complex behaviour would increase if the structure is subjected to dynamic loading
such as explosion or impact of dropped weights. FRP RC structures subjected to
impact loading suffer deformation in both locally and globally. This deformation may
occur by projectile impact as scabbing, crushing or plug formation locally or as

bending failure globally. Impact loads can be divided into two categories: natural and
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unnatural event. The natural events are such as rock avalanches, fall of objects, and
moving debris from tornados. Unnatural events are terrorist attacks, and collision of
vehicles into structure members. Impact loads are either high velocity,

(exceeding 10 /), or low velocity impact load, [16] [17].

There are different ways to determine the reaction of members subjected to impact
loading. These approaches include experimental tests, analytical investigation and
numerical solutions. Experimental test result in finding empirical equations that
consider the local response of global independent members subjected to impact
load. Analytical investigation such as mass-spring system or vibration may consider
the global formation with avoiding the influence of local response of the members.
Consequently, the results would not show real behaviour of FRP RC members under
impact loading. Numerical solutions such as finite element methods provide
sufficient tools to investigate the behaviour of FRP RC structures under impact
loading with considering both local and global responses. Many studies involved
numerical models of FRP RC members in two-dimensions in case of static loading.
Yet, tow-dimensions model cannot show accurate results under the dynamic loading
such as explosion or impact load. Hence, three-dimensional models can be a more
practical option for dynamic loading since the member modelled closer to the real-
life ones. There are numbers of three-dimensional models of FRP RC members under
impact loading, but these studies either did not consider effect of high strain rates on
behaviour of FRP RC members or assumed perfect bonds between FRP and

surrounding concrete.

1.2 Motivation

To establish Fiber Reinforced Polymer (FRP) as a viable choice for concrete structures,
a comprehensive comprehension of their properties and behaviour is imperative.
While various guidelines exist for the use of FRP materials in composite structures,
the insufficiency of information regarding FRP behaviour, coupled with the
inapplicability of existing steel Reinforced Concrete (RC) codes to FRP RC structures,
necessitates extensive research and studies on FRP structural behaviour. This
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research aims to augment existing guidelines and formulate specific codes tailored to

FRP RC structures [18].

An essential aspect in understanding the structural behaviour of FRP RC is the
enhancement of bond strength between FRP reinforcement and the concrete
member. The bond between FRP and concrete is pivotal as it maintains the
connection between reinforcement and the adjacent concrete interface, facilitating
the transfer of loads. Consequently, bond strength significantly influences the
formation of cracks and the occurrence of failures under applied loads. Although
extensive studies have explored the bond behaviour of steel RC structures under both
static and dynamic loading, as well as FRP RC structures under static loading, limited
research has delved into the bond behaviour of FRP RC structures under dynamic
loading, particularly with regard to high strain rates induced by high-velocity impact

loads.

Despite numerous studies on the bond behaviour of FRP RC structures under dynamic
loads, particularly impact and blast loads, most of these investigations have
concentrated on the overarching debonding failure of FRP RC structures, often
simplifying the failure mechanisms and material characteristics of FRP. As a result,
the performance of FRP in FRP RC structures may not be accurately represented
under high-loading rate conditions [19] [20]. Therefore, it is crucial to consider the
influence of strain rate effects and bond failures in the analysis of impact and blast

scenarios.

1.3 Research gap

Several studies have explored the impact of strain rate on the bond behaviour and
effective bond length of Fiber Reinforced Polymer (FRP) reinforced concrete
members,[1] [21] [22]. These investigations have specifically considered the
influence of strain rate and dynamic loading on the bond behaviour between FRP
sheets or rebars and the concrete interface. However, one significant area that has
received limited attention is the response of internal FRP-reinforced concrete

structures when subjected to high impact loads. Furthermore, existing design
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guidelines predominantly focus on steel-reinforced concrete structures under impact
loading conditions, [23] [24] [25]. As of the present day, there are no established
guidelines or recommendations for the design of FRP RC structures exposed to impact
loading. Additionally, only a handful of studies have explored the behaviour of FRP
RC beams under impact loads, [2] [26] [27]. These studies have primarily
concentrated on glass FRP RC beams subjected to low-velocity impact loads,

considering factors such as reinforcement ratio and concrete compressive strength.

Notably, no study to date has investigated the response of Carbon Fiber Reinforced
Polymer (CFRP), Aramid Fiber Reinforced Polymer (AFRP), and Glass Fiber Reinforced
Polymer (GFRP) RC beams to high-velocity impact in a large-scale context.
Furthermore, there is a dearth of research examining the behaviour of FRP RC beams

under conditions of high strain and high-velocity impact loads.

This thesis contributes by presenting numerical simulations of AFRP, CFRP, and GFRP
RC beams subjected to high-strain, high-impact loads. Additionally, it explores the
impact response and its influence on the bond behaviour of carbon, aramid, and glass

FRP RC beams using modelling techniques within the ABAQUS software platform.

1.4 Aim and Objectives of the research

The primary objective of this research is to investigate the bond behaviour of Fiber
Reinforced Polymer (FRP) bar reinforced concrete beams under conditions of high-
strain dynamic loading. To accomplish this overarching goal, the study is structured

around the following specific objectives:

e Conduct a comprehensive review of the existing literature pertaining to the
bond behaviour between FRP and the concrete interface. This review will

encompass both static and dynamic loading scenarios, encompassing pull-out
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and direct beam tests. The aim is to identify various variables and mechanisms
governing bond transfer in FRP RC structures.

Develop a numerical model capable of examining the principal factors
influencing bond behaviour. These factors include the type of fibres, bar
diameter, Young's modulus of the FRP material, concrete compressive
strength, and strain rate. Based on the numerical outcomes, the study seeks
to elucidate the influence of these variables on bond-slip and bond failure in
FRP models. The research aims to formulate equations for predicting the bond
behaviour of FRP RC beams and validate these predictions by comparing them
with numerical results on parameters such as slip, maximum bond strength,
and deflection.

Create a numerical model that accounts for slip rate dependency, enabling
the simulation of bond behaviour in FRP RC beams while considering concrete
Dynamic Increase Factor (DIF). This model should be flexible enough to
accommodate variations in the bond behaviour of different types of available
FRP materials through the incorporation of user-defined bond-slip laws.
Additionally, the model should offer versatility to adjust material properties.
The final model will be utilized to analyse how bond and mechanical variables
impact the bond behaviour of FRP RC beams under varying impact loading

conditions.

The research methodology employed in this study strives to closely emulate the

actual behaviour of beams and the impact events they experience. Furthermore,

three-dimensional models of the beams have been constructed to account for non-

symmetry effects, including variations in support conditions. Additionally, the FRP

bars have been individually modelled to consider the influence of strain rate and

reinforcement on the localized response of beams, incorporating rate dependency

into the analysis.
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1.5 Research Significance

Over the past decade, numerous experimental and numerical investigations have
been undertaken to gain insights into the bond behaviour under both static and
dynamic loading conditions. These studies have vyielded various design
recommendations. However, it is important to note that only a limited number of
studies have addressed the bond behaviour of Fiber Reinforced Polymer (FRP)
Reinforced Concrete (RC) members under dynamic loading, and there is a notable
absence of publications that examine the influence of specific parameters, such as
the Young's modulus of FRP bars, on the bond behaviour of FRP RC beams subjected

to high strain-rate, high-velocity impact loading.
This study holds significant importance for several reasons:

e The outcome from this study will deliver valuable numerical results for
concrete beams reinforced with CFRP, AFRP and GFRP bars and would
provide a better understanding of performance of different FRP types on
bond behaviour of FRP RC beams under high strain rate loading.

e The numerical investigation provided the effect of high strain rate, high
velocity impact loading on bond behaviour of FRP RC beams including
different variables: FRP bar’s Young’s modulus, concrete compressive
strength, bar diameter, and high velocity impact load. The results will
determine the load transfer and bond-slip behaviour of FRP RC beam under
high velocity impact loading.

e Regression analysis provided equations with specific coefficients to predict
slip, maximum bond strength, and mid-deflection for FRP RC beams under
impact loading. The study will determine design stress and DIF for FRP RC
beams. The presented information in this thesis is valuable for designers
using FRP bars as reinforcement and also for the expansion of design

guidelines.
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1.6 Innovation and Contributions

The investigation conducted in this study has resulted in several notable
accomplishments and contributions in the field of innovation and engineering. These

findings are presented in a more detailed narrative form as follows:

One significant achievement of this study involves the effective modelling of Fiber
Reinforced Polymer (FRP) reinforced concrete beams within a beam test simulation.
This modelling incorporates a rate-dependent bond-slip model and is capable of
simulating both static and dynamic scenarios. The outcomes of these simulations
were meticulously validated against existing experimental tests, demonstrating a

high degree of concordance between the simulated and observed results.

A key contribution of this research is the development of an equation derived from a
comprehensive examination involving 225 detailed finite element analyses of FRP
reinforced concrete beams. This equation serves to predict slip, reaction forces, and
deflection in relation to four distinct parameters and their corresponding
coefficients, which are presented in Chapter 5.8. These coefficients were derived

through a multi-way analysis of variance (ANOVA) for each specific scenario.

Furthermore, the study introduced a novel strain rate-dependent model aimed at
achieving Design Impact Factor (DIF) objectivity in finite element modelling of FRP
reinforced concrete beams under high-strain impact loads. This model represents a

significant advancement in the field.

An interesting observation emerged from the research findings, specifically
concerning the dynamic increasing factor. It was noted that this factor is
approximately 5.3-8% higher in Aramid Fiber Reinforced Polymer (AFRP) bars when

compared to Carbon Fiber Reinforced Polymer (CFRP) and Glass Fiber Reinforced
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Polymer (GFRP) bars under impact loading conditions, shedding light on material-

specific behaviour.

The study went further to comprehensively compare all local and global responses of
FRP reinforced concrete beams with data from existing experimental works. This
comprehensive analysis revealed a robust coordination and agreement between the

model results and experimental observations.

The development of a strain-load dependent 3D model marks a noteworthy
contribution to the field. This model is designed to simulate FRP bond-slip behaviour,
pull-out, and de-bonding failure, particularly under high impact loads. It represents a

pioneering effort in the simulation of these complex behaviours.

In addition to the above, a novel equation was derived to predict slip, reaction forces,
and deflection of FRP reinforced concrete beams, and due consideration was given
to the coefficients developed in the process, adding a valuable tool to the field of

engineering analysis.

Finally, a significant milestone was achieved by determining the design stress for FRP
reinforced concrete beams under the influence of high strain rates and impact loads.
This determination was based on an extensive dataset obtained from simulating FRP
reinforced concrete beam models and providing DIF values for AFRP, CFRP, and GFRP
bars under various loading durations, contributing to the advancement of structural

design practices in this context.
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1.7 Outline of the work
This study consist of seven subsequent chapters that is arranged as follow:

Chapter 1 presents a general background of FRP material and discussion of the
problems, the aim and objectives of this study, research significance and the brief

outline of this research.

Chapter 2 presents a precise review of FRP bars as materials, their mechanical
properties and use in structures, the bond of FRP bars to concrete interface and bond
mechanisms, the behaviour of FRP RC under impact loading, impact resistant design,
and the solution of using FRP as reinforcement for RC beams under impact loads. This

chapter provides a review on evolution of finite element models of FRP RC members.

Chapter 3 presents an overall description of finite element methods to simulate FRP
RC beams including static and dynamic finite element model of FRP RC beams and
validating results by comparing to experimental test results, [3] [28]. Moreover, it
includes constitutive models for concrete and FRP, interfacial interaction between
FRP bar and surrounding concrete, finite element meshing and boundary condition

approach, and loading and increment size scheme applied in simulation.

Chapter 4 presents a detailed description of the finite element models of FRP RC
beams. Each phase of developing the numerical model was presented, importantly,
the bond-slip model, material properties, beam geometry, and other functions used

in this simulation.

Chapter 5 the results from numerical investigation of FRP RC beams under different
type of loading presented. The bond behaviour and FRP RC beam response under
high velocity impact load captured and extensive discussion provided. In addition, a
parametric study was considered to examine the influence of various parameters on
bond behaviour and response of FRP RC beams under impact loading. A regression
analysis conducted based on numerical results to predict behaviours of FRP RC beams

under high velocity impact loads.
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Chapter 6 additional FE models developed to investigate strain rate dependency of
FRP bars under impact loads. A DIF table produced for FRPs based on conditions in
this thesis to calculate design flexural strength for FRP reinforced concrete beams

and compare with design codes.

Chapter 7 reviews the entire thesis, thus provides conclusions from the study.
Recommendations on future works are made to emphasis areas of further
investigations and help better understanding of behaviours of FRP RC beams under

impact loads.
Appendix A contains the extra tables and figures for Chapter one to three.
Appendix B provides tables and figures for Chapter four.

Appendix C provides tables and figures for Chapter five to six.
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Chapter 2: Literature review

2.1Introduction

Before the 1840s, concrete was employed in construction for substantial structures
like robust walls, foundations, and bridges owing to its high resistance to
compression forces. However, concrete's inherent weakness in tension led engineers
in the early 19th century to innovate a novel approach: incorporating internal steel
bars within concrete. This combination, known as reinforced concrete (RC), bolstered
the material's tensile strength. Nonetheless, utilizing steel bars as reinforcement in
concrete presented challenges, particularly related to corrosion. Even concrete it
could not prevent the corrosion of embedded steel bars, resulting in structural
deterioration induced by moisture penetration into the concrete. Engineers
experimented with various methods to mitigate steel bar corrosion, including
techniques such as galvanized coating, power resin coating, and polymer-

impregnated concrete epoxy coating., [29].

In the mid-19th century, Fiber Reinforced Polymer (FRP) bars emerged as an
alternative to steel bars in concrete structures. They became a feasible choice for
internal reinforcement in concrete, particularly when industries sought non-ferrous
reinforcement for applications requiring non-magnetic composite materials. The
increasing interest in FRP bars for structural use prompted extensive research into

their properties and behaviour in various environments.

However, despite the growing body of research on FRP bars, there remain certain
factors related to concrete reinforced with FRP bars under specific conditions that
have not received adequate investigation. The literature review provided in this
chapter offers an overview of prior studies concerning the overall behaviour of FRP
materials and the impact of high strain rates on the bond behaviour of FRP RC beams.
In this chapter, we delve into the specifics of FRP bars, their material properties,
concrete and its material characteristics, and the influence of various factors on the

bond behaviour between FRP and concrete.
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2.2 Fibre-reinforced polymer

2.2.1 General

Fiber Reinforced Polymer (FRP) comprises fibrous materials enveloped within a
polymer matrix. The synergy of these two constituents offers several advantages to
structural elements. The fibrous component of FRP contributes stiffness and strength
to the structure while effectively transferring the majority of the applied load.
Simultaneously, the surrounding polymer matrix serves a protective role by

safeguarding the fibres and bearing the applied stresses [30].

In the early 1950s, conventional materials fell short of meeting the rigorous demands
of the aerospace industry, prompting researchers to explore novel approaches. After
numerous endeavours, scientists succeeded in developing a composite material
composed of robust fibres encased within a polymeric matrix. This innovative
composite was termed "fibre reinforced polymer" (FRP) and brought several
advantages compared to traditional metallic reinforcement. These merits
encompassed corrosion resistance, reduced weight, high tensile strength,
electromagnetic transparency, and the capacity to tailor mechanical properties by
selecting various fibre types, orientations, and constituent compositions. These
attributes positioned FRP as a viable and versatile option across a myriad of

applications in diverse industries, [31].

Fiber Reinforced Polymer (FRP) emerged as a pivotal material in the aerospace
industry, renowned for its lightweight properties coupled with exceptional strength
and stiffness. Its success in the aerospace sector paved the way for its adoption across
diverse industries including naval, sports goods, and military applications, [32]. The
utilization of FRP for reinforcing concrete materials dates back to the 1960s and
1970s, with notable advancements in the United States, Europe, and Japan, [33] [34]
[35]. However, it was in the late 1980s that FRP truly gained prominence in research,

industry, and commercial applications. Various types of fibres, such as Carbon, Glass,
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aramid, and recently Basalt, have been employed in FRP bars as alternatives to
traditional glass fibres. These fibres are bound together by a matrix that provides
protection and coverage. The matrix effectively transfers applied shear stresses from
one fibre to another, facilitating load distribution and reinforcement within the

material, [30].

Matrices in Fiber Reinforced Polymer (FRP) are typically composed of resins like
epoxies, vinyl esters, or polyesters that have undergone thermosetting processes.
Among these, epoxy stands out as the most commonly employed matrix, particularly

in conjunction with carbon fibres.

The manufacturing techniques for FRP encompass pultrusion, weaving, and braiding,
yielding a variety of cross-sectional shapes, including solid profiles. Nevertheless, the
most prevalent cross-sectional shape for FRP remains circular. During the
manufacturing process, FRP bars are bent and tested, as once the resin cures, these
bars become rigid and lose their flexibility. To enhance the mechanical bond between
FRP bars and concrete, the surface of FRP bars undergoes deformation or texturing

through methods such as sand coating or fibre winding.

One of the notable advantages of FRP is its high tensile strength. Research has
indicated that the size of FRP bars directly influences their longitudinal tensile

strength due to the phenomenon of shear lag, [36].

In an effort to mitigate uncertainties regarding the performance of FRP, various test
methods have been developed to characterize and assess the properties of FRP
reinforcements. These test methods are informed by insights gleaned from extensive
research endeavours. Table (1) provides an overview of the documents that have

introduced diverse test methods on a global scale.
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JSCE- Recommendation for design and First guidelines

construction of concrete structures using Japan introduced test
continuous fibre reinforcing materials methods for quality
control and

inspection of FRP-

rebar
ASTM- ISO composite materials handbook Test methods for FRP
us composites for civil
structures
CSA- Design and construction of building Methods of model
components with fibre-reinforced polymers us test for FRP bars
ACl 440-3R: Guide test methods for FRPs for Testing procedures

reinforcing or strengthening concrete structures Canada  for FRP composites

Table 1: documents for test methods of FRP composites for civil structures, [31].
Over the past 20 years, studies and experimental investigations showed that FRP is a
viable option to be used particularly as inner reinforcement in concrete structures.
Fibre reinforced polymer bars are produced with different manufacturing techniques
and mechanical properties from steel bars that are explained in more details in

following sections.
2.2.2 FRP bar

An FRP bar is composed of continuous fibres known for their elasticity and brittleness,
coupled with remarkable strength. These fibres are enveloped by a matrix crafted
from thermosetting resins. The fabrication of FRPs offers a spectrum of options, with
various types of fibres and resins available for selection. When external loads are
applied to FRP bars, the fibres bear the brunt of these forces. Concurrently, the resin
performs the crucial role of holding the fibres together, safeguarding them, and
facilitating the transmission of stresses from one fibre to another while lending lateral
support to prevent buckling. The combination of factors including the volume of
employed fibres relative to the overall composition of the FRP and the specific type

of fibre chosen profoundly influences the bar's strength and stiffness. Additionally,
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the type of resin utilized in the FRP formulation significantly impacts fracture

toughness and the mechanisms governing failure in the material.

FRP bars represent anisotropic materials and can be manufactured using various
methods, with pultrusion being the most prevalent. In FRP composites, the fibres,
which are notably stronger than the resin material, impart crucial mechanical
properties, including Young's modulus and strength. The ultimate mechanical
characteristics of the resulting FRP bars are influenced by a range of factors. These
encompass the chosen manufacturing techniques, the orientation of the fibres, the
degree of resin curing, and the effectiveness of quality control and inspection

measures implemented throughout the manufacturing process.

wn
wn
o
=]
)
Strain
Fibres FRP ====- Matrix
Figure 3: Stress-strain relationships for fibres, FRP and matrix, re-produced from, [37]
2.2.3 Fibres

Most common fibres used in FRP composites are Carbon, Glass, Aramid and basalt.
Carbon fibres have higher strength compare to Glass fibres, but most of the structural
works use glass fibre because of economic cost of it over carbon fibre. Recently basalt
fibres are used as alternative option for glass fibres. Typical material properties of

different fibres and comparison with steel bar is presented in Table (2).
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Glass fibres

Glass fibres, readily available in the industrial sector, are primarily derived from silica
sand and can be manufactured in the form of continuous strands or filaments with
varying diameters. They are offered in diverse grades, such as E-glass (electrical), C
and S-glass (high strength), AR-glass (alkali- resistance). These distinct grades are
distinguished by their specific attributes; for instance, E-glass fibres exhibit significant
electrical insulation properties, while S-glass fibres excel in composite materials,
particularly in terms of strength, [38] [39]. In comparison to other fibre types, glass
fibres boast notable characteristics, including high chemical resistance, minimal
flammability, and strong resistance to fire. They exhibit impressive strength, ranging
from 483 to 1600 MPa, and, in the event of thermal degradation, Glass Fiber
Reinforced Polymer (GFRP) materials produce reduced quantities of carbon
monoxide and smoke. These exceptional properties have positioned glass fibres as a
preferred choice for applications in ceiling panels and structural flooring. Moreover,
they serve as an alternative to carbon fibres, enhancing construction safety and cost-

effectiveness, [40] [41] [42].

Carbon fibres

Carbon fibres, which are derived from either Polyacrylonitrile fibres (commonly
referred to as PAN) or pitch-based fibres, can be manufactured in various formats,
including continuous filaments, mats, and chopped fibres. These carbon fibres
possess an impressive modulus of elasticity ranging from 120 to 580 Giga Pascals
(GPa) and exhibit high tensile strength, typically falling between 600 and 3690 Mega
Pascals (MPa). They also boast a range of additional exceptional properties, including
a high strength-to-volume ratio, resistance to corrosion and fatigue, effective
vibration damping, low thermal expansion, and electrical conductivity, [45]. The
remarkable attributes of carbon fibres have resulted in their utilization in multiple
applications, such as earthquake-resistant materials in reinforced concrete,
aerospace industry components, and sporting goods, [46]. It's worth noting that
carbon fibres are crafted from high-quality materials, contributing to their relatively

elevated cost. However, their high stiffness can render them more brittle when
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subjected to loads in comparison to other fibres like Glass, aramid, or basalt fibres,

[42].

Property CFRP GFRP AFRP BFRP Steel

Density,

(g/cm?) 150 to 1.25 to 1.25 to 2.7 7.90
1.60 2.10 1.40

Longitudinal

CTE, 25 90t00.0 6.0t010.0 -6to-2 * 11.7

107%/°C)

Transverse

RIEfne 74t0104 21.0 to 600 to * 11.7

107¢/°0) 23.0 80.0

Nominal vyield

stress, (MPa) N/A N/A N/A N/A 276to 517

Tensile

OGSl 600 to 483 to 1720 to 2800 to 483 to 690
3690 1600 2540 4800

Elastic

SIS 12010580 35t051  41t0125  86t090 200

Yield strain, % [N/ N/A N/A N/A 014 to
0.25

Ultimate tensile

strain,% 05t01.7 1.2t03.1 19to44 3.1 15 to 20

Table 2: Properties of steel and different fibres, [43] [44]
Basalt fibres
Basalt fibre, a relatively recent addition to the Fiber Reinforced Polymer (FRP)
landscape in comparison to glass and carbon fibres, is derived from basalt rock. The
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manufacturing process for basalt fibres mirrors that of glass fibres, beginning with
the excavation, crushing, washing, and subsequent melting of basalt rock at 11500°C,
[47]. Following this, molten basalt rocks are extruded through small nozzles to
produce continuous filament basalt fibres. An important cost advantage is realized in
the production of basalt fibre as it does not require the addition of any other
substances. Basalt fibre exhibits a tensile strength ranging from 2800 to 4800 Mega
Pascals (MPa), surpassing that of glass fibre. This remarkable strength, coupled with
its resistance to high temperatures, excellent fire resistance, and capacity to
withstand impact loads, positions basalt fibre as a promising candidate for use in FRPs
and composite structures. Additionally, since basalt fibres are derived from basalt
rock, they can be considered a sustainable material. Nevertheless, the application of
basalt fibres in civil engineering contexts within FRPs remains less widespread

compared to carbon, glass, and aramid fibres.

Aramid fibres

Aramid fibres represent a class of synthetic organic fibres that were initially
introduced under the trademark names Kevlar and Nomex. When combined with
resins, aramid fibres yield high-performance composites characterized by a
remarkable fracture energy, making them particularly well-suited for applications in
which energy absorption by the fibres, such as during impact loads or blast events, is
critical. Aramid fibres exhibit tensile strength and modulus values that surpass those
of glass fibres by approximately 50% [48]. These fibres possess a low density within
the range of 1.2 to 1.4 (g/cm3) and exhibit favourable thermal and electrical insulation
properties. However, it's important to note that aramid fibres are comparatively
lacking in compressive strength. One of their notable attributes is their high fire
resistance, especially when compared to inorganic fibres like carbon and glass fibres,
owing to the fact that aramid fibres do not conduct heat into the matrix. To provide
specific figures, the tensile strength of aramid fibres typically ranges from 1720 to

2540 (MPa), with a Young's modulus between 41 and 125 (GPa), [39] [49].
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2.2.4 Matrices resin
Resin matrices in composite materials are typically categorized into two main classes:
thermoplastic resins and thermoset resins. Thermoset resins are either low-melting-
point solids or exist in liquid form. They undergo curing through a combination of
heat and a catalyst. Once thermoset resins have completed their curing process, they
cannot revert to their original liquid state under the influence of heat or pressure. In
contrast, thermoplastic resins possess the unique ability to return to their original
liquid or low-melting-point solid state when subjected to heating and pressure.
Thermoset resins offer several advantages, including excellent viscosity control at
handling temperatures and minimal shrinkage during the curing process, [50]. Among
the most commonly employed thermosetting resins in composite applications are
Epoxies, Polyesters, and vinyl esters. Throughout the manufacturing process,
additives and fillers may be incorporated into the resin mixture to enhance composite

performance, modify specific characteristics, and reduce production costs, [43].

Epoxy resin

Epoxy resins are widely favoured for their exceptional mechanical properties,
minimal shrinkage during processing, ease of handling, and their ability to form
strong bonds with a wide range of fibres. They exhibit excellent resistance to both
heat and water, boast high corrosion resistance, and can be effectively combined
with other adhesives to tailor specific performance attributes. However, it's
important to note that the relatively high cost of epoxy resins and their propensity to
absorb moisture during the curing process and afterward can pose challenges for

long-term performance, [39] [43].

Polyester resin

Polyester resins, on the other hand, offer a well-rounded combination of mechanical,
chemical, and electrical properties. Their advantages include cost-effectiveness,
favourable electrical and mechanical performance, and the capacity for chemical
modification to fine-tune performance characteristics and dimensional stability.
Consequently, polyesters stand out as a viable resin choice. However, they are not

particularly adept at forming strong bonds with carbon and aramid fibres, making
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them less suitable for use in FRP bars due to their comparatively lower chemical

resistance when compared to other resin options, [39].

3000 High-strength S-Glass
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Figure 4: Relationship of stress and strain of selected fibres t their failure, [51]

Vinyl esters
Vinyl esters have fast curing time same as Polyester and high strength and chemical
resistance as epoxy resins. Vinyl esters have excellent adhesion with glass fibres and

consequently this resin made a primary choice for glass-FRP manufacturing. Alkali

resistance and good wet-out are other advantages of Vinyl esters resin, [43].

Epoxy Polyesters  Vinyl-ester

1200-1400 1200-1400 1150-1350

55-130 34.5-104 73-81

0.38-0.40 0.35-0.39 0.36-0.39

45-65 55-100 50-75

Table 3: Properties of thermosetting resins, [52]
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2.3 Manufacturing and Characteristics of Fibre Reinforced Polymer

Despite the numerous advantages offered by FRP reinforcement, it cannot serve as a
direct replacement for conventional steel bars due to distinct differences in their
physical and mechanical properties. The reasons behind the limited adoption of FRP

bars as internal reinforcement in structural composites can be classified as follows:

e Ductility and Failure Behaviour: FRP materials exhibit low ductility, displaying
linear elastic behaviour when subjected to tensile forces in the direction of
the fibres until the point of failure is reached. Consequently, FRP materials
lack a yield point before failure.

e Young's Modulus: The Young's modulus of FRP bars, such as AFRP and GFRP,
is lower compared to steel bars. This necessitates the use of a larger number
of FRP bars within a structure to control crack width and deflection effectively.

e Bond Behaviour: The bond behaviour between FRP and concrete differs from
that between steel and concrete due to variations in surface texture and the
anisotropic material properties of FRP bars.

e Economic Factors: The cost of steel is generally more economical than that of
FRP. Additionally, a lack of comprehensive knowledge regarding the
behaviour of FRP in structures, coupled with incomplete incorporation of FRP
as a reinforcement in design codes, has hindered the widespread adoption of

FRP as a new reinforcement material in concrete structures, [53].

The geometric cross-section of FRP reinforcing bars plays a significant role in their
performance, as does the surface texture of these bars. FRP bars and one-
dimensional FRP reinforcements are typically manufactured through processes such
as pultrusion or other similar methods like pull-forming. Pultrusion is a continuous
melding process that combines fibre reinforcement and resins. This process is
particularly suitable for composites with a need for continuous fabrication and a
consistent cross-sectional shape, such as bars. In this process, fibres are drawn
through a liquid resin bath to ensure thorough impregnation of all the fibres. Prior to
this stage, the fibres are carefully separated to guarantee uniform mixing with the

thermoset resin. The impregnated fibres with resin are then directed through a metal
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die to define the bar's size and to apply surface textures, such as sand coatings, in
preparation for the subsequent stage - curing in an oven. In the curing oven,
controlled heat is applied to transform the resin from a liquid to a solid state. The
resulting bar emerges from the curing oven at the desired size and is cut into the

specified lengths, [43].

Cut-off
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: orming anc
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Figure 5: pultrusion process of manufacturing FRP bars, [54].

Duration of pultrusion process depends on the length of FRP bar. Different size of
final bar can change the time of this procedure and normally it would take about
0.91m per minute. In order to applicate FRP bars in structural applications, FRP bar
must be produced and used to its full possible performance. That means FRP bars
must be able to take loads fully to their breaking point under ultimate state
conditions and place correctly in composite member. As if FRP bars replace directly
instead of steel bars in concrete, they are not have the same performance because
of concrete low tensile strain capacity approximately around 0.35%, whereas FRP

high tensile strain capacity of around 1.5%, [55].

Advantages of different FRP bar’s surface texture and geometry of cross-sections are
as presented below. Table (5) consider in more details about circular cross section as
it is chosen for research in the present paper. Typical physical properties of FRP bars
are mentioned in table (2). Density of FRP bars is about quarter to one-sixth of steel
bar’s density that results in lower transportation costs and easy-handling of FRP bars
on project site, [44]. The coefficients of thermal expansion (CTE) of FRP bars alter in
transverse and longitudinal directions and get influence by types of fibre, resin type

and volume fraction of elements.
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Type of

Fabrication
Casting

Lay-up/ Spray up

Infusion/ RTM

Continuous Panel

Pultrusion

Press Molding

Advantages

Flexibility in Design, (Shape, Colour)
Usually chosen for non-structural parts
Suitable for small-run parts, Low-Priced Molds
Suitable for small-run parts

Chosen for Complex Designs

Suitable for Mid to high Volume

Chosen for Complex Designs

for Consistent parts

Suitable for High Volume

Restriction on Physical Design

Special Fabrication for Continuous Panels
Suitable for Continuous, Linear parts
High volume

Moderately Flexibility in Design

Very High Volume

Suitable for Complex Designs

Products

Sinks

Tubs

Counter Tops
Tanks

Building Facades
Furniture
Building Facades

Building Cladding
Light Panels

Bars

Window Lineal
Hand Rails

Door Surface
Appliance Bodies

Table 4: Different types of Fabrication for FRP Material, [56]

Table (2) provides a comprehensive overview of various mechanical properties
associated with FRP bars, including ultimate tensile strain and tensile strength.
Notably, when subjected to tension, FRP bars do not exhibit yielding behaviour
before failure occurs. Consequently, the tensile behaviour of FRP bars is distinguished
by a linearly elastic stress-strain relationship that persists until rupture. In direct
comparison with steel bars, FRP bars exhibit a higher tensile strength but possess a
lower modulus of elasticity and ultimate tensile strain, primarily attributable to the
absence of yielding behaviour. It's important to note that the tensile strength of FRP
bars undergoes alterations with variations in bar diameter, although this does not
influence the longitudinal modulus due to the presence of the shear lag

phenomenon.

A good composite is the one that effectively transfer applied loads from
reinforcements to concrete. Therefore, the most important mechanical property for

FRP bars is bond behaviour to concrete.
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Circular Roughed surface; (grained Improve bond adhesions and
covered, sand-coated, etc.) friction between FRP and
concrete.it leads to increase
bond strength.
Circular Ribs and Grooves Increase mechanical interlock.

Non-Circular Rough and Smooth surface increase the cross-sectional
area of outer surface in order to
improve ratio of bond and
tensile strength by mechanical
interlock

Table 5: Patents of FRP bars in three groups, [15] [53]

2.4 Mechanical Properties of Fibre-Reinforced Polymers

An important consideration in applications involving the use of fibre-reinforced
polymers (FRP) as reinforcement lies in understanding the impact of high strain rate
loading on the mechanical properties of FRP. There has persistently been concern
that composite material properties might exhibit subpar performance under
conditions of high strain rate loading. Consequently, extensive research endeavours
have been undertaken to investigate how the mechanical properties of FRPs may be
influenced by strain rate. This research aims to ensure the design of structures that
do not prematurely or unpredictably fail under high-rate loading conditions.
Furthermore, characterizing the dynamic mechanical properties of FRP
reinforcement serves to validate the feasibility of using FRPs as weight-efficient
reinforcements for applications subjected to high-rate dynamic loads. In the
following section, we present a review of published studies that examine the effects
of strain rates on various mechanical properties of FRP composite materials,
encompassing tensile, dynamic modulus, shear, compressive, and flexural properties,

as detailed in Table (47) in appendix (A).

Davies and Magee [57] conducted a study to examine the impact of strain rate on the
ultimate tensile strength of glass/polyester composites. Their findings revealed that
the glass/polyester combination exhibited rate sensitivity, with an increase in the
strain rate resulting in a 55% increase in the magnitude of ultimate tensile strength.

Rotem and Liftshitz [58] investigated the strain rate effect on the tensile strength
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properties of unidirectional glass fibre-reinforced polymer (GFRP) with an epoxy
mixture. Their results demonstrated that dynamic tensile strength exceeded static
strength by a factor of three, and the dynamic modulus was 50% greater than the

static value.

In a separate study by Liftshitz [59], which focused on angle-ply glass/epoxy
laminates, it was found that the elastic modulus remained unaffected by strain rate,
and dynamic stress failure exceeded the static value by only 20 to 30%. Okoli and
Smith [60] [61] delved into the effect of strain rate on the tensile properties of
glass/epoxy composites, noting that tensile strength was influenced by strain rate,
and the increase in tensile strength was attributed to the enhanced strength of glass
fibres with increasing strain rate. Another study by Okoli and Smith [62] examined
the effect of strain rate on the tensile, shear, and flexural behaviour of glass/epoxy
laminates. They observed a 9.3% increase in tensile strength and a 1.82% increase in

tensile modulus for each decade increase in the logarithm of the strain rate.

Armenakas and Sciamarella, [63] conducted an experimental study that aligned with
the above observations. Their results demonstrated a linear variation of the tensile
modulus of unidirectional glass/epoxy fibre-reinforced polymer with the logarithm of
the strain rate. Furthermore, they indicated a change in failure modes with increasing

strain rate, with a noticeable increase in energy absorption.

Harding and Welsh [64] [65] employed a dynamic tensile technique to assess various
composites, including  graphite/epoxy,  glass/epoxy,  graphite/polyester,
glass/polyester, and Kelvar/polyester, over a strain rate range of 107(-4) to 1000 s”(-
1). For graphite/epoxy, properties such as modulus, failure stress, and failure mode
were found to be insensitive to strain rate. In contrast, dynamic modulus and strength
for glass/epoxy were twice the static values. The same trend was observed for
glass/polyester, graphite/polyester, and Kelvar/polyester, where the elastic tensile

modulus increased with an increase in strain rate.

Shim [66] investigated the effect of strain rate on the tensile properties of short
carbon fibre-filled liquid crystalline composites under static loading at 10”(-2) s”(-1)

and dynamic loading at 400 s*(-1). The study revealed that the Young's modulus and
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fracture strain of the composite were significantly influenced by variations in strain

rate.

Bai [67] explored the strain rate effect on the tensile properties of glass bead/high-
density polyethylene (HDPE) composites. Their results indicated that both Young's
modulus and tensile strength of glass bead/HDPE increased with an increase in strain

rate.

Daniel [68] examined the impact of high strain rate on the dynamic response of
carbon/epoxy composites using three different test methods. In longitudinal loading,
the modulus increased by 20% compared to the static value, with no significant
changes in ultimate strain and strength. In transverse loading, both modulus and
strength increased significantly, while ultimate strain showed a marginal increase. In

in-plane shear loading, the modulus and strain increased by 30%.

Additionally, Hayes and Adams [69] conducted an experimental study involving
pendulum impact testing to investigate the strain rate effect on the tensile properties
of unidirectional glass/epoxy and graphite/epoxy mixtures. They found that the
modulus and strength of glass/epoxy composites remained insensitive to strain rate,
whereas the modulus and strength of graphite/epoxy composites decreased with

increasing impact speed.

Daniel and Liber [70] [71] explored the effect of strain rate on the mechanical
properties of unidirectional composites, including glass/epoxy, boron/epoxy, and
Kelvar/epoxy. Their results showed a 20% increase in tensile modulus and failure
strength of Kelvar/epoxy in the fibre direction over a strain rate range of 107(-4) to
27 s”(-1). Under transverse and shear loading, modulus and failure strength of
Kelvar/epoxy increased by 40% and 60%, respectively. However, glass/epoxy and

boron/epoxy were found to be insensitive to changes in strain rate.

Kawata [72] [73] investigated the effect of strain rate ranging from 107(-3) to 2000
sA(-1) on the tensile properties of glass/epoxy, glass/polyester, graphite/epoxy, and

graphite short fibre-reinforced nylon composites. The results indicated that the
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strength of graphite/epoxy and graphite nylon composites increased with increasing

strain rate, while the strength of glass/epoxy and glass/polyester decreased.

Peterson [74] examined the tensile properties of chopped glass-reinforced
composites over a strain rate range of 10”(-3) to 10 s*(-1). An increase in strain rate

led to a 50% to 70% increase in elastic modulus and strength for the composites.

Tzeng and Abrahamian [75] [76] [77] investigated the dynamic response of fibre
composites in ballistic applications, specifically examining the dynamic effects on
graphite/epoxy composites under projectile strain rates. Their experiments,
employing an air gun system, showed a 10% increase in compressive strength at
impact speeds ranging from 2.7 to 4.9 m/s. The ultimate strain under impact failure

was measured at 1.5%, which exceeded the static ultimate strain of 1.1%.

Cazeneuve and Maile [78] examined the effect of strain rate ranging from 104(-3) to
600 s”*(-1) on the compressive strength response of unidirectional graphite/epoxy
composite materials. They observed a 30% increase in compressive strength in the
transverse direction and a 50% increase in longitudinal strength with increasing strain

rate.

Numerous other studies have also investigated the effect of strain rate on the
mechanical properties and dynamic response of fibre composite materials, as

detailed in Table (47) in the appendix (A).

In order to establish FRP materials as widely accepted reinforcements in the
structural industry, it is imperative to gain a comprehensive understanding of the
bond between FRP bars and concrete. Further details regarding the bond behaviour

of FRP and the influencing factors are expounded upon in section (2.5).
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2.5Bond Interaction between FRP bars to Concrete

2.5.1 General

The acceptance of FRP applications in large composite structures hinges upon a
comprehensive comprehension of FRP's role as reinforcement and its interaction
with the encompassing concrete. A secure composite structure is one where applied
force are effectively transmitted from the reinforcements to the concrete, and this
hinges predominantly on the bonding process between FRP and concrete. The bond
performance between FRP bars and concrete exhibits variations compared to
conventional steel bars. These disparities are a result of differences in interaction
mechanisms and distinct material properties between FRP and steel. Several critical
parameters influence the bond behaviour of FRP bars with surrounding concrete,
notably the Young's modulus, shear stiffness, and resin matrix shear strength, all of

which dictate the deformations' strength on the surface of the FRP bar.
2.5.2 Bond behaviour of FRP bar and concrete

Bond performance of FRP bar and concrete defers for different FRP bar surface
configurations. Therefore, the bond behaviour alters for case of deformed, plain or

surface treated bars, [79].
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Figure 6: Typical local bond stress-slip curve of an FRP.
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Scientists elucidate the interaction mechanisms between FRP bars and concrete
through a pull-out test encompassing four distinct stages, as delineated by previous

research [80], and visually represented in Figure (6).

Stage O-T: in this initial stage, characterized by low bond stress not exceeding the
point To, N0 measurable slip occurs between the bar and the encompassing concrete.
During this phase, the dominant resistance mechanisms originate from the chemical
adhesion between the bar and concrete, ensuring the bond's efficacy under external

loads.

Stage T-Y: the escalation in bond stress triggers a breakdown in the chemical
adhesion between the bar and concrete, giving rise to various mechanisms
contingent on the surface configuration of the reinforcing bar. Deformations in the
bar introduce bearing stresses within the adjacent concrete. As the principal tensile
stress surpasses the tensile strength of the concrete, transverse microcracks form on

the deformed bar's surface, initiating bar slippage.

Stage Y-Z: the increasing prevalence of microcracks characterizes the concrete's
response to loading. Consequently, the concrete's stiffness decreases, resulting in
more pronounced slip of the bar and heightened bearing stresses. The radial
component emanating from the bar's surface deformation interacting with the
surrounding concrete balances against concentric rings of tensile stresses developed

within the concrete, as illustrated in Figure (7).

b
T

Figure 7: simplified portrayal of how radial component of the bond forces are balanced against tensile stress
rings in the concrete, [81].
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When the tensile hoop stress surpasses the tensile strength of the concrete, it

initiates the formation of splitting cracks along the length of the reinforcing bar.

Stage Z-Y: in situations where the concrete exhibits high resistance to splitting, the
bond stress can elevate to its maximum value, denoted as t*. During this phase, shear

cracks commence, affecting either a portion or the entire length of the concrete ribs.

The final stage encompasses a solitary mechanism: frictional resistance between the
reinforcement bar and the adjacent concrete surface, ultimately leading to shear

failure, as detailed in prior research [81] [79].

The previous chapter presented the factors influencing bond behaviour of FRP RC
members. The subsequent comparison of bond behaviour between Fiber Reinforced
Polymer (FRP) and surrounding concrete under both static and dynamic loading

conditions highlights the significance of recognizing these differences.

Under static loading conditions, the bond strength between FRP and concrete
exhibited consistent and predictable behaviour. The gradual and sustained
application of load enabled effective stress transfer across the interface, resulting in

stable bond strength values through various test setups.

In contrast, under dynamic loading, bond strength displayed a wider range of
variation. The rapid and instable nature of dynamic loads introduced stress
concentrations and localized failures at the bond interface, making the bond

performance less predictable.

About slip behaviour, static loading conditions led to slow and moderately even
patterns. The onset of slip and the rate of slip development were distinct and

consistent across various tests.

On the contrary, dynamic loading conditions resulted in abrupt and unpredictable slip
behaviour. Slip in the specimens occurred more rapidly, and the rate of slip
progression changed considerably across different tests. Dynamic loading often
yielded higher peak slip values compared to static loading, indicating more

pronounced slip behaviours under dynamic conditions.
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Bond failure exhibited distinct characteristics under static and dynamic loading. In
static loading, bond failure typically occurred within the adhesive layer or the FRP
material itself, frequently displaying cohesive failure modes, such as de-bonding or

delamination within the adhesive or FRP material.

Under dynamic loading, bond failures were more intricate, combining cohesive and
adhesive failure modes. Rapid and cyclic loading induced fatigue-related damage at
the bond interface, resulting in a mixture of cohesive and adhesive failures. This

complexity made it challenging to predict the precise failure mode.

The observed differences in bond behaviour were influenced by several factors.
Loading rate, particularly pronounced under dynamic conditions, significantly
impacted bond strength, slip behaviours, and failure modes. Additionally, the
duration and amplitude of dynamic loads played a critical role, with short-duration,
high-amplitude loading tending to induce more severe bond failures and higher slip

values compared to longer-duration, lower-amplitude loading.

2.5.3 Bond mechanisms between Concrete and FRP

As previously discussed, the bond mechanism governing the interaction between
reinforcement bars and concrete is discernible through the bond stress-slip curve at
distinct stages. In essence, three distinct mechanisms come into play: () Chemical
adhesion, facilitating the connection between the bar and the surrounding concrete,
(1) the mechanical interlock generated by the surface deformation of the bar, and
(1) the development of frictional forces resulting from surface irregularities between

the bar and the adjacent concrete.

In order to mitigate the risk of bond failure, it is imperative that the reinforcing bar is
adequately anchored within the concrete or possesses adequate concrete cover and
transverse reinforcement. Consequently, the tangential and radial stresses that
manifest along the reinforcement bar remain within the capacity of the concrete,

ensuring that the bar can attain and maintain its designed tensile strength. Through
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the implementation of sufficient confinement or anchoring measures, the failure
mode may manifest in alternative forms such as concrete crushing, shear failure, or

bar rupture, as established by prior research [82].
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Figure 8: Bond between FRP bar surface and concrete with radial forces, [83]

Bond failures can be categorized into two distinct types: splitting and pull-out failure.

Pull-out failure: Pull-out failure specifically occurs when the reinforcing bar

withdraws from the surrounding concrete, devoid of any concurrent splitting in the
concrete or rupture in the bar, as depicted in Figure (9). The root cause of this failure
mode lies in the fact that the radial forces acting on the bar are insufficient to surpass
the concrete's capacity, while the tangential stresses exceed the concrete's load-
bearing capacity, rendering the concrete unable to withstand these forces.

Consequently, shear forces emerge around the upper section of the bar's ribs.

~

Figure 9: shear crack and/or local concrete crushing caused by bar pull-out in side view, [83]
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Splitting failure: This type of failure occurs when concrete splitting takes place

without any rupture in the reinforcement bar, as illustrated in Figure (10). When a
load is applied to the reinforcement bar, it exerts radial pressure onto the
surrounding concrete. If the concrete is inadequately reinforced or the transverse
bars cannot effectively counteract this pressure, it results in the formation of a
splitting crack between the bar and the adjacent concrete. This crack propagates
either parallel or perpendicular to the reinforcement, extending towards the surface

and ultimately leading to a splitting failure in the concrete.

—_

Figure 10: concrete splitting cracks between FRP bars and concrete cover in cross-sectional view.

Both of the mentioned bond failures are correlated with slip of the bar in relation to
the surrounding concrete. Yet, concrete with higher bond strength more likely have
pull-out failure than splitting failure as the radial pressures need more energy to split

the concrete and reach the outer surface of the concrete.
2.5.4 Bond test specimens

Beam tests and pull-out tests are utilized to measure the bond strength of reinforcing
bars, as illustrated in Figure (11) The values obtained from these tests differ from
each other, with bond strength typically being lower in beam tests compared to pull-
out tests, as indicated by [82]. This discrepancy arises because beam tests tend to
avoid concrete splitting, mainly due to the absence of local bending on the bar and
the presence of a thicker concrete cover. In contrast, in pull-out tests, the

surrounding concrete is subjected to compression. However, in beam tests, the
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concrete surrounding the reinforcing bars is placed under tension, which varies along
the span length and leads to cracking, consequently reducing the bond strength.
Consequently, pull-out tests often yield overly optimistic but unrealistic bond stress
values, which can be considered as upper limits rather than realistic values for the
bond stress-slip efficiency of FRP reinforcing bars. Therefore, beam tests are
considered more accurate than pull-out tests in simulating the actual behaviour of

reinforced concrete members, as noted in [84].

—>
(a) Pullout specimen (b) Beam End Specimen
1 [ |
Il Il *
(c) Beam Anchorage Specimen (d) Splice Specimen

Figure 11: Schematic of bond test; a: pull-out test, b, ¢, d: beam tests.

2.5.5 Bond behaviour of steel rebars

When the adhesive bond between a steel reinforcing bar and the surrounding
concrete is lost, the steel bar begins to move in relation to the concrete. During this
process, various forces come into play, including friction forces acting on the ribs and
barrel of the bar and bearing forces acting on the ribs. Studies have indicated that
after the initial slip of the steel bar, a significant portion of the force is transferred
through bearing. Compressive bearing forces on the ribs lead to an increase in friction
forces. However, as slip continues to increase, there is a reduction in friction on the
barrel of the steel bar, which affects the forces at the interface between the ribs and
the adjacent concrete, which are the primary mechanisms of force transfer, as

discussed in [82].
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Nonetheless, it's essential to emphasize that friction plays a crucial role in
transferring force between the ribs of the bar and the surrounding concrete. This
principle also applies to bars without ribs, where friction arises due to transverse

stresses caused by slip at the surface of the bar.

Numerous studies have delved into the mechanics of bond stress transmission from
FRP reinforcement to concrete. Some of these investigations involved experimental
tests on FRP bars used as reinforcement in beam specimens made of GFRP, AFRP, and
CFRP, each with different surface textures. These tests were specifically designed to
induce failure in a concrete splitting mode. The primary objective was to elucidate
the bond mechanisms, including frictional resistance for smooth bars and bearing
resistance for deformed bars (ribbed). Kanakubo presented all the results and data in
their paper but did not provide specific design equations or recommendations, as

outlined in [85].

A comprehensive study conducted on the pull-out test of GFRP rebars embedded in
concrete is detailed in reference [86]. The results presented in this paper reveal that,
under the same test conditions, the average nominal bond stress for steel rebars
exceeded that of GFRP rebars during failure. Additionally, it was observed that the
anchorage design method typically employed for steel rebars is not directly
applicable to GFRP bars. In summary, the relative slip between the GFRP bar and the

concrete surface was more pronounced when compared to steel rebars.

Further investigation into the bond strength of FRP rebars was carried out, with
results being compared to those of steel rebars. This study considered two different
types of FRP, three different embedment lengths, and four nominal diameters for
both FRP and steel rebars. The findings indicated that the bond strength of steel bars
exceeded that of GFRP bars, with variations observed in rebar diameters and
embedment lengths. Ultimately, the authors concluded that friction and adhesion

were identified as the primary factors influencing bond strength, as described in [87].

The impact of surface treatment on the bond behaviour of FRP bars was explored in
another investigation. Various surface configurations of CFRP, GFRP, and AFRP bars,

coated in epoxy resin, were subjected to bond tests. The results revealed that bars
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subjected to sand coating exhibited an enhanced chemical bond, resulting in
increased bond strength. However, it was noted that during the tests, sand-coated
bars experienced sudden separation between sand grains and the bar interface,

leading to brittle bond failure, as documented in [88].

A thorough examination of interface bond behaviour was conducted within the
EUROCRETE project. This project explored the influence of embedment length, bar
type, and cross-sectional area. The findings indicated that the bond behaviour of FRP
bars with a smooth surface is primarily influenced by the type of matrix and fibres
used, with the effect of concrete being negligible. Moreover, it was established that
the pull-out mechanism of FRP reinforcement differs from that of deformed steel
bars, with the bond of FRP being dependent on a broader range of variables, as

detailed in [89] [90].
2.5.6 Influencing factors on bond behaviour of FRP

To understand behaviour of bond between FRP and concrete under different
conditions, factors that influence bond behaviour of FRP need to be recognized These
experiments include specimens with different types of FRP and surface configuration
bars, [91] [92] [93] [94] [95] [96] [88] [97] [98] [15] [99]; [100] [101] [102] [103] [104]
[105] [106] [107] [4]. Studies show different factors influence the bond behaviour of
FRP bar reinforced concrete members. Numbers of significant factors that have high
influence on bond behaviour of FRP bars in concrete are mentioned in the following

segments.

Surface Configurations: due to anisotropic nature of the FRP and lower strength of

resin in comparison with concrete compressive strength, different bond interaction
forms than that of steel bond to concrete and failure in FRP reinforcement is due to
destruction of ribs instead of cracking of concrete. Thus, stress and strain failures in
both transverse and longitudinal directions are directly influence on bond behaviour.
As one of the factors that bond behaviour depend on is surface texture of FRP bars,
many researchers separate FRP bars into straight bars, including smooth, grain
covered and sand blasted, and deformed bars, including ribbed, indented and

braided, to understand the bond mechanisms of these bars separately. Researchers
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concluded that during pull-out test for smooth bars two different bond components

appears in different phases: first phase- adhesion and second phase- friction.

In a test by [108] load transfer behaviour between FRP and concrete were studied.
Test was a conventional pull out test for FRP with both 5 and 10 embedment lengths
and bars with different fibre and resin configuration including glass-vinyl ester,
carbon-vinyl ester and carbon-epoxy and concrete compressive strength of 42.7 to
66.1 MPa. Test results showed smooth bars had very low bond strength and
deformed glass-vinyl ester and carbon-vinyl ester developed bond stresses of 13 and
14 MPa correspondingly. All specimens in this test failed by shearing off of lugs and
sliding showing in case of smooth bars bond strength is not influenced by concrete
strength and friction occur to be the major cause of pull-out resistance since adhesion
disappear as soon as the bars slips. Another conclusion was that the friction

component of bond strength mostly influenced by the different smoothness of resin.

In other test demonstrated by ( [109] about effect of smooth bar surface on bond
resistance. The results showed bond strength of glass-vinyl ester increase 5 times
higher after removing resin layer caused by skin-removed effect. This result proved
surface condition of FRP bars influence bond components of adhesion and friction
and bond strength. Similar experiment conducted by [110] on smoothness of FRP bar
surface on Bond behaviour of FRP. Results showed sand coated FRP bars have better
chemical bond and increase in bond strength but brittle failure occurred due to

detach of sand grains and bar interface.

Same results of effect of smooth FRP rod surface confirmed by [111] by using
specimens prepared according to [112] with embedment length being four times the
rebar diameter and concrete compressive strength range from 25.2 MPa to 93.2 MPa.
Bars with nominal diameter of 12.7 mm were subjected to surface treatment of sand
coated and helical wrapping for bond improvement. Results showed GFRP bars with
only sand coating quickly dropped in bond stress but GFRP bars with sand coated and
helical wrapping revealed steady drop in bond stress. At the end author concluded
improvement rate of GFRP bars bond strength with regard to concrete strength

depend on the ratio of the delaminated area.
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[113] Performed a more in detail study on effect of surface pre-conditioning on bond
behaviour between CFRP rods and concrete. The pull-out test consists of smooth bar

and surface treated bars with three different sand grain sizes, Figure (12).

A B c D E F G

Figure 12: A-Smooth, B, C, D-Sanded, E, F, G-Machined bars in pull-out test, [18]

The results of FRP bars were compared with smooth and deformed surface steel bars.
As smooth FRP bars do not make mechanical interlock with concrete, smooth steel
bars presented greater bond strength in comparison with smooth CFRP bars. Author
defined a formula to show influence of different surface configuration of rebars on

bond behaviour:

Concrete Width _ W
(Concrete+CFRP)Width (wct wy)

Concrete Lug Ratio(CLR) = (2.1)

According to [113], a CLR of 35% for CFRP shows same result of ribbed steel bars in
bond strength and bond failure due to shearing off of lugs in the concrete. Yet, a CLR
of 78% was discovered to be necessary for FRP bars to have better bond strength and

failure due to shearing off of lugs in FRP.

Studies on deformed FRP bars established for indented bars in pull-out test. Two
different phase of transverse compression and shear deformation in a plane including
longitudinal and radial directions must form during the test. In this situations
longitudinal shear modulus of FRP rods are the ruling fundamental parameter.

Therefore, interlocking interaction between deformed FRP bar and concrete,
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geometry of surface configuration of FRP bar and most importantly mechanical
characteristic of reinforcement are influencing the bond behaviour of deformed FRP

bars.

A test by [114] showed in some cases deformed FRP bars do not form mechanical
interlock with surrounding concrete. In the test, deformed rebars were glued by spiral
on the outer surface of rebars. Results showed the deformed rebars have same bond
behaviour as straight FRP bars with no mechanical interlock. Failure of specimens was
due to separation of spiral from interface of rebars without cracking in concrete. It
means confinement pressure and concrete compressive strength is not affecting

bond performances.

Similar results found by [115] were surface of concrete is not cracked considerably,

but outer surface of twisted strand CFRP rebar is strongly damaged.

A study on the rib geometry influence on bond slip behaviour of GFRP ribbed bars

was recommended an optional ratio of rebar ribs to rebar diameter by:

Projected rib area normal to bar axis

Rib Area (R,) = (2.2)

Nominal bar perimeter X Center—toCenter rib spacing

Experimental results showed increase in rib spacing of FRP bars would cause decrease
in peak bond strength and initial stiffness, whilst increase the loaded end slip value
at the peak load. In addition, in crease of rib height from 4% to 6% helped and
increases in peak bond strength and initial stiffness. However, ribbed spacing of 50%
of the bar diameter did not confirm the result on increasing initial stiffness and peak
bond strength. At the end, it suggested that best rib spacing is equivalent to bar
diameter and best rib height is 6% of the bar diameter. Therefore, optimal relative

rib area is equal to 0.06, [116].

Different experiments on GFRP deformed rods, braided rebars and spiral indented
bars showed friction on bond behaviour were concrete cracked observed and
concluded that adhesion and friction are the component of bond between FRP bars

and surrounding concrete, [96] [117] [97].
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In an experiment on GFRP bars with indented outer surface and ribbed deformation
author observed both friction and mechanical interlock in bond mechanisms. Results
from specimens have shown wide cracks in concrete and damage to outer surface of
rebars that indicates a bearing mechanisms was initiated, [114]. A comparable result
reported by [115] on spiral wounded on outer surface of aramid FRP bars. Author
noticed mechanical property of resin and concrete compressive strength influenced
maximum bond stress. Therefore, it proved the pull-out mechanism of FRP
reinforcements contrast from that of deforms steel bars, where bond performance is

only affected by concrete strength.

[118] Noticed difference from bond behaviour of FRP bar to deformed steel bars.
They reported that bond strength of GFRP bar surrounded by high strength concrete
is similar to GFRP bar embedment in low strength concrete. This result imply that
bond strength in FRP reinforcements does not change linearly with the square root
of concrete compressive strength (f,.) as it does in conventional steel reinforcements.
Such a bond behaviour is result of deformed surface of FRP rod is not able to deliver

enough lateral confinement through rib bearing.

Concrete compressive strength: As mentioned before, shear and tensile strength of

concrete have effect on causing pull-out and splitting failure in bond between FRP
and surrounding concrete, which is also pertain to the compressive strength of
concrete. ACl committee, [ACI Committee 408, 1992] reported that concrete tensile

strength is almost proportional to the square root of concrete compressive

strength(\/ﬁ). However, experimental studies on bond behavior of FRP bars in
concrete showed different results. Researchers concluded based on regression
analysis that better correspondence is between bond strength and concrete
compressive strength, [119] [120] [95] [121] [10] [107]. The effect of concrete
strength on bond behaviour of FRP rebars in concrete conducted by Ehsani, [94].
Researcher concluded with increase in concrete strength, bond stress of FRP rebars
and first stiffness of bond stress-slip curve increased. Meanwhile the slip decreased
with increase in concrete strength. In a study by Hattori, [115], on bond behaviour of

AFRP bars, the maximum bond stress showed dependency on the concrete
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compressive strength. Other studies investigated the bond behaviour of FRP rebars
in concrete under effect of concrete strength in beam bond tests and the results
showed increase in concrete strength with proportion to the square root of concrete

compressive strength, [110] [97] [84].

Based on pull-out tests results on the mode of failure of FRP reinforced concrete,
bond strength of FRP bars has independency from concrete compressive strength
when concrete strength is higher than 30 MPa, (f; > 30 MPa). Thus, in these cases
failure happens at the FRP bars surface. On the other hand, concrete compressive
strength has direct effect on the bond behaviour of FRP bars when concrete strength
is lower than 15 MPa, as failure interface occurs in concrete matrix, [122] [100] [90]

[4].

Bar diameter: effect of bar diameter on bond performance of FRP bars has been
examined by [108] and [97]. In the test carried out by Nanni et al. 1995 smooth rods
of glass-vinyl ester, carbon-vinyl ester and carbon epoxy with 12.7 and 6.3 diameter
and constant embedment length of 63 mm were subjected to pull-out test. The
results showed the average bond resistance of FRP rods rises as bar diameter
decreases. Similar results found by Benmokrane et al. 1996 while test included GFRP
rods with 12.7, 15.9, 19.1 and 25.4 mm in diameter and result of bond strength for

these rods were 10.6, 7.3, 6.6, and 6.4 MPa respectively.

Bar Position in the Cast: an experiment investigated the position of bar in the cast for

smooth and sand coated bars. In the pull-out tests on specimens bars had orthogonal
and parallel positions relative to the cast. Results showed bars in orthogonal position
performed between 1.5 to 2 times lower bond strength in comparison to bars in

parallel position in the cast, [123].

Transverse Reinforcement: Using transverse reinforcement in concrete cause

increase in bond strength of reinforcing bars in RC composite as it confines the
concrete. Research on bond performance of steel reinforcement in concrete
presented that transverse reinforcement confines concrete and interlocks bars by

reducing the development of cracks, [124] [125] [126] [127]. Yet, there is not enough
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work on influence of confinement caused by transverse reinforcements on the bond
performance of FRP bar reinforcement in concrete. Wambeke and Shield, [128],
study the bond performance of FRP rebars in concrete on 269 beam-type specimens,
which just 19 specimens had transverse reinforcements. Results of the experiment
indicated the bond strength of FRP rebars in concrete is independence from

transverse reinforcement.

Top-bar: [93], [118] and [97] investigated the influence of top-bar on bond
performance of FRP rebars. Explicitly, [93] directed a test with two different
specimens. First specimen has bars with estimated cover of 19 mm from bottom of
the cast. In the second specimen, FRP bars were cast with 280 mm of concrete below
the bar and a clear cover of 19 mm from the top of the specimen. The results specified
that the allowable bond stress in the top bar was 66% of that for the bottom bar. In
an experiment by Chaallal and Benmokrane a new factor introduced as a pull-out
strength ratio between the bottom rods and top rods. The results showed the
average ratio for normal-strength concrete was 1.23 and for high-strength concrete
was 1.18. It means the top cast modification factor is dependent on small degree of
concrete strength. Furthermore, a value introduced for the top cast modification

factor as 1.1 for pull-out tests with concrete average compressive strength of 52 MPa.

Embedment Length: a study conducted the effect of embedment length of glass-vinyl

ester bar. The study included two different cases of embedment of 10 dimeters and
embedment of 5 diameters. Results showed there was higher nominal bond strength
developed for specimens with shorter embedment length, [108] . Same observation
reported by [88] on a test that included carbon, aramid, glass and vinyl rebars with
different surface configuration and ratio of embedment length to diameter of 10, 20

and 40.

An inclusive study of embedment length, concrete strength and concrete cover done
by [128]. The variables in this study are taken as influencing parameters on bond

strength of FRP in concrete composite and following formula presented:

u

—40+035 +100% (2.3)
0.083 [f! Op b
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In this equation u is average bond stress (MPa), f. is specified compressive strength
of concrete (MPa), c is the lesser of the cover to the centre of the bar, @, is diameter
of reinforcement bar, [; is the development length of the reinforcement. However,
[128] did not include surface characteristics as an influential factor on bond strength
and authors such as [129] and [4] showed in their test that the bond strength
developed by the rebars were significantly influenced by the type of surface

configuration on the embedded rebars.

Confinement pressure: The influence of confinement pressure on the interface

between FRP rebars and concrete was investigated in a study conducted by [114].
This study involved E-glass FRP rebars, some of which had deformed surfaces, while
others were stressed and spiral-glued to the outer surface. The rebars were subjected
to five different levels of radial-confining pressure. The results obtained from the
deformed and stressed rebars revealed a significant impact of confinement pressure
on bond strength. In contrast, the bond behaviour of spiral FRP rebars appeared to

be largely unaffected by confining pressure.

In the case of spiral FRP rebars, it was observed that the spiral structure broke and
separated from the bar during the tests. Interestingly, there was no rupture of the
concrete cylinder in any instance. Consequently, the concrete cylinder was able to
withstand most of the confining stress without transferring it to the bar and the
interface between the bar and concrete. Consequently, the resistance to bond was
primarily provided by the frictional interaction between the FRP bar and the

surrounding concrete.
2.6 Available guidelines for FRP RC members

Over the past two decades, significant efforts have been undertaken worldwide to
incorporate FRP (Fiber-Reinforced Polymer) bars into structural design codes and
guidelines. These guidelines have been developed across various regions, including
Asia, Europe and North America, with four primary sets of historical and design
guidelines emerging from Japan, [130] [131] Canada [132] [37] [112] [133], United
States [134] [135] [136] [137] [44] and Europe [138]. The low modulus of elasticity

exhibited by FRP has rendered it a brittle material, resulting in a linear-elastic
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behaviour for FRP reinforcement. This characteristic has had a profound impact on

all the existing guidelines, [139].

These existing guidelines have been adapted from conventional steel Reinforced
Concrete (RC) design codes and primarily employ limit state design methods. They
encompass fundamental principles that are heavily influenced by the mechanical
properties of FRP reinforcement and are supplemented by empirical equations

derived from experimental studies conducted on FRP RC members globally.

It is worth noting that the International Federation of Structural Concrete (FIB)
recently published a report addressing the use of FRP reinforcement in RC
composites. However, this report does not include specific design codes, leaving a

gap in the provided technical guidance by FIB [140].

As a result of unreliable experimental results, current AClI 440 guideline
recommended reduction in characteristic value of tensile strength of GFRP, CFRP and
AFRP by 80%, 45% and 70%to ensure the serviceability limit state of the existing
structure. In addition, Italian design guideline provided an empirical expression with
a multiplier factor in deformation analysis if FRP RC structures. The empirical
expression is based on Eurocode 2 [141] that makes value of deformation cracked
element greater, [142]. Recent investigation have revealed method such as the one
mentioned is exaggerated result as deformations mostly influenced by the bond

characteristics of FRP bars and surrounding concrete, [143] [144].

Gudonis [52] Recommended that design guidelines of RC composite reinforced with
FRP bars should be based on the result of experiments of bond properties of FRP bars
embedded in concrete and structural stiffness. Other factors, such as concrete cover
and strength, bar location and diameter are considered in all guidelines. Thus, bar
surface configuration only considered in Canadian standards. The CSA S806-12
includes factor K5 to specify the influence of surface characteristics. Ks value for
rough, sand coated or braided surface is equal to 1.0 and for spiral pattern or ribbed
surfaces is 1.05, and 1.8 for indented surface. It also shows that bond strength is
inversely proportional to Ks factor, where sand coated, roughed, and braided

surfaces deliver higher bond strength compare to bars with indented surface. CSA S6-
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06 also includes K, to provide influence of surface characteristics, which is the ratio

of the bond strength of FRP bar to steel deformed bar with similar cross section area

but smaller than 1.0. CSA S6-06 suggested value of 0.8 for factor K, for the cases with

no experimental data. In case of CSA S806-1 and ACI 440.1R-15 the surface

characteristics was counted into the study based on where the formula for bond

strength was defined. Thus, the result of study showed that the bar surface did not

affect the outcome. Table (6) shows list of existing guidelines from different

countries.

Region  Country
Asia Japan

Europe United
Kingdom

Norway

Italy

North Canada
America

United
States

Table 6: Existing guidelines for FRP RC structures from different countries.

Year
2007

1999

2002

2006

2007

2002-2012

2006-2010

2010

2009

2004-2012

2001-2015

Title

Recommendation for Design and
Construction of Concrete Structures
Using Continuous Fibre Reinforced
Materials

Interim Guidance on the Design of
Reinforced Concrete Structures Using
Fibre Composite Reinforcement

SINTEF report STF22 A98741,
Modifications to NS3473 When Using
Fiber Composite Reinforcement 2.24
CNR-DT 203/2006, Guide for the Design
and Construction of Concrete
Structures Reinforced with Fiber-
Reinforced Polymer Bars

Reinforcing concrete Structures with
Fibre-Reinforced  Polymers  Design
Manual

CAN/CSA-S806-12 Design and
Construction of Building Structures with
Fibre-Reinforced Polymers
CAN/CSA-S6-06; CAN/CSA  S6S1-10
Canadian Highway Bridge Design Code
CAN/CSA-S807-10  Specification for
Fibre Reinforced Polymers

AASHTO LRFD Bridge Design Guide
Specifications for GFRP Reinforced
Concrete Bridge Decks and Traffic
Railings

ACl 440.3R-04 Guide Test Methods for
Fiber-Reinforced Polymers for
Reinforcing or Strengthening Concrete
Structures

ACI 440.1R guide for the Design and
Construction of Structural Concrete
Reinforced with FRP Bars

Publisher
JSCE

The Institution
of Structural
Engineering

NBR

CNR

ISIS

CSA

CSA

CSA

AASHTO

ACI

ACl
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2.7 Application of FRP in Retrofitting Civil Engineering Structures

Environmental conditions, including factors such as chloride exposure, humidity
levels, temperature fluctuations, and structures subjected to marine and chemical
environments, significantly accelerate the deterioration of reinforced structures,
ultimately leading to concrete degradation. In certain cases, the cost of repairing
these damaged structures can surpass the initial construction expenses. For instance,
in 2002, it was estimated that the cost of repairing concrete structures exceeded 59
billion pounds in Canada. Repair costs for existing highway bridges alone amounted
to over 40 billion pounds, and for all concrete structures in the United States, the
range was estimated at 80 billion to 2 trillion pounds. Additionally, the annual cost of

addressing steel corrosion in Europe was approximately 2.4 billion pounds [145].

The exceptional physical and mechanical properties of FRP have positioned this
reinforcement as a versatile solution for various applications within civil engineering,
serving as an alternative to traditional steel reinforcement. There exist diverse
methods for employing FRP composites in either new construction projects or the
strengthening and repair of existing structures. The application of FRP in civil
engineering can be broadly categorized into two groups: internal reinforcement
utilizing FRP bars, rods, and tendons, and external reinforcement involving FRP

sheets, laminates, and wraps.

Typically, concrete structures are reinforced with steel bars or plates. However, a
notable shift is occurring. Andrew McNaughton, the Chief Engineer of the railway
network, discussed the composition of the UK's network rail's bridges in a conference
report. He noted that many of these bridges are constructed from various materials,
including timber, concrete, cast iron, brick, masonry, and steel, with ages exceeding
100 years. There is a growing inclination to employ more advanced composites for
these structures, such as fibre-reinforced polymers, which are already being used for

reinforcement to enhance the strength and durability of these aging bridges [146].

FRP materials have demonstrated their effectiveness, particularly as longitudinal
reinforcement in concrete composites, with benefits such as corrosion resistance and

primary engagement in resisting bending forces. Therefore, structures such as bridge
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decks, floor slabs, wall structures, and beams are excellent candidates for
longitudinal FRP reinforcement. A list of FRP composite structures in the UK is

provided in Table 7.

Year Structure Location
1974 Mondial House- The GPO Headquarters North Bank of the
Thames, London

1974 Primary School In Thornton Clevelys Lancashire
1993 Aberfeldy Footbridge Scotland
1994 The Bonds Mill Single Bascule Lift Road Bridge Oxfordshire
2001 Halgavor Bridge Cornwall
2002 The Road Bridge over the River Cole at West Oxfordshire

Mill
2003 The Wilcott Footbridge A5-Nesscliffe
2007 Networl Rail Footbridge cross Paddington- St Austell

Penzance
Table 7: Examples of FRP application in composite structures in UK, [147]

2.8 Effects of Strain rate

The applied forces acting on structures can be categorized into two distinct groups:
static and dynamic, and this classification is based on various factors including the
duration of force application, the magnitude of inertial forces, and how these forces
evolve over time. Static loads represent long-term forces that exhibit minimal
changes over time. Conversely, dynamic loads are characterized by short-term
applications that vary over time, leading to the generation of inertial forces.
Additionally, dynamic loads can be further classified into two subcategories: periodic
and non-periodic, with the distinction based on the temporal characteristics of the
load variation. Periodic loading involves a consistent time duration for each load
cycle, which repeats for a number of successive cycles. On the other hand, non-
periodic loading exhibits an asymmetrical time duration for the loads and may have
either a lengthy time history, such as seismic events, or a brief time history, as seen

in cases of explosions or impact loads [148].
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Figure 13: strain rate for different loading types, [149] [150]

The dynamic loads effects can be classified with respect to time domain in the strain

rate terms. The rate that strain deformation happen under impact loading is called

strain rate,&” with unit of strain per second, s™1:
=2 (2.4)
T at '
L(t)—Lo(t
e = [L®)-Lo®)] (2.5)

Lo(t)

Where 0¢ is immediate strain, dt is time interval, L(t) is length of the object at time

t, Lo(t) is the original length.

Strain rate in contrariwise proportional to time-history of applied load. For example,
high strain rate in explosion or impact events happen over short period of time, [151].
Strain rate for various types of loading demonstrated in Figure (13). It can be seen
that impact loads yield loads associated with strain rate in the range of 10°

to 102 s~1, while blast pressure is located in the range of 102 to 10* s~ 1.

2.8.1 Test Methods for Assessing the Influence of Strain Rate:
Since strain rate changes in differ load scenario, different methods used for study the
effect of strain rate on dynamic material properties of composite concrete under

impact loading. These tests include:

e Split Hopkinson bar, [152] [153] [154]
e Drop-weight tests, [59]

e Pendulum, [155]

e Charpy pendulum, [156] [69]

e |zod impact testing, [157]

e Servo-hydraulic testing apparatus, [158]
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e Explosively driven hammers, [159]

Among the previously mentioned tests, the Split Hopkinson bar test, Charpy
pendulum test, and drop-weight test stand out as the most widely utilized. In the Split
Hopkinson bar test, a solid bar serves as a striker to apply dynamic loads to a
structural member sample. Multiple strain gauges are strategically positioned on
both the incident bar and the transmission bar to enable the measurement of stress-
strain behaviour in both compression and tension regions, particularly under high
strain rates. The drop-weight test, conversely, involves a sequence of specimens
subjected to a free-falling weight, resulting in induced damage or cracking, which is
then quantified through the assessment of visible damage. In the Charpy pendulum
test, a pendulum hammer is employed to strike the specimen, with the primary
objective being the determination of the energy absorbed by the specimen during

the fracture process.

Numerous experiments and analytical models have delved into the phenomenon of
debonding failure at the interface between FRP and concrete, aiming to understand
factors such as maximum bond strength and ultimate load. However, it is noteworthy
that a substantial portion of these prior investigations has tended to employ

simplified FRP modelling approaches.

Additionally, their primary emphasis has often revolved around the broader response
characteristics of FRP-reinforced concrete members subjected to impact and blast
loads [160] [161] [162] [163]. Failure to comprehensively account for material
characteristics and failure mechanisms can potentially lead to inaccurate outcomes
when analysing FRP-reinforced concrete structures under high-load conditions.
Therefore, it is crucial to address critical factors such as the impact of strain rate and
the occurrence of debonding failure in the assessment of FRP-reinforced concrete
structures subjected to impacts and blasts [164]. It's worth noting that existing
analytical models have addressed the strain rate effect on concrete and steel
materials, yet they have often overlooked the influence of strain rate on FRP in high-

strain rate scenarios [165] [166] [167] [168] [169].
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It is stablished that structural material such as steel and concrete have performed
differently under dynamic load than static condition. [170] Reported Dynamic
Increase Factor, DIF, for concrete and steel to gain higher strengths as strain rate
increases under blast and impact load. DIF for concrete starts to rise quickly above
1.2 as soon as the strain rate go above 0.1s71. The grade of steel is effective as for
steels with higher grades show less strain rate effect and DIF for the yield strength is
higher in comparison to DIF for the ultimate strength. Strain rate might influence FRP
materials but, different manufacturing methods will make FRPs to have different

material properties and hence dissimilar behaviour under strain rate.

Number of studies investigated the viscous nature of fibre reinforced composites
including GFRP and CFRP. Researchers documented occurrence of creep in
composites due to the matrix supporting stresses in shear deformation under long
term loading, [171] [172] [173]. A study presented the effect of strain rate on material
characteristics on different forms of composites using different test methods. Results
showed behaviour of composites are dependent on strain rate, composite type,
mode of loading and fibre orientation, [174]. During hydraulic/pneumatic tests, it is
noticed due to inertial of the load cell and wave propagation effects, strain rate were
limited to 10 to 100s~!. A study on effects of strain rate on polymer material
composites reported inconsistent results due to specimen sizes and different testing

measures, [175].

Investigation on high strain rate effect on different composites using a tension bar
configuration conducted by [65]. The tests utilized carbon, Kevlar and glass reinforced
polyester resins. It has concluded ultimate strength of materials affected by strain
rate. Tensile strength of CFRP sample increased by 50% at strain rate of 10s~1. Other
observation was the appearance of specimens fracture differed during different
loading rate. In similar test by [176], it noticed at strain rates around 20s ™! the tensile
strength were almost similar to static strength. However, tensile strength was
increased by 70% for strain rates around100s~!. In addition [177] studied
glass/epoxy composite under servo-hydraulic test. The specimens in this test were

subjected to strain rates from 0.001 to 100s~!. The results showed the tensile
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strength of GFRP increased at strain rate of 8s™1. Another study on effect of strain
rate on GFRP resulted in increase of tensile strength by approximately 5% to 15%

starting at strain rate of 10s~1, [178].

In general, studies showed the bond stress and interfacial fracture energy of FRP and
concrete increase with strain rate as a logarithmic function, and type of adhesion and
FRP composites have no effect on strain rate, [179] [180]. Yet, there is not enough
understanding about the effect of dynamic loading on the bond-slip relationship of
FRP bar and concrete. Furthermore, strain rate effect on GFRP starts at around 8s~1
and for CFRP to affect tensile strength starts around 10 to 20s~1. It should be

considered these tests were not applied on same type of CFRP and GFRP therefore

there may or may not be strain rate effect at very high load.
2.9 Characteristics of Impact loading

Dynamic loads characterized by short cycles are commonly referred to as impact
loads. These dynamic loads can take the form of either concentrated point loads or
distributed loads [181]. For example, field experiments involving explosions typically
result in distributed loads, whereas laboratory-based impact tests are often
conducted by applying a single point load [182]. In the context of reinforced concrete
elements, attributes like moment, axial capacity, and shear traditionally define the
static resistance. However, in situations where loads are applied over a brief
duration, parameters indicative of energy absorption capacity are typically prioritized

as the fundamental variables [182] [183].

When a rigid falling object strikes a beam, a quick transfer of momentum will occur
while there is reduction in kinetic energy of the impact object, [182] [181]. From
equation (2.6) the energy loss of impacting object at any time after initial contact can

be determined:
1
AE. = EM(viz - vf) (2.6)

AE-. is the change is kinetic energy, M is the mass of the impact object, v; is the impact
velocity and v is the velocity of the falling object at interested point in time. Part of

the energy from the falling object will be transferred to the beam and some will be
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lost due to heat and friction. The energy absorbed by the beam at any point of time
can be calculated from the equation below, only with ignoring the translational

kinetic energy and vibrational energy of the beam:
AEO = Ek€T + Eb (27)

Where Ej., is the rotational kinetic energy and E}, is strain or bending energy.
Meanwhile the maximum energy from impact object ready to transfer to the beam

can be determined by the equation (8):
E- = Mghy = S Mv} (2.8)

Where E-the available maximum energy, g is gravitational acceleration and hy is the

drop height, [181].

Most of studies on concrete beams strengthened with FRP showed different bond
behaviour under impact loading to those under static tests. This difference in
behaviour caused as impact loading is a very intense loading specified by a force from
extreme severity in a brief time period. Structure behaviour under impact loading
consist of two reaction forms, local and overall response. When the falling object
strike the structure stress wave occur after impact at the loading point in an

extremely short magnitude of time. In this case, the structure has local response.

The overall response of structure includes free vibration that continues lengthier
period after the impact load. Loading rate and dynamic characteristics of the
structural member are the main two dominant factors that govern overall response
of structure, [184] [185]. These two response phases may lead to double-impact on

the bonding which can cause decrease in the bond strength.
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Figure 14: Dynamic response of RC structure under impact load, [184]

2.5.5 Behaviour of RC beams under impact load

Unlike FRP reinforced concrete elements, there are many studies on behaviour of
reinforced concrete under impact load, [186] [185] [187] [188] [189]. RC beams that
subjected to impact load have three different responses: local response, global

response or combination of both.

Thabet and Haldane reported following mechanisms for concrete response under

impact load [191]:

impactor

concrete beam
r

.main reinforcement

“support

Figure 15: Global response of beam subjected to impact load, [190]
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(a) *(b)

Figure 16: Contact area failure involving steel reinforced concrete beam: (a) Local crushing and spalling
in the contact zone, (b) Local effect of scabbing, (c) Formation of the concrete plug, [190].

Surface crushing: when the falling object strike the beam, stress waves are

transferred into the beam at contact area in short period of time. On this contact area

concrete is crushed and forms a crater on the surface, Figure (16-a).

Concrete Plug: as the stress waves transmitted through the element, a large number
of internal wave reflectors occur and encounter with stress waves. These internal
wave reflectors formed by collision of stress waves to aggregate particles, cement
paste and voids. As the stress wave start to decompose, momentum is became more
and denser within the concrete. Presuming that the momentum under the contact
area is large, a local punching shear failure arise earlier than the beam has time to
react to flexure. This phenomenal is known as concrete plug and often cause cracks

in the concrete element, Figure (16-b).

Scabbing: tension failure occur in concrete normal toward its free surface due to the
reflection of compressive stress waves within the concrete. this limited detachment
of a region of concrete that generally is along with the flexural reinforcing bars with
right angles to the direction of impact load is known as scabbing and it occur on the

other side of impact area, Figure (16-c), [192].

2.9.2 Dynamic Characteristics of Reinforced Concrete under High Strain Rates Loading
Numerous researchers have investigated the dynamic characteristics of both
conventional concrete and fibre-reinforced concrete when subjected to various
loading rates. The findings have indicated that, in the case of high strain rate events
such as impact and blast loading, concrete exhibits increased fracture energy and
strength without a concurrent rise in its susceptibility to break, [193]. The Dynamic

Increase Factor (DIF), or Dynamic Amplification Factor, is a dimensionless parameter
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that quantifies the ratio of deflections or stresses at any given time to the product of
static deflections or stresses resulting from the application of dynamic loads to a
structure. DIF serves to elucidate alterations in material properties of structural

elements under static and dynamic loading conditions.
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Figure 17: Stress-strain curves of concrete under different strain rate loading [194]

In Figure (17) stresses gained higher value under compressive impact loading than

the ones under static loading for a period of time.

Grote, [195] Reported increase in strength magnification factor as great as 4 in
compression and about 6 in tension under strain rates of 102 to 103 per second. CEB-
FRP model introduced a DIF for increase in peak compressive stress of concrete (f;)

under strain rate loading, [196]:

DIF = (;)1'026“ for & <30s7! (2.9)
DIF = y(%)1/3 for & > 30571 (2.10)
Where:

&": Strain rate;
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;30 X 107°s1 (quasi-static strain rate)
logy = 6.156a — 2
a=1/0G+9f/fo)

f: = The static cube uniaxial compressive strength of concrete, MPa
feo = 10MPa = 1450 psi
In the comprehensive design code for concrete, DIF for tension stress of concrete

under high strain rates:

DIF = 1.0 for & < 107%s71 (2.11)
DIF =2.06 +0.26logs for 107%s 1 <e <1s7? (2.12)

Figure (18) shows the peak compression stress of DIF of concrete:

0
0.E+00 1.E+03 2.E+03 3.E+03 4.E+03 5[E+03 6.E+03 7.E+03 8.E+03 9.E+03 1.E+04

Strain rate, (s-1)

Figure 18: Dynamic Increase Factor for compression concrete, [193]
Lok [197] Investigated DIF of steel fibre reinforced concrete by using 75 mm diameter
split Hopkinson pressure bar with different strain rates ranged between 20 and
100s~1. Results showed two different equations for compression steel fibre-

reinforced concrete response under different strain rates:
DIF = 1.080 + 0.017log(¢) 0<¢& <20s7! (2.13)

DIF = 0.067 + 0.796log(¢) 20<¢ <100s7?! (2.14)
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2.10 Comparative Evaluation of Bond Strength Codes
The capacity to withstand localized horizontal shear forces per unit surface area of
the concrete surrounding a reinforcing bar is termed as bond strength. The bond
strength for a reinforcing bar embedded within concrete can be defined as follows,
while maintaining an equilibrium condition. We assume that the stress distribution is
consistent throughout the length of the reinforcing bar, and the forces acting on the
bar's surface are counteracted by the average bond stress, denoted as 77, as

illustrated in Figure (19):

Reinforced Concrete Beam

Reinforcing Bar
-

= -

‘4,' N'f; - “."l‘, har ’-F +Af;)

Y
b, 4

Figure 19: transfer of a force acting on surface of reinforcing bar through bond, [83]
Tfﬂdblembed + Af,barffF = Af,bar(fF + AfF) (2.15)

__ AfbarAfF __ dpAfF
Tf =

(2.16)

mdplembed 4lembed

where,ts = average bond stress (MPa);

dp = diameter of the bar (mm);

lembea= embedment length of the bar (mm);
fr = tensile stress of the bar (MPa);

At par = area of one bar (mm?).

There is not a direct bond strength equation presented in design codes. In other hand,

all design codes state the require embedment length to develop the design stress in
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the bar. Therefore by substituting embedment length equations provided in design

codes into equation (2.16), chosen parameters can be related to the bond strength.
CSA S806-02:

The equation to determine the development length for the FRP bars in Canadian

Standards Association [112] is:

lg = 115252208 o T 5 4,0y (2.17)
cs \ﬁ

;= development length of FRP bar (mm);

A par= rebar cross-sectional area (mmz2);

d.s= smallest of the distance from the closest concrete surface to the centre of the

bar being developed or two-thirds the c-c spacing of the bars being developed (mm)

d.s £ 2.5dp (dj has been mentioned above);

fr=required tensile stress in the rebar (MPa);
f¢ = compressive strength of concrete (MPa);

K1 = bar location factor (1.3 for horizontal reinforcement placed so that more than
300 mm of fresh concrete is cast below the bar; 1.0 for all other cases);

K2 = concrete density factor (1.3 for structural low-density concrete; 1.2 for structural
semi-low-density concrete; 1.0 for normal density concrete);

K3 = bar size factor (0.8 for < 300 mm?; 1.0 for A, > 300 mm?);
Ka = bar fibre factor (1.0 for CFRP and GFRP; 1.25 for AFRP);

Ks = bar surface profile factor (1.0 for surface roughened or sand coated or braided
surfaces; 1.05 for spiral pattern surfaces or ribbed surfaces; 1.8 for indented
surfaces).

The average bond strength equation yields from replacement of equation (2.17) into
equation (2.16):

T =
S T 115(K, Ky K3K4Ks)md),

(2.18)

As mentioned in CSA S806-02, [112], Equation (2.18) shows that bond strength is
influenced by the fibre type, bar surface configuration, concrete cover, concrete
strength, concrete density and bar position.
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ACI 440.1R-15:

Equation of bond strength for FRP bars in concrete represented in ACl 440.1R-15 as
follows:

T

0.083 f 1!

Where 1 = is bond strength between FRP reinforcing and surrounding concrete;

dp
lembed

= 4.0+ 0.3;—b +100 (2.19)

f¢ =is concrete compressive strength;

C = is the lesser of the cover to the centre of the bar or one-half of the centre-to-
centre spacing of the bars being developed;

dp = is the bar diameter;
lempea = is the embedment length of the bar in concrete.

This equation was mainly developed based on GFRP rebars and the experiment
supported this equation was not included the effect of transverse reinforcement on
bond strength. Thus, it is required to re-examine this equation with use of different

types of fibres and usage of transverse reinforcement.

JSCE:
The development length of FRP bar in concrete for splitting failure is reformed by the

Japanese Design Code [131] [83]. The modified expression is as follow:

_ fa
ld = a1K *fpod db (220)

Where f,= is the design tensile strength of the reinforcement;

K = is the a top bar modification factor that takes a value of 1 if there is less than

300mm of concrete cast below the bar;
d,, = is diameter of the bar (mm);
froa = is the design bond strength of concrete and it is given as:

0.28a,f,%/3
froa = —0;230 <32 N/mmz (2.21)

Where f, =is the concrete compressive strength (MPa);
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a, = is the bond strength modification factor (it is equal to 1 when bond strength is
equal to or greater than the deformed steel bar, or else a, shall be reduced according

to the test results);

a; = is confinement modification factor defined as listed below:

1.0 (where k. < 1.0);

a;
a; =0.9 (where 1.0 < k. < 1.5);
a; =0.8 (where 1.5 < k. < 2.0);
a; =0.7 (where 2.0 < k. < 2.5);
a; =0.6 (where k. > 2.5);

And kcequation is:

c 15A E,
ke= —4+—=Xx—=+

dp sdp E¢

(2.22)

Where c= is the smaller of the bottom clear cover of main reinforcement or half of

the clear space between reinforcement being developed;
A, = is the area of transverse reinforcement;

E, = is the Young’s modulus of transverse reinforcement;
E, =is the Young’s modulus of steel;

CSA 56-06:

The modified expression for development length of FRP bar in the Canadian Highway

Bridge Design Code [198] is presented as follow:

lg=045—% Iy, (2.23)

E
[des+Ker FRP] fer
Es

Where [;= is the development length for FRP bar, (mm);

Af par=is cross-sectional area for bar, (mm?);
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d.s= smallest of the distance from the closest concrete surface to the centre of the

bar being developed or two-thirds the c-c spacing of the bars being developed (mm);
K1 = bar location factor;
Ka = bar surface factor;

K= is transverse reinforcement index (mm), which is defined as follow:

_ Awrfy
r ™ 10.5sn (2.24)

Where A;,= is area of transverse reinforcement normal to the plane of splitting
through the bars, (mm?);

fy=is the yield strength of transverse reinforcement, (MPa);

S=is centre to centre spacing of the transverse reinforcement, (mm);

n=is the number of bars being developed along the plane of splitting;

Erre = modulus of elasticity of FRP bar (MPa);

Es = modulus of elasticity of steel (MPa);

fr = specified tensile strength of FRP bar (MPa);
fer = cracking strength of concrete (MPa).

By implementing equation (2.24) into equation (2.16) provides expression for

average bond strength related to Young’s modulus of FRP bar and steel as follow:

E
fer(destKer I;I_:P)

Y = T oasndpkoks (2.25)

Among different bond strength equations, CSA S806-12 code is including the most
parameters influencing FRP concrete bond. The factors includes bar location k,
density of concrete k,, bar size k5, bar fibre k,, and bar surface ks. In case of CSA S6-
10, equation of bond strength is also considered young’s modulus of FRP and steel,
the area of transverse reinforcement, the spacing between reinforcement and
flexural strength of concrete. The mentioned equations in codes are identified to
yield over conventional approximations. Table (8) shows following existing equations

for the FRP concrete bond stress.
77



ACI 440 1R-15 - c d
Jf(0.332 + 0.025 7183 l—:)
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CSA $806-12 o desr/T:
1.15(k koksksks)md,
JSCE L froa
a

Okleo and Yuan !

T= 14.7\/—f—c

dp

Lee et al T =3.3(f)°%3

Table 8: Existing bond strength equations.

Numerous researchers have conducted experiments and compared their findings
with the values derived from established code equations, leading to similar
conclusions. For instance, Newman [199], scrutinized 48 specimens of GFRP and CFRP
reinforced concrete beams against the equations from ACI 440.1R-06 and found them
to be reliable. Similarly, Hossein [200], arrived at a comparable conclusion after
conducting bond tests on 96 specimens and comparing the results to CSA S6-06, CSA
S$806-12, and ACI 440.1R-06. In another study, Ametrano [201], compared the results
of 72 pull-out tests and 32 beam tests with equations from ACI 440.1R-06, CSA S6-06,
and JSCE, reporting a substantial safety margin. However, Okleo and Yuan [121]
conducted tests on 151 specimens with concrete compressive strengths ranging from
29 to 60 MPa and GFRP bars measuring 6 to 19mm. They found that the equation for
bond strength suggested by ACI 440.1R-06 was applicable, while the JSCE code did
not account for all the variables affecting the bond between FRP and concrete. In a
separate investigation, Lee et al. tested 54 specimens with concrete compressive

strengths ranging from 25 to 92 MPa and sand-coated GFRP rebars [111].

Despite a consensus among researchers regarding the safety of code equations, there
are differing opinions on which equation best approximates real-life experimental
results. Yan [202], reported that the experimental results of pull-out tests closely
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aligned with the values predicted by the ACI 440.1R-15 equation, diverging further
from other code equations. In the study by [203] the results of a pull-out test on GFRP
bars were compared to the bond strength values predicted by the ACI 440.1R-15
equation, and a strong agreement was observed. Conversely, CSA S6-06 and CSA
S806-12 deviated further from the values obtained through experimental testing. On
the contrary, Makhmalbaf [204], concluded that the equation from ACI 440.1R-15 is
overly conservative, and other code equations provide predictions that are closer to

the experimental values.

These differing viewpoints regarding the adequacy of code equations underscore the
need for potential modifications to the bond strength equations within the

guidelines, based on the outcomes of existing experimental studies.
2.11Models of Bond-slip behaviour of FRP Reinforced Concrete

To delve into the numerical analysis of the bond interaction between FRP
reinforcement and concrete, it is imperative to establish an analytical model
representing the bond stress-slip constitutive relationship. Over time, a multitude of
such models for FRP reinforcement in concrete have been proposed. In the
subsequent section, we will provide a concise overview of the most prevalent models
for FRP bars, offering a comparative analysis to delineate their respective advantages

and limitations.
2.11.1 Malvar Model

The initial modelling of the bond phenomenon for FRP rods was developed by Malvar,
drawing from data derived from pull-out tests [114]. In his experimental
investigation, GFRP bars were utilized, featuring three distinct surface configurations
(indented surface, deformed surface, and a combination of deformed and indented
surfaces). The study encompassed a spectrum of confinement pressure values and
indentation depths, with the tensile strength of the concrete being held constant.
Malvar formulated two empirical relationships grounded in the observed bond

stress-slip curves. These relationships are expressed in equations (2.26) and (2.27):

T -
72 = A+ b(l —e CT1/ft) (2.26)
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s;=D+Eoy (2.27)
Where:

ft : Is tensile concrete strength

A, B, C, D and E: are empirical constants for different types of bar

The subsequent formulation, denoted as 7 = 7 (s, 0;-) in equation (2.28), represents
a refined model capturing the comprehensive bond behaviour. In this model, a total
of seven empirical constants were introduced to elucidate the relationship between

bond stress and the slip at the loaded end.

r _ PErE-ney
TR YOS EAPTESE (2.28)

S
s1

Where:

F, G: are empirical constants determined for different bar
T1: Is the peak bond stress

sp:is slip at the peak bond stress.

Malvar's experimental investigation was limited to GFRP rebars featuring only two
distinct surface configurations. Consequently, the influence of parameters like rebar
diameter and various types of fibres on the empirical constants used in the model
were not explored. Furthermore, a study by Consenza [205] compared various bond-
slip behaviour models, revealing that while Malvar's model could describe the
complete stress-slip curve using a single relationship, it was less dependable in
modelling the ascending segment of the bond stress-slip curve compared to other

existing analytical models.
2.11.2 Eligehausen, Popov, and Bertero Model (BPE Model)

The bond-slip analytical law first proposed by Eligehausen in 1983, [206] for
conventional deformed steel rods and then successfully applied to FRP rebars to
show bond stress-slip relationship by Faoro, [207], Alunno Rossetti [123] and Cosenza

[205]. BPE model has an ascending curve branch that characterizes the bond
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mechanisms of chemical adhesion where (s < s;), then the model presents constant
maximum bond stress (T = 7,) up to a slip s = s5,; a linear descending branch from
slip and stress of (s,,7;) to (s3,73); and finally a horizontal branch s > s; and value

of T due to constant frictional response (t = t3), figure (20).

Following equations defines the bond-slip curve of BPE model that the bond stress is

a function of the bond-slip curve relation:

L
T1
|
i
! J Ts
| i
8, 83l 83 | H =
0 8
Figure 20: BPE model
- LA (Si)“ for 0<s<s (2.29)
max 1
T = Tmax for 51<S5<s, (2.30)
S5—=S
T = Tax — (Tmax — 7r) (53_522) for s, <s<s;3 (2.31)
T =1 = fTmax for 53<S (2.32)

In equation (29), in order for graph to be physically meaningful a, which is a curve-
fitting parameter, must be equal or less than 1. Eligehausen, [206], proposed a value
of 0.40 for case of steel bars. The model is extracted properties and developed based
on CEB-FIP analytical model that was for conventional steel reinforcements with
specific series of parameters including peak bond stress 7,4, slip at peak bond stress
s, and other parameters such as a and 8, which related to the amount of concrete

strength and bond conditions. In research carried out by Cosenza, [205], parameters
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of 55,53 and § and a were determined for FRP re-bars with different types of fiber,
surface configurations and confinement pressures as variables. Results from the tests
consisting of indented and grain covered rebars showed good conformity in terms of
bond strength, however, the test for the spirally wounded rebars were in various

directions.
2.11.3 BPE Modified Model

Consenza introduced a revised model based on the BPE model. This modified model
accounts for the influence of both FRP bond strength and various surface
configurations. Following a thorough comparison between experimental and
analytical curves, the BPE modified model excludes the second branch, characterized

by a constant maximum bond stress, present in the original BPE model.

Ts PTalsy

P TR P P RETHT T W I

Figure 21: BPE modified model
Although in this model the overall bond slip curve for FRP bars given, but effects of
different fibre types and bar diameter have not been covered. Following equations

represent the segments for curve in Figure (21):

=) for 0<s<s (2.33)
T1 S1

T N

;=1—p(;—1) for 51 <S5 <83 (2.34)
T=13 for T3 < S (2.35)
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2.11.4 CMR Model

Consenza proposed another model for only the ascending branch of the bond slip

curve at serviceability level.

L= (1-exp (_ :_T)yp (2.36)

T1 -
Where:

s,, @: are parameters based on curve-fitting resulted from test data.

In the experiment, effects of factors such as different surface configurations and
various fibre types were investigated. Thu, some of the test included scattered

results.

To ensure accurate predictions of bond-slip behaviour, it is crucial to select an
appropriate bond-slip model that reflects the overall shape of the curve. Figure (22)
illustrates bond-slip models for typical adhesive FRP-to-concrete joints sourced from
[208] [209] [210] [163] which are grounded in experimental data. Notably, the
Nakaba linear-brittle model differs from the other three bond-slip models. Previous
research has indicated that a realistic bond-slip curve should exhibit both ascending
and descending branches, similar to the B.P.E modified model. However, Neubauer's
linear-brittle model does not align well with actual results. Beyond the general shape
of the bond-slip model, critical parameters such as slip at peak stress, peak bond
stress, and maximum slip at zero bond stress play a vital role in determining the

accuracy of the bond-slip model.

It is important to note that the models proposed by Nakaba, Monti, Savioa, and the
B.P.E modified model exhibit significant alignment and are specifically tailored to
represent the occurrence of failure in the models. After reviewing the existing
literature, the B.P.E modified model has been selected for the present study. A table
containing bond-slip models and equations from these mentioned authors can be

found in Appendix (A).
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S = N W R W NN

0 0.1 0.2 0.3 0.4 0.5
Slip, mm

——-Nakaba et al. Neubauer —#&—Montietal. —@—Savioa

Figure 22: Bond-slip curves of existing bond-slip model.
2.12 Existing works on bond behaviour of FRP RC members under static and
dynamic loading

In order to assess the response of FRP RC beams under varying loads and to
comprehend the overall behaviour of the structure, it is imperative to employ a
suitable bond-slip model that defines the bond behaviour within FRP RC beams.
Understanding the deformation within reinforced concrete structures necessitates
an in-depth investigation into the interaction between the reinforcing elements and
the concrete matrix. This investigation becomes particularly significant in the context
of bond strength, as bond behaviour plays a pivotal role in the design of reinforced
concrete components. While numerous guidelines exist for the formulation of steel-
reinforced concrete members, their direct applicability to FRP reinforcements has
often proven inadequate. The dearth of precise information and accuracy in some of
the existing methods has prompted researchers to conduct experimental studies
aimed at comprehending how the material properties of reinforcement impact the
characteristics of bond behaviour. Additionally, a substantial volume of experimental
work has been undertaken to assess the effects of impact and impulse loading on
reinforced concrete members, supported by numerical studies utilizing finite element

methods, which have been corroborated by experimental data.
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2.12.1 Static Experimental Investigations on FRP RC members

Murugan [211] conducted tests on four concrete beams reinforced with GFRP bars:
two of them were reinforced with sand-coated GFRP bars with a reinforcement ratio
of 0.73%, and the other two were reinforced with grooved GFRP bars with a
reinforcement ratio of 1.24%. These tests subjected the beams to monotonic loading.
The results demonstrated that the ultimate load-bearing capacity of the sand-coated
and grooved GFRP bars was 15% and 5% lower, respectively, when compared to steel-
reinforced beams. Furthermore, an increase in the reinforcement ratio of GFRP to
1.08% led to a 25% increase in the ultimate load for sand-coated GFRP beams and a
40% increase for grooved GFRP bar beams. Additionally, an increase in the reinforcing
ratio resulted in smaller maximum deflections for the grooved bar beams when
compared to the sand-coated bar beams. The moment-curvature behaviour of all

beams is depicted in the following Figure (23).
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Figure 23: Results from Murugan experimental tests.
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Beam GFRP type Reinforcement ratio

Bm,F_. P, Steel 0.73
Bm F,P4 Sand coated 0.73
Bm,F.P, Sand coated 1.08
Bm,F P, Threaded 0.73
Bm,F,P, Threaded 1.08

Table 9: Detail of beam Specimens from Murugan experiment.

Al-Allaf [212] conducted a series of pull-out tests on lightweight concrete prisms
reinforced with CFRP sheets. The experimental results revealed that the use of
lightweight concrete substantially reduced the bond strength and had a minor
influence on bond slip failure compared to the normal weight concrete specimens.
Interestingly, increasing the length of the CFRP sheets beyond 75 mm did not lead to

a reduction in slip failure or an increase in load capacity.
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Figure 24: Influence of CFRP bond thickness of lightweight and normal weight concrete specimens on slip from
AL-Allaf experimental test.

Zhang [213] conducted 4-point bending test to investigate the flexural and bond-slip
characteristics of RC beams reinforced with CFRP, GFRP, and BFRP, considering
various bar diameters and surface configurations. The test outcomes revealed that
specimens with smooth surface bars exhibited inferior performance in bond-slip
behaviour. Additionally, FRP bars with grain-covered surfaces exhibited superior

bonding compared to other specimens.
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Figure 25: Load-Slip curvature for different FRP bar types in RC beams with ribbed surface from Zhang
experimental test.
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Pan [214] conducted an analytical investigation into the failure mechanism of the
bond between FRP plates and concrete joints. For this study, a straightforward bond-
slip model with a linear ascending segment was employed. The results revealed that
the stiffness of the FRP plates was significantly affected by the effective bond length
of the FRP.

Lu [215] compiled a comprehensive test database and compared the test results with
existing bond models by Neubauer [209]and Chen and Teng [216]. This comparison
considered various parameters, including concrete strength, the influence of bond
length, width ratio, and FRP plate stiffness. Chen's model [216] was found to provide
accurate predictions for bond strength and ultimate loads when compared to a
substantial body of experimental data. However, it lacked a suggested bond-slip
relationship suitable for numerical applications. The static bond-slip model proposed

by Lu [215] was primarily built upon Chen's work [216].
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Figure 26: Load-Slip relationship of CFRP plate reinforced concrete from analytical and experimental work by
Pan.

The author presented data of 118 test specimens and set of predictions of bond

strength models that shown in Figure (27).
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The standard deviation, A in statics is implemented to verify which static bond-slip

model is more appropriate as the basis for the dynamic bond-slip model.

A= /M (2.37)
n

A is standard deviation with the same unit as the sample x;
X is average value;

x is normalised ultimate load, that is equal to the value of analytical ultimate load

from Equation (2.38) divided by the ultimate load from test data.

P§

2
Eptpbpsy

Tmax -

Tmax 1S the maximum value of bond stress;

P, is the ultimate load at the FRP end from the load slip curve;
E, is young’s modulus of FRP;

tp Is the thickness of FRP plate;

b, is width of FRP plate;

p

S¢ is the final slip of bond-slip curve.
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Figure 27: Normalized maximum load predictions from existing bond strength models.

Figure (27) clearly illustrates a strong concurrence between the findings of Chen [216]
and Lu [215]. Lu [215] elucidated in his research that two distinct approaches could
be employed for modelling de-bonding in FRP RC members using nonlinear finite

element models.

The first approach involves the utilization of an interface element, incorporating a
layer of interface between the FRP element and concrete, to simulate de-bonding

failure. This method is grounded in the existing bond-slip model.

The second approach recommends circumventing the interface element and instead
directly simulating de-bonding failure by modelling concrete cracking at a short

distance from the adhesive layer.
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2.12.2 Experimental investigations on FR PRC members
The subsequent section provides an account of investigations into FRP-concrete
debonding and the behaviour of reinforced concrete beams subjected to impact

loads, utilizing a combination of numerical, experimental, and analytical techniques.

Several researchers have delved into the dynamic characteristics of FRP materials,
focusing on parameters like tensile strength and elastic modulus under dynamic
loading conditions. For instance, Eskandari [217] conducted tensile split Hopkinson
bar tests on five specimens of quasi-isotropic graphite/epoxy composites with a
nominal thickness of 1.4 mm. The tests featured pulse durations ranging from 200 to

250 microseconds and peak strain rates of350s 1.

Armenakas and Sciammarella [159] explored the mechanical properties and failure
modes of glass/epoxy-reinforced plates under high strain rates of 3 x 10%*in./in./min
applied in the direction of the fibres. Shokrieh and Omidi, [177], investigated the
tensile failure properties of unidirectional glass/epoxy composites using high-speed
servo-hydraulic testing, with test speeds ranging from 0.001 to 2000 mm/s and strain

rates from 8 X 1075 to 160s L.

Hou [152] conducted a comprehensive investigation involving experimental and
finite element analysis of 3-D orthogonal woven fabric (3DOWF) subjected to high
strain rate impulse loading, with a specific focus on understanding the tensile
behavior of these specimens. The experimental setup featured a specially designed
split Hopkinson tension bar, enabling testing across a wide range of strain rates, from
0.003 t02308s 1. The stress-strain data derived from these tests were employed to
assess how 3DOWF responds to variations in strain rate, thereby establishing its

tensile sensitivity to such dynamic loading conditions.

In the numerous experimental studies mentioned earlier, including those by Lifshitz,
[59] and Daniel [223], which are just a subset of the extensive research in this field
[218] [219] [220] [221] [222], it has been consistently observed that the dynamic
properties of FRP materials are sensitive to the loading rate, and this sensitivity varies
with different loading rates. However, Lifshitz [59] specifically examined the tensile

strength of seven glass/epoxy fibre unidirectional laminas under impact loading,
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employing a drop weight apparatus with strain gauges to measure strain rates and
an impact velocity of 4.2 m/s. This study concluded that the failure mechanism of
laminates is contingent upon fibre orientations, and the tensile strength of FRP
material does not exhibit sensitivity to strain rate variations. Building upon this work,
Daniel [223] delved into the influence of strain rate on graphite/epoxy unidirectional

laminates and ring specimens exposed to strain rates ranging 100 — 500s 1.

with specimens loaded through internal pressure generated explosively by a liquid.
The author concluded that FRP materials did not demonstrate dependencies on
modulus, tensile strength, or strain failure rate in relation to strain rate variations.
It's important to acknowledge that these conflicting findings might arise from
variations in material fabrication, potential experimental errors, or the different

ranges of loading rates examined across these studies.

Jadhav, [221], conducted an investigation into the influence of fibre orientation on
the dynamic properties of angle-ply graphite/epoxy composites, focusing on aspects
such as modulus, ultimate strain, and strength. This study employed the split
Hopkinson pressure bar test, subjecting the specimens to varying strain rates ranging
from 500 — 15005 1. The results of this research indicated that, as the applied strain
rate increased, the stress-strain characteristics of FRP materials generally exhibited
an upward trend. Specifically, the ultimate strain of FRP materials showed a
continuous increase with rising strain rates, while the stress remained relatively

constant as the ultimate stress reached a specific peak value.

Among these investigations, Lifshitz [224], Hayes [69], Gilat [222], Barre [225], Niak
[226] did not report significant strain failure in their respective studies. In contrast,
Armenakas, Eskandari, Shokrieh, and Hou reported an increase in strain failure in
their experimental work [159] [227] [158] [152]. Additionally, some other studies
indicated a decrease in strain failure [228] [218] [219], while Liftaz observed no
significant alteration in strain failure in his experiments [59]. It is important to note
that the observed variations in strain failure outcomes across these studies could be
attributed to factors such as differences in experimental methodologies, material

variations, or the specific range of strain rates investigated.

93



Goldston, [23] conducted an experimental investigation to examine the behaviour of
concrete beams reinforced with GFRP bars subjected to both static and impact
loading conditions. This study involved a total of 12 rectangular concrete beams, each
with cross-sectional dimensions of 100x150 mm and a length of 2400 mm. These
beams were reinforced with internal FRP bars. Two different levels of average
concrete compressive strength were considered: 40 MPa and 80 MPa. Furthermore,
three distinct GFRP bar diameters of 6.35 mm, 9.53 mm, and 12.7 mm were

employed to achieve varying reinforcement ratios of 0.5%, 1.0%, and 2.0%.

The experimental program was divided into two series. The first series encompassed
six specimens that were subjected to four-point static loading. In contrast, the second
series included six beams that were subjected to impact loading using a drop hammer
apparatus. All six beams in the second series were simply supported and subjected
to dynamic three-point loading. The primary objective of the second series was to
investigate dynamic GFRP tensile strain, dynamic mid-span deflections, the impact

force's influence, and dynamic reaction forces.

The test parameters under consideration included the concrete compressive strength
and the longitudinal reinforcement ratio. The beams were designed with double
reinforcement, featuring two GFRP bars in the compression zone and two in the
tension zone. The results revealed that beams subjected to impact loading
experienced shear plug failure, with cracks appearing on both sides of the impact
points, approximately in parallel. A limited number of flexural cracks were observed,
and the beams remained within the elastic range even after being impacted by the
drop hammer. This behaviour was attributed to the energy absorption capacity of the
beams. Additionally, it was found that higher concrete compressive strength played
a dominant role in reducing mid-span deflection and increasing post-cracking

bending stiffness.

In study conducted by Elgabbas [229], an experimental investigation was carried out
to examine the structural performance of Basalt FRP (BFRP) bars in concrete beams

subjected to four-point bending. The primary objective of this research was to
94



characterize the flexural behavior of the bars under both service and ultimate limit
conditions while assessing the bond-dependent coefficient (k;), which quantifies the

bond between the FRP bars and the concrete.

The specimens consisted of six concrete beams with cross-sectional dimensions
measuring 200x300 mm and a length of 3100 mm. The concrete used in this
experiment exhibited a compressive strength of 40 MPa. For tension reinforcement,
three different BFRP bar diameters of 10 mm, 12 mm, and 16 mm, all with a sand-
coated surface, were employed. Steel bars were utilized for the top and transverse
reinforcements within the beams. These simply supported beams were subjected to

monotonic loading in a four-point bending configuration until failure occurred.

The results revealed a characteristic bilinear relationship between tensile strains in
the FRP and the average compressive strain in the concrete, especially in beams with
low reinforcement ratios, up to the point of failure. Neither pre-cracking nor cracking
load was affected by the reinforcement ratio. However, after cracking, an increase in
stiffness or a decrease in reinforcement strains exhibited a proportional relationship
with the reinforcement ratio. Furthermore, an increase in the reinforcement ratio led
to higher energy absorption during the initial crack formation, resulting in increased

strain and the initial crack width.

Lin and Zhang, [230], conducted an extensive investigation into the bond-slip
relationship of glass, carbon, and basalt FRP (Fiber Reinforced Polymer) rebars in
concrete beams under four-point bending, employing both experimental and

numerical methods.

In the experimental phase, four-point bending tests were employed on FRP-
reinforced beams to elucidate the physical behavior of these composite concrete
beams, focusing on their flexural and bond-slip characteristics. Additionally,
numerical studies utilizing Finite Element methods were conducted to delve into the
behavior of these FRP concrete beams, considering variables such as rebar surface

treatment and rebar type.
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Each specimen was fortified with three FRP rebars in the tension zone and two steel
rebars in the compression zone. The test specimens consisted of six concrete beams,
with cross-sectional dimensions measuring 100x200 mm, a length of 1060 mm, and

a compressive strength of 40 MPa.

The results stemming from the experimental study unveiled a suboptimal bond
between FRP bars with smooth surface treatment and the surrounding concrete.
Consequently, this inadequate bond resulted in a substantial increase in deflection
with only a marginal increase in load-bearing capacity. Conversely, concrete beams
reinforced with BFRP (Basalt Fiber Reinforced Polymer) bars exhibited a superior
load-bearing capacity and demonstrated enhanced bond performance in comparison
to the other two types of FRP bars. The bond-slip relationship exerted a significant
influence on the flexural behavior of the specimens. Despite GFRP (Glass Fiber
Reinforced Polymer) and CFRP (Carbon Fiber Reinforced Polymer) bars possessing
superior mechanical properties compared to BFRP, concrete beams reinforced with
BFRP bars displayed superior structural behavior due to the robust bond formed

between the surface-treated BFRP bars and the surrounding concrete beams.

Similar models were explored numerically using Finite Element methods, with the
outcomes strongly supporting the efficacy of different surface configurations of the

bars and aligning well with the experimental findings.

Shen and Shi [22] conducted an empirical investigation focusing on the dynamic
behaviour of basalt FRP (Fiber Reinforced Polymer) sheets in conjunction with
concrete, with specific attention to varying strain rates. The primary objective of this
study was to assess the impact of strain rate variations on dynamic factors including
the dynamic ultimate load, dynamic maximum bond stress, and dynamic bond slip

occurring between BFRP sheets and concrete under dynamic loading conditions.

The concrete specimens employed in this study possessed an average compressive
strength of 37.5 MPa. BFRP sheets, measuring 0.121 mm in thickness and 50 mm in

width, were affixed to both sides of concrete blocks using epoxy resins in the axial
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direction. These concrete blocks had cross-sectional dimensions of 100x100 mm and

a length of 510 mm.

A servohydraulic testing machine was utilized to apply an initial load of 3.5 kN at a
rate of 3.5 (kN)/min. Subsequently, dynamic loading was applied to the specimens
until they reached the point of failure, at displacement rates of 0.07, 0.7, 7, and 70

mm/s. Three specimens were tested for each specific load history.

Based on the results obtained, the authors concluded that the dynamic maximum
bond stress occurring between BFRP sheets and concrete increases as the strain rate
escalates. The author presented the following equation to estimate the dynamic

maximum bond stress under varying strain rates:

— L d 5 n___
T= Tmax[s0 X (n—1)+(s/so)"] (2.37)

Where:

7= The local bond stress- MPa;

s= the local slip- mm;

74 ,,,= the dynamic maximum local bond stress under different strain rate- MPa;
So=the slip at t4,, = 0.115mm;

n= constant equal to 3.09.

Park and Lim [231] conducted an experimental investigation focusing on the bond
performance of concrete members reinforced with FRP (Fiber Reinforced Polymer)
rebars, with particular emphasis on the influence of various factors including the type
of FRP, the position of concrete casting, and the location of the rebars within the

concrete structure.

The experiment involved a total of 63 specimens, each incorporating seven distinct
types of rebars. These rebars included zinc-coated deformed steel, deformed steel,
spiral-wrapped GFRP (Glass Fiber Reinforced Polymer), sand-coated GFRP, braided
CFRP (Carbon Fiber Reinforced Polymer), CFRP strand, and deformed AFRP (Aramid
Fiber Reinforced Polymer). The specimens were subjected to vertical and horizontal
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concrete casting positions, with rebars placed in two positions within horizontally
casted concrete, corresponding to the top and bottom of the cross section. All the

rebars employed in this experiment had a length of 810 mm.

For the vertically casted specimens, the dimensions were 150x150x150 mm*3, with
the rebars aligned along the central axis. In contrast, the horizontally casted
specimens had dimensions of 150x150x300 mm”3. The arrangement of all
specimens adhered to the CSA S806-02 standard. A universal testing machine with a
capacity of 1000 kN was utilized to conduct pull-out tests. The test was conducted
under displacement control, with a loading rate applied to the rebars of

approximately 0.9 mm/min.

The findings revealed that the bond performance of FRP rebars was significantly
influenced by their external surface configurations. Notably, the average bond
strength of FRP rebars measured 54% that of steel deformed rebars. Among the
various types of FRP rebars, those with sand-coated surfaces exhibited the most
favourable bond behaviour, while strand-type and spiral rebars displayed the least
desirable performance. To optimize bond performance, the authors recommended

the use of sand-coated surface rebars for reinforcement.

In analysing the bond stress-slip characteristics of deformed steel and GFRP rebars, it
was observed that the bond stress rapidly decreased after reaching its peak value.
Conversely, for AFRP, CFRP strand, and CFRP braided rebars, the bond stress
progressively decreased after reaching its maximum, and the associated slip was

moderately significant.

Furthermore, the test results indicated that bond strength varied in response to
variations in concrete casting positions and rebar locations. Specifically, the average
bond strengths of horizontally cast specimens were found to be 40% and 91% of

those for vertically cast specimens for top and bottom rebars, respectively.

Baena and Torres [4] conducted an extensive investigation aimed at assessing the
bond behaviour between concrete and FRP (Fiber Reinforced Polymer) bars through

pull-out tests. The study adhered to the standards set by ACI 440.3R-04 and CSA S806-
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02. The research involved a total of 88 specimens, with the primary objective of
elucidating the influence of various factors, including rebar surface characteristics,

fibre type, rebar diameter, and concrete strength.

The FRP bars incorporated in this study encompassed several types, namely CFRP
(Carbon Fiber Reinforced Polymer) and GFRP (Glass Fiber Reinforced Polymer) bars
with sand-coated surfaces, CFRP bars with textured surfaces, GFRP bars with helical
wrapping and sand coating, GFRP bars with grooved surfaces, GFRP bars solely with

helical wrapping, and, for the sake of comparison, steel rebars.

To encompass a wide range of scenarios, two distinct concrete compressive strengths
were employed, corresponding to values of 28.63 MPa and 52.19 MPa. The
experimental findings were analysed with respect to changes in bond strength and
failure modes, highlighting the variations in concrete compressive strength and the
surface characteristics of FRP bars. The results underscored the presence of distinct

bond mechanisms associated with different bar surface configurations.

However, it was observed that the effect of bar surface characteristics was less
pronounced in concrete with low compressive strength when compared to concrete
with high compressive strength. Moreover, the experimental results indicated that
bars with larger diameters exhibited lower bond strength. It is important to note that
the early stiffness of the specimens was not significantly influenced by the diameter

of the bars.

2.12.3 Analytical Investigation on FRP RC members
The analytical expressions describing the bond-slip relationship of FRP bars, as
mentioned, have been widely referenced in various literature sources to assess their

ability to replicate experimental outcomes, [232] [113] [233] [234] [235] [103] [205]
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[15] [236]. or instance, in the work conducted by Al-Mahmoud [113], the B.E.P
analytical model was employed to complete the study. The model's unknown

parameters were tailored to align with machine and sand-coated surface CFRP rods.

In another experimental investigation by Aiello [235], three theoretical approaches
were considered, and the experimental results were scrutinized using bond stress-
slip relationships. These theoretical approaches were based on equations (2.29) and
(2.36), representing the B.E.P, C.M.R, and modified B.E.P models. The first phase of
this investigation involved analyzing each type of rebar and gathering data from pull-
out and modified pull-out tests. The primary aim was to explore the impact of these
tests on bond properties. The second phase focused on evaluating the influence of
rebar surface configurations. The results led to the conclusion that not only does the
surface texture of the rebars affect the bond stress-slip relationship, but the
mechanical properties of the individual rebars also exert a significant influence on
bond properties. However, it's important to note that this study has limitations,
particularly the absence of various surface textures and configurations, which

represents a notable drawback.

Conversely, several researchers have delved into the relationship between the bond
strength of FRP bars and the compressive strength of the surrounding concrete [111]

[84] [121].

The researcher, Okelo [121], conducted an extensive experimental investigation
involving pull-out tests on straight FRP reinforcing bars. This comprehensive study
comprised 151 specimens featuring a variety of rebars, including steel, CFRP, GFRP,
and AFRP, each with varying diameters ranging from 6mm to 19mm and employing
five distinct surface configurations (sand-coated, textured, deformations, grooves,
and helical wrapping with sand coating). The embedment lengths were set at 5 to 7
times the diameter of the rebars. Three different types of concrete were utilized,
each with compressive strengths ranging from 29.7 MPa to 60.4 MPa. Several
assumptions were made to establish a new relationship between bond strength and
concrete compressive strength. These assumptions included assuming a normal

distribution of the average bond strength, asserting that the average bond strength
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was proportional to (f,)%°

, and observing a decline in the average bond strength of
rebars as the diameter of the reinforcing bars increased. As a result of this

comprehensive experimental study, the author proposed Equation (2.38):

\/E (2.38)

dp

Tb,max =14.7

The equation mentioned above was subjected to validation by Ehsani [95]. However,
this validation was exclusively conducted for GFRP bars, utilizing constants of 14.7
and 14.25. The table below provides a compilation of equations derived from various
studies that establish the relationship between bond strength and concrete

compressive strength.

Author Equation

ACI Design Code \/ﬁ

Tb,max = ZOZBE

Lee & Kim, Tpmax = 41(f)°%;

[111] Thmax = 3:3(f7)*°
Tighiouart & ’
Tmax = 4.97 Je
Benmokrane, [84] dp

Table 10: equations of bond strength of FRP reinforced concrete related to concrete compressive strength.

2.12.4 Numerical Investigation on FRP RC members

The analytical methodologies presented here offer valuable insights into describing
bond behaviour. Nonetheless, it's important to note that these constants cannot be
readily adapted to predict outcomes in tests conducted under varying conditions.
Consequently, numerical approaches have been introduced to encompass a broader

spectrum of bond mechanisms. Numerous research endeavours have employed
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simulations to gain a deeper understanding of the interaction between FRP and
concrete interfaces. These studies categorize modelling methods into four main
divisions: the interface approach, smeared crack approach, discrete crack approach,
and a hybrid approach that combines smeared crack and discrete crack

methodologies.

Author Achillides, [237] introduced a model for an FRP concrete cube using two-
dimensional elements. Concrete behaviour was represented by 4-noded plane
elements, while the FRP material was depicted with 2-noded square elements. To
simulate the bond interaction between FRP and concrete, spring elements were
employed. The spring parameters were derived from experimental data obtained
through short embedment length pull-out tests. Numerical simulations were
conducted for longer embedment lengths, and the results, which indicated a
reduction in bond strength as embedment length increased, were validated against
analytical solutions. The numerical study revealed that the decrease in bond strength

occurred at a higher rate for smaller embedment lengths compared to longer ones.

In another numerical model [238] the surface configurations of the bar and the one-
dimensional geometry of the bar were considered. This model incorporated bar truss
elements, bond elements, concrete elements, and an optional bond-slip law. The
authors concluded that the results obtained from any finite element model assuming

perfect bonding are highly dependent on the mesh size.

Author Tvergaard [239] proposed a debonding model that initially neglected friction,
ensuring there was no damage to the interface. Friction was introduced only when
discontinuity occurred in this model. In contrast, Chaboche [240] presented a model
in which friction was introduced right from the beginning of the process. Both models
were rooted in cohesive-zone models and incorporated mechanisms of accumulated
damage from plasticity theory. They aimed to simulate a gradual debonding process

with flexibility.

Interface approach
This approach, as indicated by previous research [215], is the most time-efficient

method for simulating debonding between FRP and concrete. In this approach,
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material properties for both concrete and FRP members are considered linear elastic,
and the debonding phenomenon is represented using an interfacial layer that
employs springs or cohesive elements. Numerous bond-slip models have been put

forth by various researchers [241] [215] [210] [208] [163].

The interfacial approach is cost-effective because it confines the nonlinear
mechanical behaviour to a limited number of elements between the FRP and

concrete interface, while the remainder of the elements is modelled as linear elastic.

Discrete model

In this approach, the reinforcements are represented as bar or beam elements, which
are linked to the nodes of the concrete mesh, as noted in a previous study [267].
Consequently, there is node sharing at the interfaces between the concrete and
reinforcement elements. Furthermore, the reinforcement is positioned within the
concrete mesh, resulting in the concrete and reinforcement coexisting in the same
spatial region, as illustrated in Figure (28). However, it's worth noting that a drawback
of employing this discrete model is that the placement of the reinforcement imposes

constraints on the concrete mesh.

CONCRETE ELEMENT

¢ l‘/l—.

e

L 4 & \

“SHARED NODE" BETWEEN
CONCRETE AND REINFORCEMENT

Figure 28: Distributed nodes between reinforcement and concrete element in discrete model, [267].
Smeared model
In this approach, it is assumed that the reinforcement is uniformly distributed within
specific regions of the finite element mesh for the concrete. Consequently, the
material properties within these regions are modelled by considering both the
properties of the concrete and the reinforcement, following a composite material
concept. This methodology is typically employed in models of large-scale structures
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where the reinforcements have a relatively minor impact on the overall structural

response, as depicted in Figure (29).

CONCRETE ELEMENT

4 /‘_  J

| _—— CONCRETE NODE

oaoé/o

—— “SMEARED" PROPERTIES
yd OF STEEL IN CONCRETE

Figure 29: Reinforced concrete distributed evenly in concrete region by smeared model.

Embedded Model
In In the embedded modelling approach, the assessment of the stiffness of the

reinforcement is conducted independently of the concrete elements.

CONCRETE ELEMENT

/_ CONCRETE NODE
COMPATIBLE DISPLACEMENTS
-~ BETWEEN CONCRETE AND

REINFORCEMENT

REINFORCEMENT NODE

Figure 30: Reinforced concrete modelled by embedded method.

Furthermore, the displacement of the reinforcement is made to correspond with the

displacement of the adjacent concrete.

Due to these arrangements, this modelling method addresses the limitations

associated with smeared and discrete models, as illustrated in Figure (30). In this
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study, the embedded method was employed to simulate the behaviour of FRP bars

within concrete.

2.13 Conclusion
This section provides a comprehensive review of the literature pertaining to the
behaviour of FRP-reinforced concrete structures under both static and dynamic
loads. Researchers have explored various parameters, including FRP diameter,
embedment length, types of FRP, and concrete compressive strength. Comparisons
between the behaviours of FRP RC members under static and dynamic loads have

revealed the following:

Under static loading, the primary mechanism for load transfer from FRP to concrete
is adhesion and friction at the interface between the FRP reinforcement and the
concrete. The bond-slip behaviour of specimens under static loading tends to be
more stable. However, under dynamic loading, the bond strength of specimens
generally decreases compared to static loads. This reduction is attributed to the rapid
loading, including fatigue effects, which impact the bond between FRP and concrete,

leading to microcracking.

Specimens subjected to dynamic loading also experience time-dependent effects,
such as creep, which affect the bond-slip behaviour of the members over time.
Consequently, specimens may undergo progressive debonding or a reduction in bond

strength.

Results indicate that strain rate has a less pronounced effect on the bond-slip
behaviour of FRP-reinforced concrete members under static loads compared to
dynamic loading. Failure modes under static loads are typically dominated by gradual
debonding or concrete crushing, whereas under dynamic loading, failure modes
often involve catastrophic debonding and extensive cracking due to the reduction in

bond strength.

Overall, the comparison of the effects of static and dynamic loading on the bond
behaviour of FRP RC members reveals significant differences, particularly in the types

of failure modes and the load-carrying capacity of the members.
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Based on the findings presented in the literature review, the following conclusions

can be drawn:

e The behaviour of FRP-reinforced concrete structures differs markedly from
steel-reinforced structures.

e |tis evident that the bond strength of FRP bars is significantly lower than that
of steel reinforcing bars. Parameters such as concrete compressive strength,
embedment length, and bar diameter directly influence bond failure modes
in FRP RC members.

e Several bond-slip models have been proposed, and the comparison suggests
that the B.P.E modified model is the most suitable choice for this study.

e Areas such as different load cases, strain rates, and types of FRP materials still
require further investigation.

e Computational research on the analysis of bond behaviour in FRP RC
members under impact loading appears to be lacking.

e There is a need for numerical studies to explore the impact of different
parameters on the bond behaviour of FRP RC beams under high-velocity

impact loading.

The present thesis will address research areas that have not received sufficient
attention in the application of composite materials in structural engineering.
Nevertheless, despite the numerous studies in these fields, there has been no
investigation into the bond behaviour of CFRP, AFRP, and GFRP RC beams under high
strain rate, high-velocity impact loading. This represents a crucial area that requires
further exploration and investigation. Additionally, other areas with limited research
include the effect of the Young's modulus of FRP bars, concrete compressive
strength, FRP bar diameter, impact velocity, and impact load on the performance of
FRP RC beams under high-strain-rate impact loading. Thus, the current study aims to
fill these knowledge gaps and contribute to a deeper understanding of these less-
explored fields, primarily focusing on the high-strain-rate impact responses of CFRP,

AFRP, and GFRP bars in RC beams.
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Chapter 3: Application of Finite Element Analysis and validation

for FRP-RC Beams

As previously alluded to, the modelling of the bond between Fiber-Reinforced
Polymer (FRP) materials and the surrounding concrete presents a range of intricate
challenges. Within this chapter, we delve into the meticulous selection and
implementation of constitutive models, interfacial bond formulations between FRP
bars and concrete, meshing techniques, and boundary conditions. These choices are
meticulously crafted to construct static and dynamic finite element models,
meticulously executed with the ABAQUS finite element software. These models serve
as a critical foundation for conducting accurate nonlinear finite element analyses of

FRP-reinforced concrete beams subjected to high-strain-rate impact loading.

To comprehensively explore the bond performance of FRP bar-reinforced concrete
beams under high-strain-rate impact loading, a series of numerical beam tests have
been meticulously simulated. The geometrical parameters and boundary conditions
for these simulations have been thoughtfully derived from authoritative references,
specifically Ali Nadjai's static calibration model [3] and Saleh's dynamic calibration
experiment [241], [2] [1]. By employing these meticulously calibrated models, we aim
to evaluate a set of influential factors that collectively contribute to the precision and
reliability of predicting the bond performance of FRP-reinforced concrete beams

under the rigorous conditions of high-strain-rate impact loading.

3.1 Introduction:

Engineers and researchers commonly employ finite element simulations to prototype
the behaviour and performance of structures under various loading scenarios. In
order to accurately model FRP bar-reinforced concrete beams, with particular
attention to capturing the phenomenon of slip between the FRP bar and the
concrete, it is imperative to comprehensively characterize and correctly model the
bond interaction between the FRP bars and the surrounding concrete. This modelling

should also account for the rate dependency of this bond interaction.
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In the forthcoming sections, we undertake a rigorous effort to calibrate the behaviour
of a composite beam within the ABAQUS finite element software. Our goal is to
replicate the same load-displacement behaviour observed in both the static testing
conducted by Ali Nadjai [3] and the dynamic loading testing carried out by Zein Saleh
[2]. This endeavour is critical in ensuring that our finite element model accurately
reflects the real-world behaviour of FRP bar-reinforced concrete beams under a

range of loading conditions, including both static and dynamic scenarios.

3.2 Nonlinear Finite Element Modelling of FRP RC Beam Under Static Load:

A substantial body of analytical research has been dedicated to the finite element
analysis of concrete beams reinforced with Fiber-Reinforced Polymer (FRP) under
static loading conditions, yet many of these studies have overlooked the critical
consideration of incorporating an accurate representation of the bond-slip behaviour
between the FRP and concrete interfaces. In this regard, our static finite element
model, denoted as FEM-S, is meticulously crafted based on the experimental

investigations conducted by Ali Nadjai [3] and Marta Baena [4].

The FEM-S model is meticulously developed within the ABAQUS finite element
software to facilitate precise nonlinear finite element analyses of concrete beams
reinforced with FRP bars under static loading conditions. Notably, this model mirrors
the material properties and geometry of the experimental tests conducted by Ali
Nadjai [3], while crucially avoiding the assumption of a perfect bond and instead
accounting for the bond-slip phenomenon between the FRP bars and the concrete

interface.

To accurately model the bond-slip interaction between FRP and concrete, we have
incorporated data from Marta Baena's experimental work [4]. This data provides
essential parameters such as the bond strength,t,,,,, the slip value at the bond
strength, S,,, and a curve fitting parameter, a, that must remain less than 1.

Furthermore, a set of connectors has been introduced between the nodes
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representing the FRP and the concrete, effectively serving as springs to replicate the

bond behaviour while accommodating any potential slip.

The concrete component of the model is represented as a solid and homogeneous
material, whereas the FRP bars and stirrups are modelled as truss elements. An
appropriate bond-slip law is meticulously applied to the model to capture this
intricate interaction. The model's robustness is further validated through mesh
convergence studies, and an explicit dynamic approach is employed to ensure the
accurate representation of the complex behaviour exhibited in FRP-reinforced

concrete beams subjected to static loading conditions.

3.2.1 Constitutive models for simulations

3.2.1.1 Modelling of concrete

There exists a plethora of guidelines designed to facilitate the simulation of the
mechanical behaviour of concrete within finite element models, as documented in
numerous references, [242] [243] [244] [245] [246] [247] [248] [249]. Among these
guiding principles, one that stands out for its capacity to enable finite element
modelling to accurately capture essential characteristics of concrete is the concept of

"Concrete Damage Plasticity," a feature readily available in ABAQUS.

Concrete damage plasticity proves highly efficient in modelling concrete's inherent
asymmetric behaviour in tension and compression. It allows for the degradation of
material properties due to damage accumulation, as well as accurately representing
concrete's sensitivity to pressure-induced vyielding and stiffness variations.
Throughout the course of this thesis, we extensively discuss and apply this
constitutive modelling approach to ensure a comprehensive and precise

representation of concrete behaviour under various loading conditions.
Yield Criterion

Concrete damage plasticity model present in ABAQUS is using the yield function that

initially recommended by Lubliner, [250] and improved by Lee and Fenves [251]. The
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yield function is employed to form the estimation of concrete strength in different

multifaceted stress states. The formula for yield is set as

— 1 — _ ~ a = — rpl
F(a,epl) = E(q —3ap + ﬁ(spl) < Omax > —Y < —Omax >) - Jc(sf )<0 (3.1)
Accompanied by

Q= Lo (3.2)
20po—0co

g is the maximum principle effective stress; The quantities o, and o, represent
initial axial compressive yielding stress, and initial equibiaxial compressive yielding
stress respectively, where typically gy is equal to 1.160,. The parameter 8 can be

calculated by

sply — o (ggl)
:8(8 ) — (Efl)

l1-a)—-(1+a) (3.3)

c

Ot

The quantities g, and a.represent the effective tensile and compressive cohesion
stresses sequentially and y is given by

__ 3(1-Kp)

K1 (3.4)

K. represent the ratio of the second stress invariant on the tensile meridian to that
of the compressive meridian. The value of The K_is set to 0.666 as suggested by users
guide, [252] y parameter merely interpose in equation (3.1) when g4, is less than
zero.

TheD, which represent effective hydrostatic pressure, is given by

p = —%5:1 (3.5)

The'q, which represent Mises equivalent effective stress, is given by

S:S (3.6)

Q|
I
N w

Where, S represent the deviatotric part of the effective stress tensoro and is

equivalent of
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S=pl+ac (3.7)
Concrete in compression

In explaining the stress-strain behaviour of concrete under uniaxial compression, this
thesis adopts the modelling approach proposed by Kent and Park, as outlined in
reference, [253] Specifically, for unconfined concrete, the Kent and Park model is
employed. This model enhances our understanding of post-peak concrete stress-

strain behaviour by extending and generalizing Hognestad's equation [254].

The Kent and Park model introduces modifications to Hognestad's second-degree
parabolic representation. Notably, it sets the parameter f_, equal to f_, and shifts a
specific portion of the curve to the uppermost region. This adjustment is made to
more accurately capture the ascending branch of the stress-strain curve, providing a

refined depiction of concrete behaviour beyond the point of peak stress.

1r2&¢ Ec 2
oc=fe [—— (_) ] For & = €0 €c0=0.002 (3.8)

The straight line is an assumption to occur after peak brunch and its slope was
defined mainly as a concrete strength function

O¢c = fcl{l - Z(Sc - gco)} For Eco < Ec < €20c (3-9)
Where

3+0.285f,'

Esou = 145£/-1000 (3.10)

Es0u represents the strain that corresponds to the stress level equivalent to 50% of

the ultimate strength of unconfined concrete.

3 n'
E50n = Z,Ds\/; (3.11)

7=—2° (3.12)

EsoutEson—Eco

In these equations, the variables are defined as follows; g, denotes concrete stress;

f/ represents concrete cylinder strength (MPa); b stands for width of confined core
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concrete (Stirrups inside area); s is stirrup spacing; ps is stirrup percent spacing that

is presented as follow

_ Ago(@'+h")?
Ps = “s@m (3.13)

Where a is small size of the core concrete. From point C to D

fe = 0.2f/ For &, 2 &, (3.14)

0.5/,
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Figure 31: Stress-Strain curve for confined and unconfined concrete, [255]
In this thesis, the Mander model, which describes the stress-strain behaviour of
confined concrete under compression, has been incorporated into the various
models. The Mander model takes inspiration from the failure criteria proposed by
William and Warnke [256], supplemented by data sourced from Schickert and
Winkler [257], to formulate a comprehensive multiaxial confinement model. To
delineate the complete stress-strain curve, a three-parameter equation derived from
the Popovics model [258] has been adopted. These equations are presented as

follows:

Lo _ (&) r (3.15)
fee (r—1)+(:7‘:c)

Ec
r = m (316)
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!
= Jec

Eger = (3.17)

Ecc

E, = 5000,/f/, (3.18)
Where E_ is the modulus of elasticity of the unconfined concrete in MPa, f, is the
unconfined concrete strength, E,. to define the stress-strain behaviour of outside
the confined core concrete where descending branch, (e, > 2¢&.,). €. is the strain at
the maximum compressive strength of confined concrete, f'.. is compressive
strength (peak stress) of confined concrete that are given as

Eoc = Eco |1+ 5 (%C —1)] (3.19)

fL=f l—1.254 +2.254 /1 + 7‘;—4’7 —2 Jf—ll (3.20)

Where f'; is given by

fl = S kepsfyn (3.21)
ps is ratio of volume of transverse confining steel to volume of confined concrete
core, fyp is yield strength of transverse reinforcement and k, is confinement
coefficient, where equations for circular hoops and circular spirals are given

respectively;

— (3.22)
1S
— 2ds
k., = Thu (3.23)

Pcc is ratio of area of longitudinal reinforcement to area of core of the section, s’ is
clear spacing between spiral or hoop bars, and d; is diameter of spiral. Mander model

for confined and unconfined concrete is shown in Figure (32).
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Figure 32: stress-stain relation proposed for monotonic loading of confined and unconfined concrete [259].

In order to accurately depict the stress-strain characteristics of both confined and
unconfined concrete, whether of normal or high strength, it is imperative to employ
a robust model that effectively captures concrete behaviour. In this pursuit, two
distinct models have been incorporated into the finite element simulations: the
Mander stress-strain relationship for confined concrete and the Kent & Park stress-

strain model.

For unconfined concrete, the Kent & Park model is employed to define the curves for
the ascending branch, while bilinear straight-line equations are employed to
characterize the post-peak behaviour. This approach has proven to be particularly

suitable for representing concrete behaviour within the scope of the current study.

The proposed stress-strain relationships for both confined and unconfined concrete
have demonstrated their effectiveness in faithfully replicating concrete behaviour
when compared to existing experimental data. This represents a significant
advancement as the proposed models address a major limitation of previous
concrete stress-strain models. Unlike previous models that either inadequately

capture the descending portion of the stress-strain relationship or pose challenges in
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terms of inversion or integration within finite element software, the proposed
models in this study provide a robust and accurate representation that closely aligns

with experimental observations.
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Figure 33: Stress-strain relation for confined and unconfined concrete used for this study based on Kent & Park
and Mander model.

Concrete in tension

As elucidated in earlier sections, the Concrete Damage Plasticity model (CDP) has
been employed to emulate the nonlinear behaviour of concrete in this study. The
CDP model utilized in ABAQUS is founded on a sequence plasticity-based damage
concept, which accounts for the uniaxial tensile and compressive responses by
incorporating damage plasticity. Specifically, in the context of this research, the

model describing concrete behaviour under tension is employed.

Under uniaxial tension, the stress-strain relationship exhibits a linear elastic
behaviour up to the point where it reaches the failure stress denoted as g;,. The
occurrence of micro-cracking within the material is closely linked to this stress failure.
Subsequent to stress failure, the microcracks that form are meticulously
characterized at a microscopic level, and their response is represented through a

softening stress-strain behaviour.
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When at any point along the strain softening branch, the material's unloading
response is determined by a reduction in its elastic stiffness. It's noteworthy that this
degradation of elastic stiffness behaves differently in tension and compression. In
both tension and compression, as plastic strain accumulates, this effect becomes
more pronounced. The degree of degradation in elastic stiffness in tension is
quantified by d;, which is a progressively increasing function of plastic strain. Its value
ranges from zero, signifying an undamaged state, to one, indicating a fully damaged

state.

The following relationship express the uniaxial tensile stress, ag;
l
O-t = (1 - dt)Eo(et - Etp ) (3.24)

E, is the initial modulus of elasticity, d; is the scalar damage variable in tension, &; is

total strain in tension and &?" is the equivalent plastic strain in tension and can be

obtained from equation (3.27).

The post-failure behaviour in tension is described as a function of cracking strain sf",

which can be shown as

etk =g, — &€l (3.25)

el = (Gt/ ) (3.26)
ot E, :

Pl ok __di_ ot (3.27)
t t (1-d¢) Eo '

Where £¢} is the elastic tensile strain.
The loss of elastic stiffness in uniaxial stress can be calculated as
1-d)=1—-sd)( —s.dp) (3.28)

s¢ and s, are stress state functions and they are presented to simulate the stiffness

recovery effects due to stress reversal. s; and s. can be found by
s; =1—w:H(o) (3.29)
s =1-— Wc(l — H(O‘)) (3.30)
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w; and w.are the weight factors that regulate improvement of tensile and
compressive stiffness against load reversal. The value can vary from 0 to 1, which
means no stiffness recovery or total stiffness recovery respectively. H(a) is the

Heaviside function that follows assumption below

{ H(o) =1 >0 (3.31)

H(o) =0 0<0

Figure (34) illustrates uniaxial tensile and compressive response that characterized

by damage plasticity.

Figure 34: uniaxial load cycle with assumption of default values for stiffness recovery factors of wy = 0,w, = 1,
[260]

3.2.1.2 FRP Modelling

The consideration of damage in fibre-reinforced materials plays a pivotal role in the
modelling and analysis of such materials. Fiber-Reinforced Polymers (FRP),
characterized by their elastic and brittle behaviour, are prone to damage without
experiencing significant plastic deformation. Consequently, when modelling the

behaviour of FRP bars, plasticity can be reasonably neglected.
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In this study, the modelling of FRPs incorporates initiation criteria for fibre-reinforced
composites, drawing upon the work of Hashin [261] [262] and the Lapezyk theory
[263]. Hashin's theory defines a failure surface in the effective stress space,
encompassing various mechanisms for damage initiation, including fibre tension,
fibre compression, matrix tension, and matrix compression. While Hashin's theory
has been widely adopted in the industry, it has been noted in previous studies that it
may not precisely predict the onset of failure, particularly in cases involving matrix
and fibre compression modes. To address this potential limitation, Lupczyk
integrated the LaRC04 failure criteria proposed by Davilia and Camanho [264],
offering a more comprehensive framework to overcome any shortcomings in the

modelling of damage initiation in FRPs.

The initiation criteria are in the following general formulas

Fiber Tension (671 = 0):

Fy, = (@)2 ta (@)2 =1 (3.2.1)

xT sL

Fiber compression (671 < 0):

Fre = (%)2 -1 (3.2.2)

Matrix tension (6,5 = 0):

Fpp = (@)2 +a (@)2 =1 (3.2.3)

YT sL

Matrix compression (6,, < 0):

~ 2
_ (0922 _ 022 0'12 _
oo = (_st) + —st 1] B2z + =1 (3.2.4)

Where 6,61, and 6,, are the components of the effective stress tensor,
XTand X€are tensile and compressive strength in the fibre direction, YTand Y are
tensile and compressive strengths in the matrix direction, S¥and STare the

longitudinal and transverse shear strengths.

a is the coefficient to define the contribution of the shear stress to the fibre tensile
initiation criteria. The value for « can set to be 0 and ST = 0.5Y¢, which refers to
proposed model in Hashin and Rotem, [261], or by @ = 1 that refers to Hashin model,

[262].
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3.2.1.3 Steel modelling

In this study, it is assumed that the steel stirrups exhibit isotropic behaviour, meaning
they behave similarly in both tension and compression, primarily demonstrating
stiffness in the axial direction. To represent the behaviour of these steel stirrups, a
Mises yield function has been selected. This function corresponds to a stress-strain
relationship characterized by bilinear behaviour with strain hardening, as illustrated

in Figure (35).

m

Figure 35: Steel yielding material model under uniaxial tension and compression, [265]

3.2.2 Bond-slip model

Various factors influence the intricate behaviour and mechanisms of different types
of Fiber-Reinforced Polymer (FRP) bars. Consequently, a universally applicable bond-
slip law has not yet been established. Among the numerous analytical bond-slip
models available, the bond-slip model proposed by Baena [4] is widely acknowledged
for its ability to accurately predict the interfacial bond-slip behaviour between FRP

bars and the surrounding concrete.
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Baena's study involved the calibration of the bond stress-slip and bond-slip
relationships of the modified BPE model and the CMR model using a series of pull-
out tests. The experimental results indicated the importance of incorporating the bar
diameter into the bond stress-slip relationship, particularly when dealing with high-

strength concrete.

Drawing upon the test data and insights from two theoretical approaches, namely
the modified BPE model and the work by Cosenza [205] [232], the stress-strain curves

for both pre-peak and post-peak bond behaviour are presented as follows:

T S a
——= (;) (3.3.1)
LERPY Al (3.3.2)
Tmax Sm

Where a is a parameter for curve fitting that must be smaller than 1 to be actually
meaningful, T,,4, is the bond strength, s, is the slip at peak bond stress, p is a
parameter established on curve-fitting of tests data. The following equations are

developed to account the effect of bar diameter for bond-slip behaviour

Tmax = To + T1dp (3.3.3)
s, =mye" " (3.3.4)
a=ayX dgl (3.3.5)

Where 14, T, mg, my and «y, a4 are all curve fitting parameters. The values for
mentioned parameters are fixed and contained from experimental data that

presented in table (11).

Coefficients 1,,,, Coefficients of Sm Coefficients of artendency  Coefficient of B Coefficients of Sr
of tendency law tendency law law tendency law tendency law
Ty T my m, @ a, By by I Iy
27,681  -0.686 00118 0317 04324 03399 05316  -0.0291 0.0019  0.3021

Table 11: Fitted parameters of Ty, Sm, @, B and s,., [4].
The fitted values for equation (3.3.1) are presented in Table (11). From finding the
values of T with respect to each slip value, s, then converted to force with respect to
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slip in order to apply in ABAQUS for simulating bond-slip. To find the force, calculated

bond strengths were multiplied by the area of FRP bar in the beam model.
F =1 X 2nrh (3.3.6)

3.2.3 Material Property

The nonlinear model under static loading calibrated based on experimental work by
Nadjai, [3]. The three-dimensional model consists of three elements of: concrete, FRP
bar and steel stirrups. The material properties of concrete and the bars are shown in

Table (12) and (13) respectively.

Concrete Mass . ' 1
Material Strength Densit Elastic Poisson'’s
S :’ modulus, (GPa) Raion
(MPa) (Kg/m3)
Concrete 43 2450 30.819 0.2

Table 12: Mechanical property of concrete.

Ultimate Mass . . ;

Bar Material  strength Density RS Falssois
’ ’ dulus, (GPa Ratio
(vPa)  (kg/m?) MO (5P |
CFRP 1676 2500 135.9 0.15
Steel 421 7850 200 0.3

Table 13: Mechanical properties of reinforcing bars.

3.2.4 Geometry

Nadjai conducted an experimental test involving beams with dimensions of 2000 mm
in length and a rectangular cross-section measuring 120 mm by 200 mm. These
beams were subjected to a 4-point static load configuration. The beams were
considered simply supported, with a span length of 1750 mm. The FRP (Fiber-

Reinforced Polymer) bar used in the experiment had a diameter of 9.5 mm.

In the simulation, all three components were represented as isotropic elements. It is
important to note that while FRP is inherently anisotropic in nature, in this particular

simulation, it was modelled as a bar element rather than a sheet. Moreover, since
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the FRP was tested under monotonic loading conditions, the decision to define it as

an isotropic element would not significantly impact the accuracy of the simulation.

Within ABAQUS, the beam element was configured as a solid, homogeneous
component, while the FRP bar and steel components were represented as truss

elements to effectively capture their respective behaviours in the simulation.

T |4—675—+—400—+— 575——|
Stirrups —™ 200

CFRP bars l <A\—\ 100 <¢¢\
|

fe—120— L— 1750

125 125

Figure 36: Detail of CFRP reinforced beam tested by Nadjai.

Figure 37: Calibrated CFRP reinforced beam in detail geometry.

3.2.5 Interactions

In composite models, it is a common practice to use cohesive elements to bond
different components together. However, when deformation occurs, these cohesive
elements can experience damage, either in shear or tension, or sometimes in both.
Consequently, the originally bonded composite elements in the model may separate

and come into contact with each other.

In the approach employed here, instead of introducing cohesive elements and
friction coefficients between the interfaces of FRP bars and concrete, we have opted

for a simplified model. We introduce nonlinear-elastic connectors between the FRP
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and concrete surfaces to mimic the behaviour of epoxy and replicate the effects of
pull-out debonding. To achieve this, we utilize the bond stress-slip model derived
from Baena's experimental work [4] for these connectors, which connect the FRP
nodes to the concrete nodes. These connectors are designed to emulate a uniaxial

bond-slip effect.

These connectors are explained in a way that they create zero space between the
concrete and FRP nodes using zero-x elements with partitioning and apply bond slip
in the longitudinal direction of the FRP bars. As a result, we have connectors in place

of traditional contact properties in the model.

3.2.6 Meshing and boundary conditions

In the process of modelling the bond interface between Fiber-Reinforced Polymer
(FRP) and concrete, an 8-node solid element (C3D8R) is utilized to construct the
geometric representation of the concrete, while a B31 truss element is employed to
define the FRP bars. As previously discussed, the FRP element is directly connected
to the concrete element by linking their nodes. It's essential in this study to create a
comprehensive geometric model to accurately simulate the bond behaviour under

various loading conditions at the FRP-concrete interface.

In order to maintain computational efficiency in these full-scale geometric models, it
was imperative to minimize the number of nodes and utilize reduced integration
techniques. In accordance with the test specimen BRC1 described in Nadjai, [3] the
boundary conditions for modelling the FRP-reinforced concrete beam are illustrated
in Figure (38). Specifically, the beam is supported with hinged supports at both ends
and restrained in the middle, where two-point loads are applied, as per the

configuration employed in Nadjai's experimental tests.

123



Figure 38: Boundary conditions and Finite Element Mesh in simulations of FRP RC beam with reference to beam
specimen from Nadjai, [3].

3.2.7 Loading

As depicted in Figure (39), the two central points where loads were administered,
corresponding to RP-3 and RP-4 in Figure (38) from Nadjai's test, are positioned 400
mm apart and are horizontally restrained. For this simulation, uniform displacements
are imposed, and the process is controlled using displacement control within the

ABAQUS software.

Figure 39: Applied Displacement in RP3 and RP4 nodes.

3.2.8 Analysis

In the analysis of this nonlinear static simulation, we employ the Newton-Raphson
method as the chosen numerical technique for solving the problem. Additionally, the
analysis incorporates the consideration of nonlinear large displacements to

accurately capture the behaviour of the system.

3.2.9 Numerical validation
An experimental test involving a concrete beam reinforced with carbon fibre bars, as
conducted by Nadjai, has been subjected to analysis using a simulated finite element

model within the ABAQUS software. Specifically, the mid-deflection calculated
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through the computational model is compared to the values observed in the
experimental study. The numerical results obtained from the developed finite
element model, accounting for bond slip effects, are meticulously compared and
calibrated against the experimental data obtained by Nadjai, and these comparisons

are illustrated in Figure (40).
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Figure 40: calibrated Load-deflection curves obtained from simulated FEM model and the experimental test by
Nadjai.
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3.3 Nonlinear Finite Element Modelling of FRP RC Beam Under Dynamic Load

In this chapter, a novel and efficient finite element model, denoted as FEM-D, has
been developed within the ABAQUS software. This model is designed for conducting
nonlinear finite element analyses of the bond behaviour exhibited by Fiber-
Reinforced Polymer (FRP) reinforced concrete beams when subjected to impact

loading.

The dynamic model is based on the experimental tests conducted by Zein Saleh [2],
and Borosnyoi [1]. The FEM-D model shares the same material properties and
geometry as the experimental study conducted by Saleh [2] but it incorporates
different assumptions regarding the bond between the FRP and concrete interface.
The bond-slip model employed in the dynamic model is akin to the static model
discussed in Chapter 3.2, where the data for this model was extracted from Baena's
experimental study [4]. In addition, rate dependency has been introduced to the

connectors and material properties.

Furthermore, to account for rate dependency within this dynamic model, data from

Borosnyoi's experimental study [1] has been incorporated

3.3.1 Constitutive models for simulations

Just as in the static model (FEM-S), the Concrete Damage Plasticity (CDP) model
implemented in ABAQUS adopts a methodology that combines isotropic damage
elasticity with isotropic tensile and compressive plasticity. This integrated approach

is employed to accurately represent the inelastic behaviour of concrete.

3.3.1.1 Modelling of concrete

As previously discussed, the progression of the yield surface in the Concrete Damage
Plasticity (CDP) model is governed by two hardening variables: the tensile plastic
strain sfl and the compression plastic strain efl. Both tensile and compression
plastic strains are intricately linked to the failure mechanisms experienced under
tension and compression loads, as elaborated upon in Chapter 3.2.1 and illustrated

in Figures provided.
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Similarly to the approach used in FEM-S, the Mander model is employed for
modelling compression behaviour in confined concrete [266], while the Kent & Park
model is applied to represent compression behaviour in unconfined concrete. A
detailed description of the applied Mander and Kent & Park models can be found in

sub-chapter 3.1.3.

3.3.1.2 Modelling of FRP
Incorporating the damage characteristics of Fiber-Reinforced Polymers (FRP) into the
model involves the utilization of initiation criteria derived from Hashin, [261] [262]

and the Lapczyk theory [263], as elaborated upon in detail in Chapter 3.2.1.2.

In finite element analysis, there are three distinct methods for modelling
reinforcement. These approaches encompass discrete, smeared, and embedded

models.

3.3.2 Bond-slip model and rate dependency

In the dynamic model, we employ the same bond-slip method as the static model, as
derived from Baena [4], while incorporating an additional aspect related to rate
dependency. The specific details of this methodology are expounded upon in Chapter

3.2.2.

Rate dependency is a crucial consideration in finite element modelling. To imbue this
dynamic model with rate dependency, data from Borosnyoi's experimental study [1]
is utilized. Consequently, a novel behaviour is introduced to the connectors linking
the FRP reinforcement and the adjacent concrete element nodes. This is achieved by
introducing sets of force-slip curves, each associated with a specific rate, to emulate
rate-dependent behaviour. These rates are derived from Borosnyoi's experimental
results, which establish the relationship between bond strength and the rate of

loading at a temperature of 20 degrees Celsius.

To implement rate dependency, the ratio of bond strength between FRP and
concrete under different loading rates, as depicted in Figure (41), is applied to the
connectors defined in ABAQUS to make them rate dependent. These rates are then

multiplied with forces in accordance with slip, as outlined in Equation (3.3.1).
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Subsequently, loading rates ranging from 0 to 0.01 are applied between the FRP and

concrete within the finite element model. Furthermore, an amplification factor is

defined within the ABAQUS software. The specific rates applied to the connectors for

a one model are presented in Table (42) as an example, and the rate dependency for

the dynamic model can be found in Table (49) in Appendix (A).
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Figure 41: Relationship between bond strength and rate of loading for FRP bars conducted by Borosnyoi, [17].

5(mm) t(MPa) F(N)
0 0 0
0.5 2445417 27355.05
1 28.11321 3144214
1.5 30.50241 34120.76
2 32.31974 36153.66
2.5 33.8036 3T7E13.55
3 35.06643 35226.19
3.5 36.17088 40461.65
L 37.15568 41563.27
4.5 38.04656 42555.84
5 38.86157 43471.52
3.3 39.61386 44313.06
i] 40.31336 45095.53
6.5 4096774 45327.54
7 41.58307 46515.86
F.5 4216423 47165.56
3 4271522 AFTE2.31

Figure 42: Calculated bond strength -slip for dynamic FE model.
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3.3.3 Material property

The modelling of the nonlinear behaviour exhibited by a Fiber-Reinforced Polymer
(FRP) reinforced concrete beam subjected to dynamic loading draws its basis from
the experimental investigations carried out by Saleh [2]. The three-dimensional
model comprises two elements representing concrete and FRP bars. Detailed
material properties for both concrete and the bars are presented in Table (14) and
Table (15), respectively. In this model, the Concrete Damage Plasticity (CDP) model is
applied to capture the behaviour of concrete, and the rates associated with rate
dependency are illustrated in Figure (118) within Appendix (A). Furthermore, Figure

(43) provides a visualization of the stress-strain relationship

employed for FRP in the dynamic model developed within the ABAQUS software.

Concrete Mass Elastic Poisson's
Material Strength, Density, modulus, Raion
(MPa) (Kg/m?3) (GPa)
Concrete 57.4 2450 35.608 0.2

Table 14: properties of concrete from experimental test by Saleh, (Saleh, 2019)

Ultimate Mass Elastic . .
Bar . Poisson's
Material strength, Density, modulus, Ratio
(MPa) (Kg/m3) (GPa)
GFRP 1764 2500 55.6 0.15

Table 15: properties of FRP bar in RC beam under impact load.
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Figure 43: Stress-strain relationship for FEM-D used in ABAQUS, [2].
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3.3.4 Geometry

The model is composed of two distinct parts separated by a 50 mm gap. Each part of
the model possesses dimensions measuring 100x180x375 mm. To replicate the
boundary conditions observed in the experimental test, the beam is modelled with

pin and roller supports.

In the experimental test, the FRP bar was positioned to be bonded at the centre, with
a bonding length of 75 mm, and left un-bonded on both sides. The FRP bar has a
diameter of 9.5 mm. In this nonlinear model, both the FRP bar and concrete are
simulated as isotropic materials. The concrete beam element is defined as a solid,
homogeneous component, while the FRP bar and steel are represented as truss

elements within the ABAQUS software.

FRP bar

Unbogded section

180

Bonded section

375 50 375

T

T

Figure 44: Detail of beam tested under impact load by Saleh, (Saleh, 2019). All measurements are in mm.

Figure 45: 3D model of the GFRP-RC beam under impact load.
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3.3.5 Interactions

In a manner consistent with the calibrated static model, a set of nonlinear connectors
has been introduced between the nodes representing FRP and concrete. These
connectors incorporate the bond stress-slip model derived from Baena [4], along with
additional considerations for rate dependency obtained from Borosnyoi's
experimental study [1]. These enhancements are integrated into each individual connector

linking the FRP and concrete nodes within the model. For a more comprehensive

understanding, please refer to Chapter 3.2.5 and 3.3.2.

To model the concrete behaviour, an 8-node linear brick element (C3D8R) with reduced
integration has been implemented, while a B31 truss element is employed to represent the
FRP bars. The concrete model consists of eight nodes, with each node possessing three
degrees of freedom in the x, y, and z directions. The use of reduced integration helps create
fewer rigid elements, thereby leading to significant computational time savings. The C3D8R
elements are capable of accurately predicting plastic deformation, crushing, and cracking

phenomena in the concrete material.

1 2

Figure 46: General model of eight nodes linear brick element.

3.3.6 Strain rate effect
Addressing the strain rate effect in concrete is one of the intricate challenges
encountered in modelling. To accurately depict the material behaviour of substances

like concrete under strain rate effects, the application of a mathematical model can
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be highly beneficial. Strain rate effect refers to the phenomenon where an increase
in strain rate results in a corresponding increase in concrete strength. This effect is

particularly significant when modelling situations involving impact loads.

The impact of strain rate on the compressive and tensile strength of concrete is
typically elucidated through the concept of the Dynamic Increase Factor (DIF). A
precise formula for DIF is provided by the CEB model code, as presented in Chapter
2. More recent studies examining the behaviour of structural members under the
influence of strain rate effects have suggested the inclusion of these effects in finite

element modelling.

For instance, in a study conducted by Li and Meng [268], it was observed that an
increase in concrete strength under high strain rates could be attributed to the lateral
inertia of the specimens. This phenomenon is referred to as the pseudo-strain-rate
effect and becomes particularly pronounced when the strain rate reaches
approximately 102s~1. Subsequent studies have been undertaken to further support
this argument [269] [270]. These studies delve into the strain rate dependency of
concrete, drawing from experimental work conducted by Saleh and incorporating

stress-strain models proposed by Kent & Park and Mander.
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Figure 47: Cyclic uniaxial stress-strain in concrete compressive.
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3.3.7 Meshing and boundary conditions

One of the initial steps in the modelling process involves meshing the model using
finite element analysis. This process subdivides the model into smaller elements, and
subsequently, when loads are applied, stress and strain values are calculated at
integration points for each of these elements, [252]. A critical aspect of finite element
modelling is the selection of an appropriate mesh size. It is crucial to determine the
point at which an increase in the number of mesh elements has a negligible impact

on the results.

Finite element analysis software such as ABAQUS is equipped to assist in selecting
the optimal mesh size for models. Nevertheless, a mesh sensitivity study was
conducted as part of the nonlinear analysis of the FRP reinforced concrete beam. The
model exhibited satisfactory performance and accurately depicted the failure of the

beam as well as the load-deflection curve.

For this study, element sizes of 1cm, 2.5cm, 3.5cm, and 5cm were considered, with
the concrete member serving as the primary criterion for selecting the element size.
The chosen size for the FRP elements matched the element size of the adjacent
concrete. As depicted in Figure (48), the results obtained for all these different
element sizes exhibit a strong agreement with the experimental data, particularly
during the initial loading stage. However, as the cracking stage is reached, the
experimental curve demonstrates greater stiffness compared to the numerical curves
with various element sizes. Towards the final stage, the experimental curve exhibits
a slight but noticeable difference, ultimately converging by the end of the loading
process. An element size of 2.5 cm was deemed sufficient and was consequently

employed in subsequent simulations.
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Figure 48: Comparison of mesh sensitivity results for FE models.

In order to replicate the boundary conditions observed in the real experiment
conducted by Saleh, [2], The model was subjected to pin and roller supports. The pin
support permits movement but restricts rotation around its major axis, whereas the
roller support allows both translation and rotation. Additionally, to prevent any uplift
of the beam following the application of the impact load, the nodes located above
the supports at the top section of the beam were also restrained. Visual
representations of these boundary conditions and the meshing applied can be

observed in Figure (49) and (50).

Figure 49: restrained area shows as colour green on both end sides, red and blue on the top surface of beam.
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Figure 50: Meshed Dynamic model.

3.3.8 Loading

Saleh conducted an experimental study involving the application of an impact load
using a dropped weight on an FRP reinforced concrete beam. In contrast, for the
collaborative finite element model, load control was implemented instead of
displacement control to achieve results that closely align with the experimental data.
The finite element model was subjected to the same magnitude of load, at the same
location, as observed in the experimental beam test. The applied impact load

amounted to 70 kN, as per the Saleh experimental test.

Given the dynamic nature of this loading, it was applied using a dynamic/explicit
approach, involving a series of load amplitudes over time. These applied amplitudes

are delineated below and are further illustrated in Figure (119) within Appendix (A).

Figure 51: Side-view of concrete beam with applied loads shown as RP-3 and RP-4, ABAQUS.
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Figure 52: Applied amplitude in ABAQUS and graph of amplitude Vs. Time.

3.3.9 Increment size

The durability and accuracy of implicit time arrangements in dynamic explicit
simulations are heavily influenced by the choice of time increment size. In this
research, an increment size of 107%s and total step time of 0.1 s were employed,
aligning with the recommended sizes suggested by prior studies [186] [2]. Previous
research has shown that nonlinear explicit analysis yields reasonable results when
the increment size is smaller than T; /20. Consequently, the same recommendation
was applied in the simulation of bond behaviour in FRP-reinforced concrete beams in
this study. The specific increment size utilized in ABAQUS is depicted in Figure (120)
within Appendix (A).

3.3.10 Rayleigh damping

To enhance and establish a consistent convergence pattern for the bond-slip model,
Rayleigh damping was incorporated into the simulations conducted in this study.
Stiffness-proportional Rayleigh damping was employed, with 8 set at 2 x 107 for
the FRP bar and 2 x 107> for concrete material. The damping ratio corresponding to
the vibration frequency was calculated by the simulation software, ABAQUS. The
application of damping in ABAQUS is visually represented in Figure (119) within
Appendix (A).
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3.3.11 Analysis

A nonlinear dynamic analysis approach has been chosen to address the impact load
problem, with a specific emphasis on incorporating nonlinear effects related to

energy absorption within the analysis.

3.3.12 Numerical validation

An examination was conducted involving both experimental and numerical
investigations of a concrete beam reinforced with GFRP bars subjected to impact
loading, as conducted by Saleh. This analysis was carried out using the finite element
software ABAQUS. The results obtained from the simulated model were

subsequently compared to those obtained from Saleh's experimental study.

The analysis of the entire beam's internal energy, as derived from the model,
demonstrated a substantial level of agreement with the results reported in Saleh's
experimental study. Additionally, Figure (53) illustrates the strain-time curve
generated by the FEM-D model, providing a comparative view alongside the
experimental and numerical results from Saleh. Furthermore, Figure (54) displays the
mid-deflection-time curve produced by the FEM-D model, which recorded a

maximum deflection of 54.375 mm. This curve is compared to the experimental and

numerical findings by Saleh.
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Figure 53: dynamic strain-time curve at the mid-span of GFRP bar reinforced concrete beam.
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Figure 54: validation of deflection in mid-span for GFRP RC beam of FEM-D model in ABAQUS with numerical
work by Saleh, [2]
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3.4 Comparative Analysis of the Full Bond Model and Bond-Slip Model

In this section, a nonlinear finite element analysis was conducted to explore the
interfacial behaviour of an FRP bar-reinforced concrete beam, assuming a complete
bond between the materials. The obtained results were then compared with a finite
element model of an FRP RC beam utilizing spring elements at the interface between
the FRP bar and concrete. Figure (55) illustrates the impact of the full bond element

in the finite element analysis.

The comparison between the two models reveals that the load-deflection behaviour
of the bond-slip model is less rigid. The curves exhibit a similar shape but with larger
deformations in the bond-slip model. This discrepancy can be attributed to the fact
that the interface between the FRP bar and concrete in the bond-slip model allows

for the possibility of slippage, which leads to increased deformation.
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Figure 55: Comparison between effect of full-bond model and bond-slip model on load-displacement results.

Furthermore, the full bond model exhibited greater load-bearing capacity and
reduced displacement, indicative of the effective confinement of FRP bars within the

concrete, thereby minimizing available space for structural deformation.
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In contrast, the bond-slip model demonstrates a lower load-carrying capacity but a
more uniform displacement profile, suggesting the occurrence of slippage between

the FRP bar and the adjacent concrete surface.

When subjected to an identical load magnitude, as presented in [2], the outcomes
indicate a heightened correspondence between the experimental findings displayed
in Figure (54) and the results obtained from the bond-slip model depicted in Figure
55. This serves as validation for the suitability of the bond-slip model within the

context of this study.

One notable advantage of employing spring elements in the bond-slip finite element
model is their capability to predict the debonding load and effectively describe the

behaviour of elements right up to the point of failure.

3.5 Comparative Analysis of the Anchored Model and Bond-Slip Model

To achieve optimal strengthening results, it is crucial to ensure the desired
performance of internal reinforcement and the overall strengthened structure. One
effective method employed for both internal and external FRP-reinforced concrete
beams is the use of anchorage systems. Enhancing the anchorage of FRP contributes
to improved performance of the strengthened structure, particularly by increasing its

ultimate capacity, delaying or preventing debonding, and altering the failure mode.

Consequently, a model of an anchored FRP RC beam was developed, where the ends
of the FRP bars were inclined and securely fastened using tied contact to illustrate
the impact of anchorage on the FRP RC beam. The tied contact method connects two
surfaces within a contact pair throughout the analysis. In this case, it paired the nodes
at the end of the 90-degree inclined FRP bars to the support surface. The contact
between the internal FRP bar and the concrete was established using embedded
element methods, by embedding nodes within the host nodes. In this context, the
concrete is referred to as the host region, while the FRP bar is denoted as the

embedded region.
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Similar to the other models developed in ABAQUS, slippage was introduced for the
anchored model using the same approach as outlined in Chapter (3.3.2). The results
obtained from this model were then compared with those from the non-anchored

FEM of the FRP RC beam and the experimentally tested beam conducted by Saleh.

The outcomes indicate that the displacement observed in the anchored model closely
resembles that of the fully bonded FRP RC model, and the anchorage technique
effectively prevents slippage. Conversely, the finite element model (FEM) of the FRP
RC beam yields results that are more consistent with the experimental data. For the
objectives of this study, which center on investigating the bond-slip behavior
between the FRP bar and concrete, the selected finite element approach proves to

be a viable and pertinent method.
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Figure 56: Comparison between effect of anchored model and bond-slip model on load-displacement results.

141



3.6 Conclusion

In this chapter, a comprehensive overview of the critical factors involved in modelling
the bond-slip behaviour at the FRP-concrete interface is provided. Specifically, the
FRP component is treated as an elastic isotropic material, while the concrete section
is modelled using the Concrete Damage Plasticity (CDP) model, with detailed
descriptions of the compression and tension stress-strain relationships. Additionally,
the optimal finite element mesh size, taking into account computational efficiency

and mesh sensitivity, is recommended for the models.

Detailed discussions are presented regarding various key parameters, including
Rayleigh damping ratio, loading time, loading scheme, implicit dynamic loading

approach, and increment size, based on insights from existing experimental research.

To validate the models, a static model was compared against experimental work
conducted by Ali Nadjai [3]. Subsequently, a dynamic model was developed to depict
the bond-slip behaviour at the FRP-concrete bonded interface and was validated
against experimental data. The results from the ABAQUS model were then validated
and compared to those obtained from a fully bonded beam model and an anchored
zone FRP RC model. It was observed that in models with both full bonding and
anchorage zones, the movement of the FRP bar within the concrete was restricted,

preventing the occurrence of bond-slip phenomena.
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Chapter 4: Finite Element Analysis of FRP bar RC beams

4.1 Introduction

In recent years, numerous researchers have extensively documented the impact
behaviour of FRP-reinforced concrete beams. Several studies have specifically
focused on experimental tests involving the effects of impact and blast loading, [271]
[272] [273] [274]. While most of these studies have concentrated on experimentally
observing the influence of FRP strengthening on the global structural response, they
often overlooked the crucial aspect of thoroughly reporting the bond behaviour
between the FRP and concrete. It has become apparent only recently that the
debonding of FRP reinforcement from concrete can lead to the failure of
strengthened concrete beams and frequently diminishes the effectiveness of
strengthening applications [6] [275]. Furthermore, some studies have highlighted the

relationship between strain rate and the strength of concrete, [276] [268].

Hence, this chapter is dedicated to the finite element modelling and analysis of FRP-
reinforced concrete beams under impact loading. Finite element analysis was carried
out on a series of FRP bar-reinforced concrete beams, based on experimental tests
conducted by Saleh, [2]. The chapter provides a comprehensive description of the
finite element models used, and ABAQUS software was employed for both pre-
processing and post-processing of the FE models. Subsequent sections offer detailed
insights into the description of the FE models and the selected parameters for the

analysis.

4.2 FE modelling and detail of beams under impact load

A series of drop-weight tests, as detailed in Saleh's research [2], were conducted to
investigate the behaviour of GFRP-reinforced concrete beams subjected to low-
velocity impact loads. In order to validate the results obtained in this study, a
benchmark model was developed based on these tests, aligning with the work

conducted by Saleh, as discussed in Chapter 3.

This chapter focuses on the simulation of all models, utilizing parameters derived

from Saleh's experiments. Three-dimensional finite element models were created
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using ABAQUS simulation software. To expedite the simulation process and reduce
solution times to manageable levels, a high-performance computer equipped with a
Windows-based operating system was employed. Detailed information about the

computer system utilized is provided in Table (16).

Computer type HP EliteOne 800
Intel(R) Core(TM) i5-7500 @
Processor 3.40GHz
Main memory 16 GB
Operating system Windows 10 Enterprise
Finite element analysis software ABAQUS version 2018
Post Processor software ANOVA

Table 16: System specifications
The beams are composed of two segments, each measuring 100x180x375 mm and
separated by a 50 mm gap, as illustrated in Figure (44). In the initial stage, the
dimensions for both the FRP bar and concrete components are defined based on
Figure (44) in three-dimensional representations. The concrete beams are
represented within the ABAQUS software using eight-node linear brick elements
(C3D8R), configured as solid, homogeneous elements. These concrete elements
consist of eight nodes, each with three degrees of freedom in the x, y, and z

directions.

For modelling the FRP bars, (B31) truss elements are employed. In the ABAQUS
simulations, both the FRP bars and concrete are designated as isotropic materials,

with the rationale for this choice explained in detail in Section (3.2.4).

The material properties for both the FRP and concrete components are then
elaborated upon in ABAQUS. For the concrete's material behaviour, a damping value

of 2 X 1075 is defined.

Table (17) displays the default values suggested by the ABAQUS software for
parameters such as eccentricity, dilation angle, and others that are input for the
concrete in the ABAQUS simulation. The dilation angle influences the extent of plastic
volume deformation. In finite element modelling utilizing the CDP model, the dilation

angle value is typically assumed to be within the range of 20" to 42°. Opting for a
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higher value enhances the concrete's stiffness. K. represents the ratio of the second
stress invariants on the tensile and compressive meridians, and it falls within the
range of 0.5 to 1. This value can be calculated using the formulas mentioned in
Chapter 3 of the constitutive concrete model, with the assumption that the plastic
strain with stiffness degradation should be smaller than that without degradation.
However, it's important to note that the total plastic strain may not decrease as
deformation increases. Eccentricity relates to the plastic potential surface, and
fro/ feo is the ratio of biaxial strength to uniaxial strength in compression. It's worth
mentioning that the values presented in Table (17) were obtained from the ABAQUS

user's manual.

Table (18) provides material properties used for concrete, CFRP, GFRP, and AFRP

bars.
Dilation Angle Eccentricity fb0/fcO Kc Viscosity
Parameter
32 0.1 1.16 0.67 0

Table 17: Concrete damage plasticity parameters for concrete members in ABAQUS.

Moreover, the Kent & Park concrete compressive model was employed for
unconfined concrete, and the Mander model was incorporated for the confined
concrete segment. For each model, where different concrete compressive strength
serves as a parameter, the compressive and tensile behaviour of the concrete was
characterized using strain rate-dependent data derived from experimental studies,
specifically [1] [4]. Figure (123) in Appendix B provides a representative dataset
illustrating the strain rate-dependent behaviour of concrete in terms of both

compressive and tensile properties.

For all FRP, a value of 2 X 10~° was defined for damping. Individual details for FRP
material properties are shown in Table (20). Based on studies, CFRP and AFRP are not
rate dependent, while glass fibres have shown strain rate dependency [277] [278].
Therefore, the plasticity behaviour of GFRP bars is defined with strain rate-dependent

data. Table (50) shows an example of plasticity behaviour defined for GFRP, and
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Figure (124) shows stress-strain for CFRP, AFRP and GFRP bars. Mentioned Table and

figures are in Appendix B.

After a complete description of FRP and concrete parts, option” Assembly” is used to
form the FRP RC beam. Figure (53) shows the FRP RC beam after the assembly of

parts together.

Once the FRP RC beam assembly is complete, the "Step" module must be defined to
specify crucial information related to the time duration, increment size, and mass
scaling for the models. In all the beam models, a time period of 0.1 seconds is chosen,
with an increment size of 107°. There are two damping coefficients associated with
volumetric straining, which are utilized to enhance the simulation of explicit dynamic
events. Initially, the linear and quadratic bulk viscosity parameters are set to their
default values of 0.6 and 1.2, respectively. However, after conducting trial and error
experiments within ABAQUS, these values are adjusted to 0.12 and 2.4 to achieve

optimal results.

Furthermore, a symmetrical triangular-shaped pulse force is described, characterized
by t; = 0.03s andT,, = 0.06 s, ensuringa td/T ratio of 1/2 as suggested by [279].
n

The data is entered in the amplitude section for all beam models. Another reason for
explaining the time step and the values entered in amplitude was to have both forced
and free vibration phases for beam models and plot the effects of these phases on

corresponding maximum responses.

The interaction between the FRP bar and the concrete components must be explicitly
defined to account for bond slip and rate dependency between the beam elements.
The embedded method is employed in the FRP-reinforced concrete to separately
evaluate the stiffness of concrete and FRP components, with FRP displacements
corresponding to the displacements of the surrounding concrete. To facilitate this
interaction within the beam model, a series of constraints and connectors were
introduced. These connectors were established between the FRP bar and the
surrounding concrete to function as springs, connecting the nodes of FRP and

concrete to enable their interaction. Using the "Connector assignment manager"
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function, these connectors were configured to allow for a 90° rotational angle about

the Y-axis.

In all the models, the bond between the FRP bar and the concrete elements is
established by implementing the Baena bond-slip model through the "CONNECTOR
ASSIGNMENT" option. This allows for the incorporation of a force-slip graph for each

node, taking into account the applied rates in the connectors as previously described.

As discussed in Chapter 3, the bond strength was computed using the B.P.E model
with parameters tailored to fit the experimental data from Baena, which pertains to
slip behaviour. To apply these calculated bond strengths to each connector, they
were multiplied by the cross-sectional area of the FRP bar and the distance between
connectors. ABAQUS automatically manages the spatial aspects to determine the
force-slip relationship with respect to the strain rate, drawing from the findings of
Borosnyoi's experimental work [1]. These strain rates are also applied to the
compressive and tensile behaviour of concrete, as well as the plasticity behaviour of

FRP.

Furthermore, rigid body restraints were applied to the nodes located at the top of
the beam in the middle and at the support positions in ABAQUS to prevent vertical
movement of the beam. All beams were modelled with pin and roller supports in

accordance with the original experimental work conducted by [2].

At last, forces are exerted on designated nodes with initial velocities using the "pre-
defined field manager" assignment. An illustration of the applied load and velocity is

presented in Figure (61).
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Figure 57: Flow chart of developing finite element model.
The primary aim of this review is to conduct a numerical investigation into the bond-
slip behaviour of concrete beams reinforced with FRP bars subjected to impact

loading. The numerical program employed for this analysis is depicted in Figure (49)

In total, three distinct sets of models were created, comprising 75 FRP RC beams,
each with different study parameters. A total of 225 FRP RC beam models were
simulated in ABAQUS under high-velocity impact loading conditions. You can find the
complete list of beam models in Table (53) in Appendix B, and Figure (62) provides an

explanation of the relevant symbols and characteristics.

148



Material Ultimate Mass Density, Elastic Poisson's Plastic
strength, MPa Kg/m? Modulus, GPa ratio Strain
CFRP 18350 2500 136 0.15 0.014
GFRP 947 2500 45 0.15 0.03
AFRP 1400 2500 69 0.15 0.016
Concrete 57.4 2450 31.53 0.2 —

Table 18: Mechanical properties of materials used for models, [280] [281].

A-1-1-25-8

L FRP Bar Diameter [8, 10, 12, 14, 16mm]

Loading Time

Impact Load [40, 80, 320 kN]

FRP Type [ Aramid, Carbon, Glass]

Figure 58: Models symbol description.

4.3 Study parameters

Concrete Compressive strength [25, 30, 35, 40, 45 MPa]

The choice of initial variables for this research was guided by existing experiments

regarding the bond behaviour of FRP bars in concrete and identified gaps in the

current body of research. Many parameters that affect bond behaviour have already

been extensively studied by other researchers, providing the research community

with a sufficient understanding of their impact. These parameters include

embedment length, resin type, and the effects of confinement pressure.

However, this study seeks to investigate additional factors that require further

examination to gain a deeper understanding of their ultimate influence on bond

behaviour. The factors considered in this numerical program are as follows:

e Type of bar fibre (Carbon, Glass and Aramid)
e Concrete compressive strength
e FRP bar diameters

e FRP bar rupture strength
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e High strain rate of applied load, which varies with different high velocity

impact load.

A thorough evaluation of how these parameters affect bond behaviour is crucial for
gaining a comprehensive understanding of FRP-reinforced concrete beams. Despite
the fact that the impact of concrete compressive strength and bar diameter has been
previously discussed, the author opted to include them in this study to enhance their
own database for future research requirements, such as the refinement of bond-slip

models.

FRP Rupture Kinetic Concrete
Strength, MPa energy, | compressive Bar
Strength, MPa  Diameter, mm

(A) 1400 800 25 3

(C) 1890 1600 30 10
(G) 947 3200 35 12

40 14

45 16

Table 19: Study parameters employed in the study that extracted from following references, [282] [281] [280].

4.4 Conclusion

In this chapter, a comprehensive explanation of the crucial procedures for modelling
an FRP bar-reinforced concrete beam under impact loading is provided. Specifically,
the FRP bar is treated as an elastic isotropic material, while the concrete section is
represented using a concrete damaged plasticity model, which encompasses the
definitions of compression stress-strain relationships, tension stress-strain
behaviours, and damage factors. Additionally, the selection of finite element mesh

size is proposed with consideration for computational accuracy and efficiency.

Furthermore, key parameters related to the dynamic loading approach, such as
loading time and increment size, are introduced in detail, along with

recommendations based on previous research findings [2] [186].
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Chapter 5: Finite Element Analysis results and parametric study

5.1 Introduction

Following an extensive examination of bond-slip phenomena, this study undertook
the modelling of Fiber-Reinforced Polymer (FRP) reinforced concrete beams
employing the Baena model, which is founded on the Bond-Plasticity-Elasticity (B.P.E)
bond-slip model. Mesh sensitivity was meticulously considered within the ABAQUS
finite element analysis framework. The beams were categorized into three distinct
sets, each subjected to impact loading scenarios of 40 kN, 80 kN, and 320 kN, centrally

applied.

The analytical investigations encompassed various independent variables, notably
high-velocity impact loads, concrete compression strength, types of FRP materials,
and bar diameters. Subsequent to the simulations, the obtained results were
meticulously post-processed for comparative analysis, not only amongst themselves
but also concerning the broader context of pre-existing research findings.
Remarkably, a typical simulation run for a beam with identical dimensions and mesh
sensitivity parameters required approximately 110 minutes of computation time on

the high-performance computing system detailed in Table 16.

In the forthcoming sections, an intricate and comprehensive comparison of finite
element results, considering the diverse parameters explored in this study alongside
existing research studies, will be presented. The ABAQUS analysis yielded a
substantial volume of output data. For the purpose of comparing these results with
experimental tests from the literature, key metrics such as energy histories, strain
energy, and load history were employed as fundamental yardsticks. Additionally,
data pertaining to slip, reaction force, and displacement histories were obtained. A
rigorous series of regression analyses was subsequently conducted using these
recorded data, culminating in the formulation of novel numerical equations, hitherto

unprecedented, for predicting the behaviour of FRP-reinforced concrete beams.
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5.2 Force-Time history response

The finite element analysis yielded impact force histories in the horizontal direction
between Fiber-Reinforced Polymer (FRP) bars and concrete, achieved through the
incorporation of connectors at the interfacial nodes connecting the two materials.
The magnitudes of these forces and the corresponding slip between the nodes are
contingent upon a multitude of factors, including the nature of the interfacial contact,
stiffness properties, and the meshing configuration of the interface. These impact
force-time histories for AFRP, CFRP, and GFRP are visually presented in Figures 136,
137, and 138, respectively, showcasing the responses under impact loads of 40 kN,

80 kN, and 320 kN. These graphical representations can be found in Appendix C.

To elucidate further, a comprehensive analysis was conducted involving a total of 225
models, all sharing identical geometric shapes and boundary conditions as
expounded upon in Chapter 4. In Figure (59), a subset of 15 of these models is
depicted, wherein various types of FRP bars (AFRP, CFRP, and GFRP) and differing bar
diameters ranging from 8 mm to 16 mm were examined, all while maintaining
consistent concrete compressive strength and subjecting them to a uniform loading
condition of 320 kN. It is noteworthy that the peak impact forces observed in this
context were 95.5646 kN, 90.6945 kN, and 90.6945 kN for AFRP, CFRP, and GFRP,

respectively.

Force-Time histories of 320 kN:
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Figure 59: Impact Force-Time History response of (A) AFRP, (B) CFRP and (C) GFRP RC beams under 320 kN

impact load.

Table (20) provides a summary of the maximum force values corresponding to each

model depicted in Figure (59). These models were comprehensively characterized

with respect to their response to impact forces over a time window of 100

milliseconds, ranging from 0 milliseconds to 100 milliseconds. For a comprehensive

dataset detailing the behaviour of AFRP, CFRP, and GFRP reinforced concrete beams,

as well as their respective maximum force values, please refer to Appendix (C).
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A-1-1-30-8 | 0.016 | 935646 | 0.020001 || C-1-1-30-6 | 0.045001| 90.043 0.1 | G-1-1-30-8 | 0.020001 | 411183 0.1
A-1-1-30-1010.015001 | 95.5646 | 0043 ||C-1-1-30-10| 0037 | 64.3126 0.1  |G-1-1-30-10{ 0.030001| 69.4095 0.1
A-1-1-30-12| 0.016 | 90.6945 | 0.072001 ||C-1-1-30-12 | 0.017001 | 90.6945 0.1 |6-1-1-30-12(0.003001| 33.6458 | 0.003001
A-1-1-30-14| 0.008 | 16,6413 | 0008 ||C-1-1-30-14 | 0.015001| 90.6945 0.1 |G-1-1-30-14{0.007001| 1L3771 | 0.007001
A-1-1-30-16|0.015001 | 90.6945 | 0048 || C-1-1-30-16|0.007001| 21.2321 | 0.007001 |G-1-1-30-16|0.015001 | 90.6%45 | 0.066

Table 20: Peak force for AFRP, CFRP and GFRP models under 320 kN impact load.

The AFRP reinforced concrete (RC) beams subjected to an impact load of 320 kN were
categorized into five distinct groups based on their concrete compressive strength.
Figure (59-A) presents data pertaining to AFRP RC beams denoted as A-1-1-30-8
through A-1-1-30-16, while data for beams designated as (A-1-1-25-8, 16), (A-1-1-35-
8, 16), (A-1-1-40-8, 16), and (A-1-1-45-8, 16) are detailed in Figure 136 within
Appendix (C).

In a holistic perspective, the AFRP RC beams exhibited a distinct characteristic of a
high-intensity, short-duration pulse, with peak force magnitudes ranging from
29.6176 kN to 95.5646 kN for beams (A-1-1-25-8, 16), 16.6418 kN to 95.5646 kN for
beams (A-1-1-30-8, 16), 29.0055 kN to 95.5646 kN for beams (A-1-1-35-8, 16),
62.0178 kN to 95.5646 kN for beams (A-1-1-40-8, 16), and 54.7101 kN to 95.5646 kN
for beams (A-1-1-45-8, 16) during the initial phase of impact. Subsequently, the
impact forces were effectively counteracted by the flexural resistance offered by the

AFRP RC beams, as visually represented in Figure (60) below.

The AFRP RC beams under impact loading of 320 kN were broken up based on their
concrete compressive strength into 5 groups. Figure (59-A) shows data for AFRP RC
beams A-1-1-30-8 to A-1-1-30-16 and data for (A-1-1-25-8, 16), (A-1-1-35-8, 16), (A-
1-1-40-8, 16) and (A-1-1-45-8, 16) are shown in Figure (136) in Appendix (C). In
overall, AFRP RC beams shown a high magnitude short duration pulse
between 29.6176 kN  t095.5646 kN  for  (A-1-1-25-8, 16), 16.6418 kN
t0 95.5646 kN for (A-1-1-30-8, 16), 29.0055 kN to95.5646 kN for (A-1-1-35-
8,16), 62.0178 kN t095.5646 kN  for (A-1-1-40-8, 16) and54.7101 kN
t0 95.5646 kN for (A-1-1-45-8, 16) turned out at first and after this diminutive
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period, the impact force was resisted by flexural resistance of AFRP RC beams as

shown in Figure (60) below.
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Figure 60: Impact Force-Time history for AFRP RC beams with 30 MPa concrete compressive strength and data
for dynamic bending resistance.

The assessment of dynamic bending resistance across all models was derived from
force-time history graphs. Within the subset denoted as (A-1-1-30-8, 16), it is
noteworthy that only A-1-1-30-10 exhibited a dynamic bending resistance of 47.9644
kN at 32 milliseconds. The dynamic bending resistance was conspicuously evident for
all AFRP RC beams except those in the (A-1-1-45-8, 16) category. In the case of these
five models, the dynamic bending resistance could not be quantified. This outcome
was attributed to the impact energy causing total pull-out failure in AFRP RC beams
characterized by a concrete compressive strength of 45 MPa, spanning bar diameters
from 8 mm to 16 mm. Consequently, the establishment of a well-defined dynamic

bending resistance was precluded.

In contrast, CFRP RC beams exhibited a more favourable response compared to AFRP
RC beams in the force-time history data. Figure 136 provides data for (C-1-1-25-8,
16), (C-1-1-35-8, 16), (C-1-1-40-8, 16), and (C-1-1-45-8, 16) within Appendix (C).
Additionally, Figure (59-B) presents force-time histories for CFRP RC beams spanning
from C-1-1-30-8 to C-1-1-30-16, showcasing an initial short-lived high-intensity pulse
ranging from 21.2321 kN to 90.6945 kN, followed by the emergence of dynamic

bending resistance in all models.
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Notably, Model C-1-1-30-8 exhibited a brief pulse of 33.6142 kN at 10.001 ms,
succeeded by dynamic bending resistance measuring 90.0430 kN at 45.001 ms,
indicating an onset of failure upon the application of the 320 kN impact load.
Meanwhile, Models C-1-1-30-12 and C-1-1-30-14 displayed dynamic bending
resistance values of 41.7523 kN and 44.7765 kN, both occurring at 32 ms. In contrast,
Model C-1-1-30-16 recorded the lowest peak force of 21.2321 kN at 7.001 ms. In a
manner analogous to AFRP RC beams with a concrete compressive strength of 45
MPa, CFRP RC beams with the same compressive strength exhibited pull-out and de-

bonding failures, leading to an absence of well-defined dynamic bending resistance.
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Figure 61: Dynamic Bending Resistance for CFRP RC beams with concrete compressive strength of 30 MPa.

Figure (136) shows force-time histories for GFRP RC beams of (G-1-1-25-8, 16), (G-1-
1-35-8, 16), (G-1-1-40-8, 16) and (G-1-1-45-8, 16) in Appendix (C). Figure (59-C) shows
force-time histories for GFRP RC beams with concrete compressive strength
of 30 MPa with FRP bar diameters of 8 mm to 16 mm. Model G-1-1-30-10, G-1-1-
30-12 and G-1-1-30-14 shown peak forces of 69.4095 kN,33.6458 kN
and 11.3771 kN, which performed with lower peak forces compare to other models
of AFRP and CFRP RC beams with similar concrete compressive strength. Model G-1-

1-30-16 showed highest peak force of 90.6945 kN with dynamic bending resistance
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0f49.6845 kN at 31.001 ms. Similar to AFRP and CFRP RC beam with concrete
compressive strength of 45 MPa, models G-1-1-45-8 to 16 shown more pull-out
failures compare to other GFRP RC beams resulting in not well-defined dynamic
bending resistance. Further details of dynamic peak forces are shown in Table (54) in

Appendix (C).
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Figure 62: Dynamic Bending Resistance for GFRP RC beams with concrete compressive strength of 30 MPa.
Figure (63) depicts the response of models (A-2-1-30-8, 16), (C-2-1-30-8, 16), and (G-
2-1-30-8, 16) subjected to an 80 kN impact load over a time interval of 100

milliseconds, commencing at 0 milliseconds and concluding at 100 milliseconds.
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Figure 63: Impact Force-Time History response of (A) AFRP, (B) CFRP and (C) GFRP RC beams under 80 kN impact
load.

In Figure (63), the AFRP, CFRP, and GFRP RC beams exhibit uniform concrete
compressive strength of 30 MPa, coupled with bar diameters spanning 8, 10, 12, 14,
and 16 mm. For a comprehensive display of force-time history data for all other

models subjected to an 80 kN impact load, please refer to Figure 137 in Appendix (C).

Remarkably, all three types of FRP bars displayed analogous responses when exposed
to an impact load characterized by a high velocity of 17.14 m/s. This response pattern
was typified by an initial high-intensity pulse, succeeded by the emergence of

dynamic bending resistance.
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AFRP RC beams exhibited a consistent trend with an average peak impact force

occurring at approximately 33.6 milliseconds, and most of them sustained this force

for the entire duration of 100 milliseconds before experiencing failure, with the

exception of model A-2-1-30-8 and A-2-1-30-10. Among these beams, model A-2-1-

30-12 registered the highest peak force, measuring 81.7409 kN at the 35-millisecond

mark. Notably, this model did not exhibit a discernible dynamic bending resistance

following the initial high impulse. The subsequent peak force of 80.6932 kN was

observed for model A-2-1-30-10 at 36.001 milliseconds, accompanied by a dynamic

bending resistance of 21.7457 kN.

A-2-1-30-3 | 0.021001 | 99.7102 | 0.028001 || C-2-1-30-3 | 0.027 | 535.5475 0.1 G-2-1-30-8 | 0.036001| 316536 0.1
A-2-1-30-10/0.036001 | 80.6932 | 0.081 | C-2-1-30-10( 0.032 | 60.3934 0.1 G-2-1-30-10| 0028001 | 12.6544 | 0.031001
A-2-1-30-12) 0.035 | 817409 01 ||C-2-1-30-12|0.036001 | 70.082 0.1 G-2-1-30-12| 0.023001| 19,3868 | 0.0230005
A-2-1-30-14) 0.037 | 75.8324 01 |C-2-1-30-14|0.036001 | 79.6264 0.1 G-2-1-30-14| 0.036001 | 63.7306 | 0.0470005
A-2-1-30-16) 0.035 | 67.7303 01 |C-21-30-16| 0.037 | 63.4205 0.1 G-2-1-30-16| 0.037 | 75.0286 0.1

Table 21: Peak force for AFRP, CFRP and GFRP models under 80 kN impact load.

Conversely, both model A-2-1-30-8 and A-2-1-30-16 displayed lower strength results

when compared to other AFRP RC beams sharing similar concrete compressive

strength characteristics.
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Figure 64: Dynamic Bending Resistance for AFRP RC beams with concrete compressive strength of 30 MPa under

80 kN impact load.
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Similar to AFRP RC beams, CFRP RC beams exhibited comparable trends in Figure (63-
B), especially those with bar diameters of 12 mm and 14 mm, displaying the highest
peak forces of 70.0820 kN and 79.6264 kN, both occurring at the 36.001-millisecond
mark. In contrast, models C-2-1-30-10 and C-2-1-30-16 demonstrated relatively lower
strength compared to their CFRP RC beam counterparts in this specific group of
models, registering peak forces of 60.3984 kN and 63.4205 kN at an average time of

approximately 34 milliseconds.

An examination of the force-time histories among CFRP RC beams with varying
concrete compression strengths reveals that models featuring smaller bar diameters
tended to exhibit higher strength characteristics. This observation aligns well with

findings from previous research studies cited as, [202] [108].
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Figure 65: Dynamic Bending Resistance for CFRP RC beams with concrete compressive strength of 30 MPa under

80 kN impact load.

In contrast to AFRP and CFRP RC beams, GFRP RC beams exhibited diminished
resistance when subjected to an 80 kN impact load. Notably, both G-2-1-30-14 and

G-2-1-30-16 displayed higher initial resistance, with peak forces recorded at 63.79066
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kN and 75.0286 kN at 37 milliseconds, respectively. Conversely, all models within the
GFRP RC beam group, specifically G-2-1-30-8, G-2-1-30-10, and G-2-1-30-12,
experienced failure before the 30-millisecond mark. In an overall assessment, GFRP

RC beams featuring smaller bar diameters demonstrated superior resistance.
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Figure 66: Dynamic Bending Resistance for GFRP RC beams with concrete compressive strength of 30 MPa under
80 kN impact load.

For an exhaustive account of force-time histories and peak forces associated with all
GFRP RC beams, please refer to Figure (63-C). In a general sense, GFRP RC beams
characterized by bar diameters of 12 mm and 14 mm exhibited enhanced resistance
and higher peak forces when compared to their counterparts with varying bar
diameters under the 80 kN impact load. It is noteworthy that, despite the smaller
applied load compared to that of models in the first set, the analysis revealed
considerably lower levels of dynamic bending resistance and a higher incidence of

pull-out failure in this case.
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Force-Time histories of 40 kN:
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Figure 67: Force-Time histories of GFRP RC beams with concrete compressive strength of 35 MPa under 40 kN

impact load.
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Figure (67) provides an overview of the force-time histories of AFRP, CFRP, and GFRP
RC beams, all characterized by a concrete compressive strength of 35 MPa, and
subjected to the lowest applied impact load of 40 kN, with a velocity of 12.12 m/s. In
the case of AFRP bars, there was a noticeable increase in strength with an increase in
bar diameters, as evidenced by peak forces ranging from 2.47184 kN to 4.81176 kN,
occurring at an average time of approximately 34 milliseconds. An interesting
observation was made in model A-3-1-35-8, which exhibited a secondary dynamic

bending resistance surpassing the initial resistance, measured at 1.97305 kN.

A similar trend was observed among CFRP RC beams, where an increase in peak force
from 3.57283 kN to 6.26489 kN was noted at an average time of 34 milliseconds.
Conversely, GFRP RC beams exhibited peak forces ranging from 1.24796 kN to 3.8013
kN, occurring at an average time of approximately 33 milliseconds. Based on the
results presented in Figure (67), CFRP RC beams exhibited the highest resistance
compared to other FRP bars, while GFRP RC beams demonstrated the lowest

performance within the specified set.

For an extensive compilation of force-time histories detailing the performance of all
AFRP, CFRP, and GFRP RC beams under the 40 kN impact load, please refer to Figure
(138) in Appendix (B).

A31358| 007 | 24718 01 (31358 |0.031001) 357283 | 01 G-31-35-8) 0082 | 1247% | 01
A3-1-35-10) 0.032 | 258761 | 01 ||C-3-1-35-10) 0033 | 410874 | 01 ||G3-13%-10| 0.032 | 17913 01
A31-35-12) 0.033 | 348176 | 01 ||C3-1-35-12|0.034001| 506429 | 01 ||G3-1-3-12| 0.033 | 252005 | 01
A-3-1-35-14| 0034001 | 41872 | 01 ||C-3-1-35-14|0.034001| 573818 | 01 ||G3-1-35-14| 0.033 | 319879 | 01
A-3-1-35-16|0.034001 | 481176 | 01 ||C3-1-35-16) 0.035 | 626483 | (01 ||G-3-1-35-16| 0.033 | 3.8013 01

Table 22: Peak force for AFRP, CFRP and GFRP RC beams with concrete compressive strength of 35 MPa under
impact load of 40 kN.
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5.3 Mid-span deflection response

A substantial amount of data was generated through finite element analysis, yielding
a significant volume of output information. Specifically, the displacement-time
histories of the beams were recorded at the midpoint of the beams, near the area of
interest, albeit not for all models due to instances of failure where some beams split
into two separate parts. However, displacement histories were successfully recorded

and graphically represented for all remaining models.

In the ensuing sections, the displacement histories of models utilizing AFRP, CFRP,
and GFRP under various loading conditions will be systematically presented and

discussed.

Mid-span deflection histories under 320 kN:

Figure (68) illustrates the vertical displacement histories of a total of 13 models
comprising AFRP, CFRP, and GFRP RC beams. These beams were subjected to a
uniform 320 kN impact load, simulated within the ABAQUS software environment.
It's noteworthy that all beams in this section share consistent boundary conditions,
featuring pin-ended supports, and each incorporates a single FRP bar as
reinforcement spanning the entire length from one end to the other. Additionally, all
the beams within this set possess a 50 mm gap situated at the midpoint of their
length. For a comprehensive overview of the specific characteristics of these models

used for the displacement-time history comparison in this section, please refer to

Table 23.
Parameter (1) Parameter (2) Parameter (4)
g & Parameter (3)
Model Type of FRP | Bar Diameter, Concrete Comressive it o KN Rupture Strength,

mm Strength, Mpa t Mpa
A-1-1-30-12 Aramid 12 30 160 1400
A-1-1-35-12 Aramid 12 35 160 1400
A-1-1-40-12 Aramid 12 40 160 1400
A-1-1-45-12 Aramid 12 45 160 1400
C-1-1-25-12 Carbon 12 25 160 1890
C-1-1-30-12 Carbon 12 30 160 1890
C-1-1-35-12 Carbon 12 35 160 1890
C-1-1-40-12 Carbon 12 40 160 1890
C-1-1-45-12 Carbon 12 45 160 18590
G-1-1-25-12 Glass 12 25 160 974
5-1-1-35-12 Glass 12 35 160 974
G-1-1-40-12 Glass 12 40 160 974
G-1-1-45-12 Glass 12 45 160 974

Table 23: Details of beams used for displacement history comparison.
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Figure 68: Mid-span Deflection-Time histories for AFRP, CFRP and GFRP with 12 mm bar diameter under 320kN
impact load.

Figure (68) presents graphical representations of displacement histories for the
specified models. It's worth noting that, for beams A-1-1-25-12 and G-1-1-30-12,
displacement data could not be obtained due to the rupture of the FRP bar and
subsequent splitting of the beams at the midpoint. The analysis reveals an increase
in displacement for all AFRP RC beam models, with A-1-1-30-12 reaching a maximum
displacement of 56.046 mm at 100 ms, A-1-1-35-12 attaining a peak displacement of
42.018 mm at 59 ms, A-1-1-40-12 exhibiting a maximum displacement of 44.626 mm
at 100 ms, and A-1-1-45-12 reaching a maximum displacement of 24.881 mm at 72
ms. Notably, the graph demonstrates that as concrete compression strength

increases, there is a corresponding decrease in maximum displacement.

Similarly, the displacement-time history graph for CFRP RC beams indicates a
reduction in displacement with an increase in compressive strength for the models.
Specifically, the C-1-1-25-12 model achieved a maximum displacement of 51.842
mm, model C-1-1-30-12 recorded a peak displacement of 51.167 mm, model C-1-1-
35-12 exhibited a maximum displacement of 46.425 mm, model C-1-1-40-12 yielded
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a maximum displacement of 37.032 mm, and model C-1-1-45-12 reached its

maximum displacement of 56.046 mm at 100 ms.

A parallel trend is observed for GFRP RC beams, where model G-1-1-25-12 achieved
a maximum displacement of 44.5 mm, model G-1-1-35-12 displayed a maximum
displacement of 44.51 mm, model G-1-1-40-12 reached a maximum displacement of
27.291 mm, and model G-1-1-45-12 recorded a maximum displacement of 13.292

mm, all occurring at the 100 ms mark.

Mid-span deflection histories under 80 kN:

Figure (69), we observe displacement-time histories for Aramid, Carbon, and Glass
Fiber-Reinforced Polymer (FRP) RC beams, all featuring an 8 mm bar diameter and
subjected to an 80 kN impact load. These beams share identical boundary conditions,
characterized by pin-ended supports. For a comprehensive overview of the specific
characteristics of these beams used for the comparison of displacement histories in
this section, please refer to Table 24. However, it is important to note that
displacement data for models A-2-1-30-8 and A-2-1-40-8 could not be obtained from

the software due to pull-out failure in these models.

Parameter (1) Parameter (2) Parameter (4)
Model Type of FRP | Bar Diameter, | Concrete Comressive Prenn ] Rupture Strength,

mm Strength, Mpa ferapiact fosd, N Mpa
A-2-1-25-8 Aramid 8 25 80 1400
A-2-1-35-8 Aramid 8 35 ] 1400
A-2-1-45-8 Aramid 8 45 80 1400
C-2-1-25-8 Carbon 8 25 80 1890
C-2-1-30-8 Carbon 8 30 80 1890
C-2-1-35-8 Carbon 8 35 80 1890
C-2-1-40-8 Carbon 8 40 80 1890
C-2-1-45-8 Carbon 8 45 80 1350
G-2-1-25-8 Glass 8 25 80 974
G-2-1-30-8 Glass ] 30 20 974
G-2-1-35-8 Glass 8 35 80 974
G-2-1-40-2 Glass ] 40 20 974
G-2-1-45-8 Glass 8 45 80 974

Table 24: Details of characteristics of beams used for comparison of mid-span deflection histories under 80 kN.
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Figure 69: Mid-span Deflection-Time histories for (A) AFRP, (B) CFRP, (C) GFRP RC beams with bar diameter of 8
mm under 80kN impact load.

In Figure (69-A), we can observe the mid-span deflection profiles for AFRP RC beam
models. Among these, A-2-1-25-8 exhibited the highest displacement, reaching
11.855 mm at 69 ms, whereas model A-2-1-35-8 achieved a maximum displacement
of 6.898 mm at 100 ms, and model A-2-1-45-8 registered a peak displacement of 3.33

mm at 100 ms.

Moving on to the CFRP RC beames, their displacement profiles started at lower values
and progressively increased, eventually reaching residual displacement. Specifically,
model C-2-1-25-8 recorded a maximum displacement of 20.598 mm, model C-2-1-30-
8 attained a peak displacement of 17.687 mm at 56 ms, model C-2-1-35-8 exhibited
a maximum displacement of 17.809 mm at 100 ms, model C-2-1-40-8 yielded a peak
displacement of 15.899 mm at 54 ms, and model C-2-1-45-8 reached a maximum

displacement of 15.273 mm at 100 ms.
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Displacement histories at the midpoint of the beams were derived from the analysis
of beams subjected to an 80 kN impact load. Figure (69-C) provides insight into the
displacement characteristics of five beams employing 8 mm GFRP bars. Overall, the
shape of the displacement profiles for GFRP RC beams closely resembled that of CFRP

RC beams in terms of both maximum displacement and residual displacement.

Notably, model G-2-1-25-8 exhibited a peak displacement of 536.682 mm, model G-
2-1-30-8 reached a maximum displacement of 19.297 mm, model G-2-1-35-8
recorded a peak displacement of 18.005 mm at 56 ms, while model G-2-1-40-8 and
G-2-1-45-8 displayed the lowest maximum displacements, measuring 16.102 mm and

13.995 mm, respectively, at 100 ms.

Mid-span Deflection histories under 40 kN:

Figure (70) illustrates the dynamic mid-span deflection responses of AFRP, CFRP, and
GFRP RC beams, all featuring a 14 mm bar diameter. These response curves were
generated through finite element analysis conducted in ABAQUS, simulating the
effect of a 40 kN impact load with a high velocity of 12.125 m/s. The profiles of these
curves exhibit a parabolic shape during the initial 0 to 60 ms interval, signifying the

introduction of forced vibration in ABAQUS.

Subsequently, the displacement response transitions into a power curve,
encapsulating the representation of residual displacement between 60 to 100 ms.
For comprehensive details regarding the characteristics of the beams utilized in this

section for the analysis of deflection-time histories, refer to Table (25).
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All AFRP, CFRP, and GFRP RC beam models exhibited a consistent pattern in their
displacement-time graphs. However, there were noteworthy variations in the peak
displacements among individual beams, each reinforced with different FRP bars,
despite the application of similar analysis conditions. As previously observed, an
increase in concrete compression strength played a significant role in reducing mid-
span deflection for FRP RC beams subjected to impact loading with high velocity. In
all the models, beams with concrete compressive strengths of 40 MPa and 45 MPa
were the only ones to reach their maximum displacements during the forced
vibration phase, occurring at 31 ms. For all other beam models, the peak deflection

was achieved during the subsequent free vibration phase when the applied load was

removed.
Parameter (1) Parameter (2) Parameter (4)
: . Parameter (3)
Model Type of FRP | Bar Diameter, | Concrete Comressive senipiack bl kay Rupture Strength,

mm Strength, Mpa ? Mpa
A-3-1-25-14 Aramid 14 25 40 1400
A-3-1-30-14 Aramid 14 30 40 1400
A-3-1-35-14 Aramid 14 35 40 1400
A-3-1-40-14 Aramid 14 40 40 1400
A-3-1-45-14 Aramid 14 45 40 1400
C-3-1-30-14 Carbon 14 30 40 1890
C-3-1-35-14 Carbon 14 35 40 1890
C-3-1-40-14 Carbon 14 40 40 1830
C-3-1-45-14 Carbon 14 45 40 1890
G-3-1-25-14 Glass 14 25 40 974
G-3-1-30-14 Glass 14 30 40 974
G-3-1-35-14 Glass 14 35 40 974
G-3-1-40-14 Glass 14 40 40 974
G-3-1-45-14 Glass 14 45 40 974

Table 25: Details of characteristics of AFRP, CFRP and GFRP RC beam models with 14mm bar diameter under 40
kN impact load for comparison of mid-span deflection.
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Figure 70:Mid-span Deflection-Time histories of (A) AFRP, (B) CFRP and (C) GFRP RC beams with 14 mm bar
diameter under 40 kN impact load.
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As Figure (70-A), all beams reached their maximum displacements after 60 ms,
coinciding with the removal of the applied load. This phenomenon can be attributed
to the persistence of waves generated within the beams from the initial impact load,

which continue even after the load has been removed.

Model A-3-1-25-14, A-3-1-30-14, and A-3-1-35-14 exhibited maximum displacements
of 1.779 mm, 2.674 mm, and 1.264 mm, respectively, at the 100 ms mark. However,
only beam models A-3-1-40-14 and A-3-1-45-14 reached their maximum
displacements of 0.261 mm and 1.556 mm at 31 ms when the maximum load was
applied during forced vibration. Notably, both beam models A-3-1-40-14 and A-3-1-
45-14 displayed higher maximum displacements compared to their respective
residual displacements, measuring 0.167 mm and 0.058 mm, respectively. It is worth
mentioning that the AFRP RC beam with a concrete compressive strength of 45 MPa
exhibited a 16% reduction in maximum displacement compared to the AFRP RC beam

with a concrete compressive strength of 40 MPa.

In a similar fashion, the displacement-time histories of CFRP RC beams, as shown in
Figure (70-B), exhibited lower peak displacements in comparison to the AFRP RC
beam models. Model C-3-1-30-14 and C-3-1-35-14 reached peak displacements of
0.455 mm and 0.289 mm at 66 ms. Conversely, beam models C-3-1-40-14 and C-3-1-
45-14 achieved their maximum displacements of 0.252 mm and 0.216 mm at 31 ms.
This indicates that the CFRP RC beam with a concrete compressive strength of 45 MPa
experienced a 14% reduction in maximum displacement compared to the CFRP RC

beam with a concrete compressive strength of 40 MPa.

Moving on to Figure (70-C), it showcases the maximum displacements for GFRP RC
beams. Model G-3-1-25-14, G-3-1-30-14, and G-3-1-35-14 reached peak
displacements of 3.231 mm, 2.356 mm, and 1.428 mm, respectively, at the 100 ms
mark. Remarkably, both GFRP beams with concrete compressive strengths of 40 MPa
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and 45 MPa attained their maximum displacements of 0.252 mm at 31 ms, resulting

in a 15% reduction in peak displacement.

Detailed The extensive finite element modelling of FRP RC beams was conducted, and
the outcomes of deflection-time histories were subject to comparison, leading to

several noteworthy observations:

e The overall shape of the displacement-time curves for beams subjected to
320 kN and 80 kN impacts closely aligned with the findings of existing
experimental studies [283], Additionally, the displacement histories of beams
under a 40 kN impact load exhibited similarities to the experimental work
conducted by Saleh, which involved high-mass, low-velocity impact loads, [2].

e The results unveiled discrepancies in the maximum displacement values
among certain models, despite having identical conditions and applied loads
as other models within the same set. Notably, some models with higher
concrete compressive strength exhibited higher maximum displacements in
comparison to identical beam models with lower concrete compressive
strength. This phenomenon has also been observed in other experimental
works and can be attributed to the increased brittleness of higher-strength
concrete, [284] [285].

e An examination of the influence of the time step revealed that, for many
models subjected to high-velocity impact loads (320 kN and 80 kN), the
maximum displacement occurred during the free vibration phase. In
contrast, for models with concrete compressive strengths of 40 MPa and 45
MPa under a 40 kN impact load with lower velocity, the maximum
displacement was observed during the forced vibration time period.

e An overarching analysis of the results from 225 models of FRP RC beams
subjected to a 320 kN impact load indicated that the use of CFRP improved
the maximum displacement by 16% compared to AFRP RC beams.
Furthermore, AFRP RC beams exhibited a 13% improvement in maximum

displacement compared to FRP RC beams reinforced with glass fibres.
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5.4 Impact and reaction forces response

The behaviour of FRP RC beams under impact load can be understood better, when
impact force and reaction force are broken down. The impact forces and related
reaction forces are shown in for a 100 ms that includes forced vibration and free
vibration for beams. In the following sections, results of AFRP, CFRP and GFRP beams
under impact force of 320 kN,80 kN and 40 kN are explained and compared with
each other. Overall, the relation between reaction forces and time were similar for
all beams. Thus, only three graphs of impact force, reaction force and time history

shown for comparison.

Beams under 320kN Impact load:

Figure (71) presents the time-histories of impact and reaction forces for AFRP, CFRP,
and GFRP, with detailed beam characteristics outlined in Table (26). The impact
behaviour of these beams comprises two distinct phases: the forced phase, occurring
from 0 to 0.06 seconds, and the subsequent free vibration phase, spanning from 0.06

seconds to 0.1 seconds.

In the time history of the impact force, particularly for A-1-1-35-12 and C-1-1-3-12, a
prominent peak is evident, followed by a gradual reduction, ultimately approaching
zero within a matter of milliseconds. Notably, the peak of the impact force is
observed during the forced phase, and this force progressively diminishes to zero
during the free-vibration phase. Both CFRP and AFRP beams display a similar pattern,
showcasing maximum reaction forces characterized by the occurrence of peak forces,

followed by a decline to zero before the onset of the free-vibration phase.

In the case of G-1-1-35-12, the reaction force exhibits a distinct pattern with two
peak-shaped triangular spikes, which are succeeded by a steady reduction leading to

a zero value just prior to the initiation of the free vibration phase.
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Figure 71: Time histories of reaction forces for AFRP, CFRP and GFRP RC beams with concrete compressive
strength of 35 MPa and bar diameter of 12 mm under impact load of 320 kN.

176



Beam Name| Load, kN | Force, kN | Peak time, s |Reaction force, kN | Peak time, s

A-1-1-35-12 320 90.6945 0.018 173.661 0.019
C-1-1-35-12 320 90.6945 0.015 201.999 0.02
G-1-1-35-12 320 80.1648 0.046 241.428 0.018

Table 26: Maximum impact and reaction forces and peak times for beam models under 320 kN impact load.

Beams under 80 kN Impact load:

The resistance forces exhibited by FRP RC beams, encompassing both impact forces
and reaction forces under an 80 kN impact load with a velocity of 17.145 m/s, are
detailed in Appendix (C). This section focuses on presenting the impact forces and
reaction forces for three types of FRP RC beams: AFRP, CFRP, and GFFRP, all of which
possess a concrete compressive strength of 25 MPa and a bar diameter of 12 mm.

These findings are visually represented in Figure 72.

For the three FRP RC beam models, namely A-2-1-25-12, C-2-1-25-12, and G-2-1-25-
12, subjected to an 80 kN impact load, the impact load was applied from 0 to 30 ms
and subsequently reduced to 0 kN from 30 ms to 60 ms. The figure also illustrates the

free-vibration phase for these models, spanning from 60 ms to 100 ms.

The overall shape of the reaction forces is consistent across all AFRP, CFRP, and GFRP
RC beams, characterized by a triangular-shaped peak reaction force featuring
multiple triangular-shaped peaks that occur before the 100 ms mark. Both AFRP and
CFRP RC beams maintain a constant force between the 60 ms and 100 ms time
intervals. In contrast, GFRP RC beams display a reduction in force from the peak point

to zero during the free vibration phase.

Comparing the performance of A-2-1-25-12, C-2-1-25-12, and G-2-1-25-12 reveals
that both AFRP and CFRP beams closely align with each other in terms of maximum

force between the FRP bar and concrete, as well as peak reaction force. AFRP RC
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beam exhibits a slightly better performance, with a 9% advantage over CFRP RC
beam. Conversely, model G-2-1-25-12 exhibits approximately 73% lower
performance in terms of maximum force compared to AFRP and CFRP RC beams, as
illustrated in Figure 72. Further details regarding peak forces, peak reaction forces,
and peak times can be found in Table 27. This comparison underscores the disparity
in load-bearing capabilities, with GFRP RC beams demonstrating a distinct behavior

compared to CFRP and AFRP RC beams.
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Figure 72: Time histories of the reaction forces for AFRP, CFRP and GFRP RC beams with concrete compressive
strength of 25 MPa and bar diameter of 12 mm under impact load of 80 kN.

Beam Name| Load, kN | Force, kN | Peak time, s |Reaction force, kM | Peak time, s

A-2-1-25-12 BO 79.4837 0.040001 42,2034 0.032
C-2-1-25-12 20 72,215 0.034001 39.1088 0.035
5-2-1-25-12 B0 20.3215 0.032 109.509 0.033

Table 27: Maximum impact and reaction forces and peak times for beam models under 80 kN impact load.

Beams under 40 kN impact load:

The time histories of forces and reaction forces for AFRP, CFRP, and GFRP RC beams,
all characterized by a concrete compression strength of 40 MPa and a bar diameter
of 12 mm, are presented in Figure (73). These three beam models share identical load
conditions, encompassing both the forced and free vibration phases, as well as the

same boundary conditions.

Figure (73) depicts strikingly similar patterns in the time histories of forces and
reaction forces for AFRP, CFRP, and GFRP RC beams. These patterns are characterized
by triangular-shaped impact forces and reaction forces that gradually diminish to zero
during the free vibration phase. This consistency in behaviour aligns with the

observed patterns in models subjected to a 40 kN impact load with a velocity of
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12.125 m/s. In this context, CFRP RC beams exhibit the most favourable performance,

followed by AFRP and GFRP RC beams.

For a comprehensive understanding, Table (28) provides detailed information

regarding maximum forces, peak reaction forces, and corresponding peak times for

the beam models A-3-1-40-12, C-3-1-40-12, and G-3-1-40-12. These findings

underscore the similarities in behaviour among these FRP RC beams and further

emphasize the superior performance of CFRP RC beams, followed by AFRP and GFRP

RC beams, under the specified conditions.

Beam Mame| Load, kN | Force, kN | Peaktime, s |Reaction force, kN | Peak time, s
A-3-1-40-12 40 3.05678 0.031001 20.368 0.031
C-3-1-40-12 40 4.5703 0.031 20,2986 0.031
G-3-1-40-12 40 2.1734 0.031 20,3424 0.021

Table 28: Maximum impact and reaction forces and peak times for beam models under 40 kN impact load.

A-3-1-40-12
25 ~
20 A
E 15 4
5
=
£ 10 A
k3]
2
E ]
0 7 T T T
0.02 0.04 0.06
5 4 '
Time, s
Reaction

0.12

180



C-3-1-40-12

25 4

20 A

[—
W
1

Impact force, kN
)

5 -
0 T T o I T 1
0.02 0.04 0.06 0.08 0.1 0.12
-5 4 -
Time, s
Reaction
G-3-1-40-12
25 ~
20 A
15 1
Z
5
2
< 10 A
k3]
g
£ 5.
0 .
0.02 0.04 0.06 0.08 0.1 0.12
-5 4 '
Time, s
Reaction

Figure 73: Time histories of the reaction forces for AFRP, CFRP and GFRP RC beams with concrete compressive
strength of 40 MPa and bar diameter of 12 mm under impact load of 40 kN.
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Figure (142), (143), and (144) in appendix (C) provide a comprehensive overview of
the responses exhibited by AFRP, CFRP, and GFRP RC beams when subjected to three
distinct loading conditions: 320 kN, 80 kN, and 40 kN impact loads, each with
corresponding velocities of 24.245 m/s, 17.145 m/s, and 12.125 m/s, respectively. In
these simulations, the impact loads are administered through high-magnitude, short-
duration pulses during the force phase, spanning from 0 to 60 ms, and subsequently

continue as free vibrations until the 100 ms mark.

At the initiation of the impact load, the force is transmitted to the beam supports,
thereby activating the reaction forces starting at t=0 s. As the impact force escalates
to its maximum magnitude, a corresponding increase in reaction forces is observed
in the supports. This phenomenon signifies the resistance offered by the beams

through flexural resistance.

5.5 Dynamic strain-Time histories response

The dynamic strain-time profiles for AFRP, CFRP, and GFRP RC beams under various
loading rates are presented in Figures (145), (146), and (147) within Appendix (C).
This section is dedicated to the examination and comparison of dynamic strain
responses observed in AFRP, CFRP, and GFRP RC beams. These beams feature a
concrete compression strength of 30 MPa and bar diameters ranging from 8 to 16
mm. The comparisons are conducted across three distinct loading scenarios, each

characterized by different velocities.

Dynamic strain response under 320 kN impact load:

The dynamic strain-time profiles for a total of 15 models of AFRP, CFRP, and GFRP RC
beams, all featuring a consistent concrete compressive strength of 30 MPa and bar
diameters ranging from 8 to 16 mm, under an impact load of 320 kN with a velocity

of 24.24 m/s, are illustrated in Figure (74) and detailed in Table (29).
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In general, the behaviour exhibited by FRP RC beams indicates an initial linear

increase in strain, as the models remain within the elastic range, followed by reaching

a peak point before returning to their initial positions. Variations in the strain

response observed in certain models may be attributed to the development of cracks

in the beams or the initiation of rupture in the FRP bars. It's worth noting that some

models experienced failure under the impact load before the completion of the

specified time duration.

For instance, in the case of the AFRP RC beam model A-1-1-30-8, the strain rate

exhibited a linear increase until the beam failed at 20 ms. The average maximum

dynamic strain for this beam was 0.024, occurring at a peak time of 17 ms. This failure

can be attributed to the brittleness of the composite material and the rupture of the

AFRP bar under the high impact loading conditions.

Comparatively, the average maximum dynamic strains for AFRP, CFRP, and GFRP RC

beams, all possessing a concrete compressive strength of 30 MPa, were found to be

1.23%, 0.64%, and 24.4%, respectively. Notably, GFRP RC beam models displayed a

more ductile behaviour in contrast to AFRP and CFRP RC beams. Specifically, the GFRP

RC beam model G-1-1-30-16 exhibited a return to its original form, whereas the other

beams either experienced failure or a decrease in strain, albeit not a complete return

to their original configurations.

Beam Maxstrain |Peak time, 5| Duration, s (Beam Max strain |Peak time, s|Duration, s {Beam May strain |Peak time, s|Duration, s
A-L1308 | 0012 | 0017 0020 (CL1-308 | 00131 | 0045 0l |G1-1-30-8 | 045118 0.07 01
AL-1-30-10| 001799 | 0016 0043 [CGI-1-30-10| 00080 | 0.040 01 (G-1-30-10| (05873 01 01
A-L1-30-12| 00L85 | 0020 0072 [CLL30-12| 00059 0.016 0l (GL1-30-12| 00107 | 0003 | 0009001
AL-1-30-14| 0.00067 | 0008 0008 |[CL1-30-14| 00044 | 0018 01 (GL1-30-14| 00017 | 0007 | 0007001
A-1-1-30-16|  0.00662 | 0.017 0.048 [C-1-1-30-16 | 0.0008 0007 | 0007001 |G-1-1-30-16) 0.0102 | (Q.018 0.066

Table 29: Maximum strain for AFRP, CFRP and GFRP RC beam models under 320 kN impact load.
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Figure 74: Dynamic strain time histories for AFRP, CFRP and GFRP RC beam models with concrete compressive
strength of 30 MPa under 320 kN impact load.
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Dynamic strain response under 80 kN impact load:

A comparable pattern of dynamic strain responses, as presented in Figure (75) for the
models detailed in Table (30), was observed under an 80 kN impact load with a
velocity of 17.14 m/s. The general trend indicated an initial linear rise in strain,
culminating in the attainment of maximum strain at 32 ms, coinciding with the point
at which the load reached its peak. For the majority of beam models, the strain
decreased as the models transitioned into the free-vibration phase. Notably, certain
models, including A-2-1-30-8, G-2-1-30-10, G-2-1-30-12, and G-2-1-30-14,

experienced failure prior to the onset of the forced vibration phase at 60 ms.

For all three categories of AFRP, CFRP, and GFRP RC beam models featuring an 8 mm
bar diameter, the strain rate exhibited linearity up to the point of maximum strain,
followed by a slight decline leading up to the failure of the FRP RC beams. The average
maximum strain values were determined to be 1.24% for AFRP RC beams, 0.41% for
CFRP RC beams, and GFRP RC beams exhibited a maximum dynamic strain of 2.44%.
These findings underscore the confirmation that CFRP RC beams demonstrate

greater ductility in comparison to the other two categories of FRP RC beams.

Beam  |Maxstrain |Peaktime, s|Duration, s |Beam  |Maxsirain |Peaktime,s\Duration, s |Beam  |Maxstrain |Peak time, s|Duration, s
A0S | 0087 | 00 | 008 G308 | 00061 | 0038 01 G230 | 0097 | 0086 01
ALLI0) 00M67 | 003 | 0081 |C2L310| 0001 | 0032 (1 |G2L30100 0009 | 0028 | 0031000
ALL30-12| 000982 | 0.0% 01 CELA0-2| 00038 | 003 01 |G2-30-12| 00032 | 0083 | 00230005
AL Q00T | 0037 01 CRL3014| 0008 | 00% 01 |G2L3014| 00057 | 0037 | 00470005
ALL30-16| 000668 | 003 01 CEL30I8| 0005 | 003 01 6213016 00086 | 0037 01

Table 30: Maximum strain for AFRP, CFRP and GFRP RC beam models under 80 kN impact load.

185



0.03 -

0.025
L 002
e —— A-2-1-30-8
% 0.015 —— A-2-1-30-10
§ 0.01 —— A-2-1-30-12
> -2-1-30-
5 - A-2-1-30-14
. x —— A-2-1-30-16
N 0
0.02 0.04 0.06 0.08 0.1 0.12
-0.005 - _
Time, s
0.007 -
0.006
= 0.005
<
$— s (") | 2 -
A 0.004 - €-2-1-30-8
é ——(C-2-1-30-10
§ 0.003 + ——(C-2-1-30-12
2 0.002 - \ C-2-1-30-14
0.001 \ ——(C-2-1-30-16
0 T T "I T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Time, s
0.12 -
0.1 -
0.08 -
£ ——G-2-1-30-8
= i
7 0.06 ——G-2-1-30-10
g e G-2-1-30-12
a 0.04 - G-2-1-30
2 G-2-1-30-14
0.02 - ——G-2-1-30-16
0 it S | | |
0.02 0.04 0.06 0.08 0.1 0.12
-0.02 - -
Time, s

Figure 75: Dynamic strain time histories for AFRP, CFRP and GFRP RC beam models with concrete compressive
strength of 30 MPa under 80 kN impact load.
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Dynamic strain response under 40 kN impact load:

The dynamic strain time histories for AFRP, CFRP, and GFRP RC beam models
characterized by a concrete compressive strength of 30 MPa under an impact load of
40 kN with a velocity of 12.12 m/s were extracted from ABAQUS software. In general,
the dynamic strain observed in all the mentioned models commenced from zero and
began to rise as the high strain rate and impact load increased, with the models
remaining in the elastic phase. After reaching their peak load at 30 ms, the rate of
dynamic strain gradually declined, exhibiting some fluctuations until the beams

returned to their original positions.

Notably, dynamic strain in AFRP RC beam models featuring bar diameters of 10 and
12 mm, as well as GFRP RC beam models with a 12 mm bar diameter, exhibited an
increase in dynamic strain during the free-vibration phase, which spanned from 60
ms to 100 ms. This phenomenon may be attributed to the heightened brittleness of
the composite material as bar diameters increased, along with the occurrence of

failures induced by the application of high-strain impact loads.

Beam  |Maxstrain (Peaktime, sDurstion, s [Beam  (Maxstrain |Peak fime, s\Duration, s (Ream | Maxstrain  (Peak time, s{Duration, s
A3L308 | 000071 | 002 | 01 (G308 | 000064 | 002 | 01 |GL-30-8 | 000069 | 002 | 01
ARLI0) 0007 | 0L 01 |C-L340( 000035 | 0031 | 01 (GE130100 00007 | 00 | Ol
AR 00018 | 007 | 01 |GLL2) 000045 | 00R | 00 (G-RL30A2| 000363 | 0L 0l
ARL0M0 000083 | 000 | 01 |CL004| 00007 | 002 | 01 (G3130-4) 000082 | 0mL | Ol
ARG 00018 | 00 | 01 |CRL-6| 000031 | 00 | 01 |G-RL-30-06| 00008 | 002 | 0L

Table 31: Maximum strain for AFRP, CFRP and GFRP RC beam models under 40 kN impact load.
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Figure 76: Dynamic strain time histories for AFRP, CFRP and GFRP RC beam models with concrete compressive

strength of 30 MPa under 40 kN impact load.
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Figure (74, 75, 76) displays the dynamic strain time histories for AFRP, CFRP, and GFRP
RC beam models characterized by a concrete compressive strength of 30 MPa,
subjected to various impact loading velocities. Tables (29, 30, 31) provide the
maximum dynamic strain values and their corresponding peak times for these beam

models. Based on the results mentioned, the following conclusions can be drawn:

e The ultimate dynamic strain increased with an escalation in both the impact
load and velocity.
e Beams with smaller FRP bar diameters exhibited a more substantial increase

in dynamic strain.

e When comparing models subjected to higher loading rates and velocities
within shorter durations, sharper dynamic strain time history curves were
observed compared to models under lower load velocities.

e A comparison between AFRP, CFRP, and GFRP RC beams indicated lower
ductility in RC beams reinforced with glass fibres. Specifically, there was a
94.95% increase in the average maximum dynamic strain in GFRP RC beams
compared to AFRP RC beams and a 97.37% increase compared to CFRP RC
beams under a 320 kN impact load. Moreover, there was an increase in the
average maximum strain rate of 49.16% and 82.94% for GFRP RC beams
compared to AFRP and CFRP RC beams, respectively, under an 80 kN impact
load. A similar pattern was observed in the average maximum dynamic strain
for GFRP RC beams under a 40 kN impact load, with an increase of 7.14% and
62.69% compared to the average maximum dynamic strain of AFRP and CFRP

RC beams, respectively.

5.6 Slip-Time histories response

Results of slip time histories for all beam models under three different loading with
high velocity contained from ABAQUS that are presented in Figure (148), (149), and
(150) in appendix (C). This section presents the result of slip time histories of AFRP,
CFRP and GFRP RC beams with bar diameter of 10 mm and concrete compressive
strength of 25,30,35,40 and 45 MPa under three different impact loads
of 320 kN, 80 kN and 40 kN with high velocity.
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Slip time histories under 320 kN impact load:

Figure (77-A) illustrates the slip response of AFRP RC beam models featuring a 10 mm
bar diameter when subjected to an applied impact load of 320 kN, covering the time
range from 0 s to 0.06 s, followed by the free vibration zone extending from 0.06 s to
0.1 s. As depicted in Figure (77-A), all AFRP beam models initially exhibit a linear
elastic response from 0 s to 0.017 s, characterized by high stiffness in the interfacial
bond between the FRP bar and concrete, resulting in minimal slip. Between 0.017 s
and 0.021 s, AFRP beams transition into a softening mode, likely due to the
emergence of microcracks in the beams, which reduce bond stiffness and lead to
increased shear slips. From 0.021 s to 0.1 s, the beam models experience complete
debonding of the FRP bars, accompanied by a significant increase in slips. AFRP beams
with a concrete compressive strength of 30 MPa ultimately undergo complete failure

during the forced vibration phase.

Figure (77-B) presents the slip response of CFRP RC beam models, generally exhibiting
smaller slips compared to AFRP RC beams. However, CFRP RC beams with a concrete
compressive strength of 30 MPa initially demonstrate stiffness and minimal slip at
the interfacial bond between the FRP and concrete, followed by an escalation
towards total debonding and failure before the onset of the free vibration phase.
Similarly, CFRP RC beams with a concrete compressive strength of 45 MPa display
linear elastic responses initially and subsequently develop concrete cracks, leading to

a substantial increase in slips within the CFRP bond.

Figure (77-C) illustrates the slip response of GFRP RC beam models, all of which
initially exhibit linear elastic behaviour at the outset, characterized by minimal slip
and high stiffness in the interfacial bond. Starting from 0.01 s, the beams undergo a
decline in stiffness due to the development of cracks in the beam and an increase in
slip within the interfacial bond between the FRP bar and concrete. Between 0.02 s
and 0.1 s, the bond between the FRP and concrete continues to deteriorate,
accompanied by increasing slips, ultimately culminating in complete debonding of

the FRP bar.
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Figure 77: Slip-time histories of AFRP, CFRP and GFRP RC beams with bar diameter of 10 mm under 320 kN
impact load.
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Slip time histories under 80 kN impact load:

Figure (78-A) displays the slip-time history for AFRP RC beam models subjected to an
80 kN impact load. It is evident that all beams initially exhibited minor slips, indicating
a high level of stiffness in the interfacial bond between the FRP and concrete.
Gradually, as cracks developed and slips increased, the stiffness decreased, leading
the beams toward debonding. As observed in other models, those with higher

concrete compressive strength exhibited smaller slips.

In Figure (78-B), a similar slip pattern is observed for CFRP RC beams. However, the
CFRP RC beam with a concrete compressive strength of 45 MPa initially underwent a
linear elastic phase, characterized by high stiffness and minimal slip in the bond
between the FRP bar and concrete. Subsequently, slip increased due to crack
formation and a decrease in bond stiffness. After 0.045 s, the slip began to decrease

and approached a value close to 0 mm.

Figure (78-C) depicts the slip response of GFRP RC beams under an 80 kN impact load.
Overall, GFRP RC beams exhibited smaller slips compared to AFRP and CFRP RC beams
under the same loading conditions, with only beams having concrete compressive

strengths of 35 and 40 MPa showing significant debonding.
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Slip time histories under 40 kN impact load:

Figure (79) illustrates the slip-time history responses of AFRP, CFRP, and GFRP RC
beams with a 10 mm bar diameter under a 40 kN impact load. The overall shapes of
the graphs for the three FRP beam models were remarkably similar. The responses
indicated that the beams initially exhibited an elastic mode characterized by high
stiffness in the bond between the FRP bars and the concrete beam, resulting in minor

slips from 0 s to 0.01 s.

Subsequently, the beam models entered the second stage, spanning from 0.01 s to
0.07 s, where softening in the bonding of the beams became apparent. During this
stage, the beams experienced reduced bonding stiffness due to the development of
microcracks and an increase in shear slips. Notably, in all FRP models, beam models
with a concrete compressive strength of 45 MPa displayed more significant
deterioration in the bonding between the FRP bars and the concrete interface.

Conversely, other models exhibited minor fluctuations near 0 mm in slip.
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Figure 79: Slip-time histories of AFRP, CFRP and GFRP RC beams with bar diameter of 10 mm under 40 kN
impact load.

Figure (148), (149), and (150) in appendix (C) depict the slip-time history responses
of AFRP, CFRP, and GFRP RC beam models under impact loads of 320 kN, 80 kN, and

40 kN, respectively. Based on these results, several conclusions can be drawn:
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The overall shape of the slip response was quite similar for AFRP, CFRP, and
GFRP beams under different loading conditions.

All beam models subjected to 320 kN and 80 kN impact loads exhibited three
stages of slip response. The first stage was characterized by linear elasticity,
during which the beams experienced minor slips with high stiffness in the
bond interface between the FRP bars and the concrete surroundings. The
second stage involved softening, with increasing slip attributed to the
development of minor cracks in the beams and a reduction in the stiffness of
the interfacial bond in the FRP RC beams. The final stage, debonding, entailed
the complete deterioration of the bond between the FRP bar and the
concrete, resulting from the development of more cracks in the concrete and
an increase in slips.

Models with higher concrete compressive strength exhibited overall smaller
slips over time compared to models with lower concrete compressive
strength.

Among FRP RC beams with a bar diameter of 10 mm subjected to a 320 kN
impact load, GFRP RC beams demonstrated a 19% reduction in slip compared
to CFRP RC beams and a 10.2% reduction in slip compared to AFRP RC beams.
Under an 80 kN impact load, GFRP RC beams with a bar diameter of 10 mm
exhibited a 48.1% reduction in slip compared to CFRP RC beams and a 26.3%
decrease in slip compared to AFRP RC beam:s.

For FRP RC beams with a bar diameter of 10 mm subjected to a 40 kN impact
load, AFRP RC beams displayed a 72.46% reduction in slip compared to GFRP

RC beams and a 54% decrease in slip compared to CFRP RC beams.
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5.7 FE Parametric study

Since there is a scarcity of research focusing on the bond characteristics of FRP-
reinforced concrete beams subjected to high-impact loads, the meticulously
calibrated finite element beam models offer a unique opportunity to delve deeply
into the dynamics of the interfacial bond between FRP bars and the encompassing
concrete beams. Furthermore, it provides a platform for conducting an extensive
parametric investigation into the impact of various factors that are anticipated to

influence the beams' load-carrying capacity.

The subsequent sections of this work will present the results of a comprehensive
parametric analysis, exploring the impact of variables such as bar diameter, concrete
compressive strength, FRP material type, and impact loading conditions, including
velocity. The objective is to gain a thorough understanding of how these factors
collectively influence the performance and behaviour of FRP-reinforced concrete

beams.

5.7.1 Effect of bar diameter, dj

A parametric analysis was conducted to investigate the impact of bar diameter
variations on 225 FRP RC beam models subjected to impact loading using ABAQUS
software. The results yielded valuable insights into the influence of bar diameters on
the bond behaviour of AFRP, CFRP, and CGFRP RC beams under various impact
loading conditions, including their associated bond strength and failure modes. The
calibrated beam test model specifically displayed two predominant failure modes:

pull-out and debonding.

Figure (80) was generated to illustrate the relationship between failure modes and
their correlation with bar diameters, embedment length, and concrete cover. As
detailed in earlier chapters, five different bar diameters (8, 10, 12, 14, and 16 mm)
were employed to model AFRP, CFRP, and GFRP RC beams. It is evident that pull-out

failure is the significantly dominant mode, accounting for an average of 77% of all
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failure occurrences, while debonding failure comprises an average of 23%. The data
indicates that with an increase in bar diameter, pull-out failures decrease, while
debonding failures rise. This phenomenon may be attributed to the stronger bond
between smaller bar diameters and the surrounding concrete beams. Figure (80-B)
presents data on concrete cover in relation to failure modes, where the number of

failed FRP RC beams is plotted against the normalized concrete cover, C/db' It is
observed that when the C/db ratio exceeds 2, approximately 80 beam models

experienced pull-out failure. This aligns with previous research findings that suggest
mainly pull-out failures occur in beam tests when the concrete cover is twice the bar

diameter, [286].

Similarly, embedment length, [, is another influential parameter affecting the bond
behaviour of FRP RC beams. Figure (80-C) illustrates the occurrence of pull-out and
debonding failures relative to the embedment length-to-bar diameter ratio,l;/d,,.
Pull-out failure prevails as the dominant mode when the l;/d; ratio exceeds 5.
Among the 180 FRP RC beam models with [;/d,, ratios greater than 5, 105 of these
models experienced pull-out failure, constituting 58.33% of the total failures. In
contrast, only 30% of FRP RC beam models with an embedment length-to-bar

diameter ratio greater than 5 failed due to debonding.
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Figure 81: Two failure modes associated with varying bar diameters for 198 models that shown failure, 65% pull-
out failure and 35% debonding failure.
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Figure (82) presents the relationship between the maximum average bond
strength,7,,., and bar diameter, d;,. It becomes evident that as the bar diameter
increases, the bond strength decreases, resulting in a higher likelihood of failure. This
phenomenon has been reported in previous studies and could be attributed to the
increased contact area between the bar interface and concrete, thereby increasing

the probability of weaker bonding between the FRP bar and concrete.
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Figure 82: Maximum bond strength, T,,,, versus bar diameter, d,,.

Figure (83) illustrates the correlation between the maximum bond strength and bar
diameter for sets of models with identical concrete compressive strength subjected
to the same impact loading conditions. It reveals that beam models with various bar
diameters but similar concrete compressive strength experienced a decrease in bond
strength as the bar diameters increased. Furthermore, RC beams reinforced with
aramid and carbon fibre polymer bars exhibited superior bond strength performance

compared to those reinforced with GFRP bars.
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Figure 83: Maximum average bond strength versus bar diameters of models with similar concrete compressive
strength.

Figure (84) depicts the relationships between bar diameter, d;, concrete cover, c¢/d;,
and embedment length, l;/d,. It is evident that the normalised bond strength, 7, .,
calculated by dividing the maximum bond strength by the concrete compressive

strength, decreases as the bar diameter of the beam models increases.

In Figure (84-b), the correlation between normalized bond strength, .4, / V(fc')
with concrete cover, c/d,, is shown. It is observed that as the ratio of concrete cover

to bar diameter increases, the normalized bond strength also increases, with the
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main failure mode being pull-out. The results indicate that an increase in the concrete
cover-to-bar diameter ratio from 1.58 to 3.17 results in an average increase of 20.45%

in normalized bond strength.

Figure (84-c) illustrates the relationship between normalized bond strength, 7,4, /
V(fc') and embedment lengths, I;/d,,. This figure also shows that as the ratio of
embedment length to bar diameter increases, there is an increase in normalized bond

strength.
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Figure 84: Normalised bond strength versus (a) bar diameter, (b) concrete cover and (c) embedment length.
Figure (85) represents the relationship between bond slip, s versus bar diameter, d,,.
The plot indicates that as the bar diameter increases, there is a corresponding
increase in bond slips in the beam models. This phenomenon occurs due to the higher
bar diameter leading to a lower bond strength between the FRP bar and the concrete
beam, ultimately resulting in increased bond slip. In these models, debonding

becomes the dominant failure mode under impact loading conditions.

Figure (86) provides an overview of bond slip in AFRP, CFRP, and GFRP RC beam
models that share similar concrete compressive strength values while highlighting

the influence of different bar diameters.
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Figure 85: bond slip versus bar diameter.
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5.7.2 Effect of concrete compressive strength, f;/

A comprehensive set of simulations was conducted to investigate the impact of
concrete compressive strength, f, on various parameters such as maximum bond
strength, maximum slip, mid-deflection, and dynamic strain. These simulations
maintained consistent material properties, mechanical characteristics, and geometric
dimensions across the models. The sole variable altered during the simulations was
the concrete compressive strength, which ranged from 25 MPa to 45 MPa in

increments of 5 MPa.

Due to the extensive dataset generated from a total of 225 models, this section
presents the results from models with a bar diameter of 12 mm. To avoid
redundancy, results from other models are included in Appendix (C). Figure (87)
illustrates the relationship between maximum load and maximum mid-deflection
concerning the concrete compressive strength's influence. There are nine distinct
sets of FRP RC beam models, each consisting of five identical FRP RC beams with
concrete strength as the varying parameter. These beam sets were subjected to
different loading conditions, but only those with similar parameters and loading

conditions were compared.

In general, an increase in concrete strength resulted in higher maximum loading
capacity and reduced maximum mid-deflection. However, some models exhibited
higher mid-deflection despite an increase in concrete strength. As previously

discussed, this behaviour can be attributed to the increased brittleness of concrete.

Figure (88) provides insight into the relationship between maximum load and
maximum mid-deflection for CFRP, AFRP, and GFRP RC beams. For both maximum
loading and mid-deflection, CFRP RC beams with a 12 mm bar diameter
outperformed AFRP and GFRP RC beams, demonstrating a 24.14% increase in
maximum loading compared to AFRP and 23.26% compared to GFRP RC beams. In
terms of maximum mid-deflection, CFRP RC beams with a 12 mm bar diameter
exhibited a 36.69% decrease compared to AFRP and a 23.6% decrease compared to

GFRP RC beams.
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FRPType | db,mm |Load, kN FRPType| db,mm | Load, kN FRPType| db,mm | Load, kN
G112 | Cabon | 12 | 320 | C212 | Cabon| 12 | 80 |[C312|Cabon| 12 | 40
AL12 | Aramid 12 20 | AL | Aemid | 12 80 | A-12 | Aramid | 12 40
G112 | Glass 12 W | GR2 | Ghss | 12 80 | G312 | Glass | 12 40

Table 32: Detail of Beam models shown in figure (91) and (92) for max load, Max mid-deflection, Max bond
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concrete strength as variable.
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Figure 88: Effect of concrete strength on maximum load and maximum mid-deflection for AFRP, CFRP and GFRP RC beams with bar diameter of 12 mm.
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Figure (92) illustrates the correlation between maximum bond strength,t,,,, and
slip, s, for CFRP, AFRP, and GFRP RC beams, all with a 12 mm bar diameter. The
variable under investigation is the concrete compressive strength, f.. Additional
data, including maximum bond strength and maximum slip for all models across
various FRP bar types and concrete compressive strengths, can be found in Appendix
(C). In general, Figure (92) indicates a rise in maximum bond strength as the concrete
compressive strength increases. It is worth noting that FRP bars are commonly
employed in conjunction with concrete compressive strengths ranging from 27 MPa
to 55 MPa, as reported in prior studies, [124] [287]. However, it has also been
observed that, in some instances, the ratio of maximum bond strength to concrete
compressive strength diminishes as the concrete compressive strength increases.
One explanation for this decrease in bond strength is the heightened brittleness of
high-strength concrete, rendering it more prone to failure. Regarding maximum slip,
Figure (92) demonstrates a reduction in maximum slip with an increase in concrete
compressive strength. This implies that beam models concluded abruptly due to

failures associated with increased concrete compressive strength.

Figure (89) delves into the relationship between failure modes and concrete
compressive strength in FRP RC beam models. It reveals that pull-out failure
predominates over debonding failure. Pull-out failures are evenly distributed across
concrete compressive strength values ranging from 25 to 30 MPa, while debonding
failures become more prevalent within the concrete compressive strength range of
30 to 45 MPa. Figure (91) provides the percentage distribution of failures within each

concrete compressive strength range, spanning from 25 to 45 MPa.

Debonding
20%

m Pull-out

Pull-out B Debonding
80%

Figure 89: Two failure modes related to concrete compressive strength as variable out of 198 failed models.
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5.7.3 Effect of modulus of elasticity, Ef

In order to investigate and comprehend the impact of different types of FRP and their
respective modulus of elasticity on RC beams, models incorporating CFRP, AFRP, and
GFRP RC beams were simulated using ABAQUS. The average values of the Young's
modulus for CFRP bars range from 37 to 784 GPa, while AFRP bars exhibit values
between 41 and 175 GPa, and GFRP bars range from 35 to 51 GPa, as outlined in ACI
guidelines, [44]. additionally, Kazemi, [281] conducted tests on CFRP and GFRP bars
with Young's modulus values of 136 GPa and 45 GPa, respectively. Efe, [280],
examined AFRP bars with a Young's modulus of 69 GPa. Therefore, the choice of
modulus of elasticity for CFRP, AFRP, and GFRP bars in this study aligns with the

previously mentioned experimental data and guidelines.

The analysis comprised three sets of 75 models, each set consisting of three distinct
beam models utilizing CFRP, AFRP, and GFRP bars, all with identical concrete
compressive strength, bar diameter, and applied impact load. The naming convention
for these beam models consists of a series of numbers, with the first indicating the
model group, the second representing the applied load, the third specifying the
concrete compressive strength, and the last number indicating the bar diameter size.
For example, the name "beam 1-1-25-8" denotes a beam subjected to an impact load
of 320 kN, with a concrete compressive strength of 25 MPa and a bar diameter of 8
mm. The primary objective of this study was to investigate the influence of Young's
modulus Ef on the bond behaviour between FRP and concrete, ultimate load
capacity, maximum deflection, and energy absorption capacity of AFRP, CFRP, and

GFRP RC beams.

Figure (93) displays the ultimate loads for CFRP, AFRP, and GFRP RC beams as a
function of the Young's modulus Ef . In general, it was observed that the ultimate
load increased with higher modulus of elasticity for the beams. For instance, as

depicted in Figure (93-a), beam 1-1-40-12, featuring glass fibre and Er = 45 GPa,
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exhibited an ultimate load of 61.97 kN. In comparison, beam 1-1-40-12 with aramid
fibre and E; = 69 GPa experienced an ultimate load of 73.68 kN, while beam 1-1-
40-12 with carbon fibre and E; = 136 GPa had an ultimate load of 90.69 kN. These
results demonstrate a 15.8% increase in ultimate load for beam 1-1-40-12 as the Ef
increased from 45 GPa to 69 GPa, and an 18.7% increase in ultimate load for the 1-1-
40-12 beam model with a change in Ef from 69 GPa to 136 GPa, driven by the higher
Young's modulus of the FRP bars. Additionally, it was noted that some models
exhibited higher ultimate loads with AFRP bars compared to CFRP bars, even with a

higher Ef value.
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Figure 93:Effect of modulus of elasticity on maximum loads under a) 320 kN impact load, b) 80 kN impact load
and c) 40 kN impact load for models with AFRP, CFRP and GFRP RC beam:s.

Figure (94) illustrates the maximum deflection of beams with the modulus of
elasticity E; as the varying parameter. In contrast to the corresponding ultimate load
values, the maximum mid-span deflection exhibited opposite trends in response to
changes in Ef. The results indicate that an increase in Ef led to a decrease in the
maximum mid-span deflection for the beam models. For instance, beam 2-1-35-12
displayed maximum mid-deflection values of 373.635 kN, 237.081 kN, and 166.02 kN
when equipped with glass fibre and E; of 45 GPa, aramid fibre and Ef of 69 GPa,
and carbon fibre and E; of 136 GPa, respectively. The substantial decrease of 44.4%
observed between the GFRP and CFRP RC beams for the 2-1-35-12 model was
consistent with the increase in Er of the FRP bars. Additionally, some models

exhibited a lesser reduction in maximum mid-deflection with the increase in Ef.
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Figure 94: Effect of modulus of elasticity on maximum mid-deflection of beam models subjected to a) 320 kN
impact load, b) 80 kN impact loading and c) 40 kN impact load.

Figure (95) and (96) depict the influence of the modulus of elasticity Ef on the
maximum bond strength and ultimate slip for models equipped with a bar diameter
of 12 mm and subjected to impact loads of 320 kN, 80 kN, and 40 kN. To avoid
redundancy, figures illustrating the relationship between modulus of elasticity and
maximum bond strength, as well as slip for all models, are presented in the appendix
(C). It is evident that the bond performance of FRP bars varied significantly based on
their modulus of elasticity and flexural behaviour. An increase in the modulus of

elasticity of FRP bars led to an increase in both maximum bond strength and
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maximum slip. The bond-slip relation curves for CFRP, GFRP, and AFRP RC beam

models are presented in Figure (97) and (98).

C-1-1-25-12| Carbon| 320 25 12 |C-2-1-25-12| Carbon 80 25 12 |C-3-1-25-12 | Carbon 25 |12
A-1-1-25-12| Aramid| 320 25 12 |A-2-1-25-12| Aramid 80 25 12 |A-3-1-25-12 | Aramid 40 25|12
G-1-1-25-12| Glass 320 25 12 }G-2-1-25-17| Glass 80 25 12 |G-3-1-25-12| Glass 40 25 |12
C-1-1-30-12| Carbon | 320 30 12 |C-2-1-30-12| Carbon 80 30 12 |C-3-1-30-12 | Carbon 40 njn
A-1-1-30-12| Aramid| 320 30 12 |A-2-1-30-12| Aramid 80 30 12 |A-3-1-30-12| Aramid 40 |
G-1-1-30-12| Glass 320 30 12 [G-2-1-30-12| Glass 80 30 12 |G-3-1-30-12| Glass 40 30|12
C-1-1-35-12| Carbon | 320 35 12 |C-2-1-35-12| Carbon 80 35 12 |C-3-1-35-12 | Carbon 40 33|12
A-1-1-35-12| Aramid| 320 35 12 |A-2-1-35-12| Aramid 80 35 12 |A-3-1-35-12 | Aramid 40 33|12
G-1-1-35-12| Glass 320 35 12 |G-2-1-35-12| Glass 80 35 12 |G-3-1-35-12| Glass 40 3|12
C-1-1-40-12| Carbon | 320 40 12 |C-2-1-40-12| Carbon 80 40 12 |C-3-1-40-12 | Carbon 40 40 | 12
A-1-1-40-12| Aramid| 320 40 12 |A-2-1-40-12 Aramid 80 40 12 |A-3-1-40-12 | Aramid 40 40 | 12
G-1-1-40-12| Glass 320 40 12 |G-2-1-40-12] Glass 80 40 12 |G-3-1-40-12| Glass 40 40 | 12
C-1-1-45-12| Carbon| 320 45 12 |C-2-1-45-12| Carbon 80 45 12 |C-3-1-45-12 | Carbon 40 45 | 12
A-1-1-45-12| Aramid| 320 45 12 |A-2-1-45-12| Aramid 80 45 12 |A-3-1-45-12| Aramid 40 45 | 12
G-1-1-45-12| Glass 320 45 12 |G-2-1-45-12| Glass 80 45 12 |G-3-1-45-12| Glass 40 45 | 12

Table 33: List of models in Figure (97), (98), and (99).
Table (33) provides a list of the models used in the aforementioned figures. Figures
(99), (100), and (101) examine the impact of the modulus of elasticity Ef on the
energy absorption capacity (EAC) of beam models, with the modulus of elasticity as
a variable, subjected to impact loads of 320 kN, 80 kN, and 40 kN. The figures
collectively reveal that the energy absorption capacity (EAC) decreased in tension and

increased in compression as the modulus of elasticity of FRP bars increased.

For instance, when comparing beam model 1-1-25-12 reinforced with CFRP, which
has the highest Ef, to beam model 1-1-25-12 reinforced with GFRP, which has the
lowest Ef, it is evident that under a 320 kN impact load, the EAC increased by 89%
from the GFRP RC beam to the CFRP RC beam. Conversely, under the same load, the
EAC reduced by 90.8% from the GFRP RC beam to the CFRP RC beam in tension.
Similarly, for beam model 2-1-25-12, there was a 96% increase in EAC in compression
from the GFRP RC beam to the CFRP RC beam and a reduction of 24.87% in EAC in

tension when transitioning from Ey =45 GPa to Ef =136 GPa.
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The decrease in EAC in the tension zone from the GFRP RC beam to the CFRP RC beam
was relatively minor, at 6.29%, under a 40 kN impact load. However, EAC in
compression increased by 87% when comparing GFRP bars to CFRP bars in model 3-
1-25-12. Additional data on the effect of Ef on maximum load, ultimate mid-
deflection, EAC, and bond behaviour can be found in Figures (153) to (165) in the

appendix (C)

5.7.4 Effect of velocity

The research delved into examining the impact of high-velocity loads on the bond
behaviour of FRP RC beams. This investigation involved subjecting the beams to three
distinct velocities: 12.125 m/s, 17.145 m/s, and 24.245 m/s, with a consistent impact
mass of 10.89 kg applied in all cases. The findings of this study align with previous
reports, highlighting a notable influence of increased impact velocity on various

critical parameters.

As demonstrated in previous chapters and consistent with the outcomes observed in
this study, the alteration in impact velocity had a significant impact on several key
factors. Notably, it had a pronounced effect on the maximum strain, ultimate mid-
deflection, and ultimate force experienced by the FRP RC beams. These parameters
play a vital role in assessing the structural performance and integrity of such beams

under high-velocity impact loads.

The observed trends in the results underscore the importance of considering impact
velocity as a critical factor in the design and assessment of FRP RC beames, as it can
have a substantial impact on their overall behaviour and response to dynamic loading
conditions. This research contributes to a better understanding of how velocity
influences bond behaviour and offers valuable insights for optimizing the
performance and safety of structures incorporating FRP RC beams subjected to high-

velocity impact events.
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Figure 99: Effect of modulus of elasticity on energy absorption capacity of FRP RC beams under 320 kN impact load.
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Figure 100: Effect of modulus of elasticity on energy absorption capacity of FRP RC beams under 80 kN impact load.
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Figure 101: Effect of modulus of elasticity on energy absorption capacity of FRP RC beams under 40 kN impact load
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The research encompassed a comprehensive parametric analysis involving a total of
225 models of GFRP, CFRP, and AFRP RC beam configurations, which were rigorously
examined under high-velocity impact loads. This finite element-based parametric
study was designed to systematically investigate the multifaceted interplay of various
factors, including bar diameters, concrete compressive strength, elastic modulus of
FRPs, and impact velocity, on the bond behaviour of FRP RC beam models and their
overall response when subjected to dynamic impact loading conditions. The

outcomes of this analysis yielded several noteworthy conclusions:

e Bar Diameter Influence: The findings revealed a substantial inverse
relationship between bar diameter and average bond strength. Specifically,
as the bar diameter increased, the bond strength exhibited a significant
decrease. Furthermore, an increase in the ratio of concrete cover to bar
diameter resulted in an average 20.45% increase in normalized bond strength.
Notably, the predominant failure mode observed in FRP RC beams was pull-
out failure, constituting approximately 77% of all failure modes, particularly
in beams with smaller bar diameters. Debonding failure, on the other hand,
accounted for approximately 23% of all failure modes.

e Concrete Compressive Strength: The study indicated that the maximum bond
strength tended to increase with an escalation in concrete compressive
strength. Nevertheless, in certain cases, a decrease in bond strength was
observed, which could be attributed to an increase in the brittleness of the
concrete matrix. Moreover, the maximum slip experienced by the beam
models exhibited a significant reduction with an increase in concrete
compressive strength. Pull-out failures were more commonly observed in
beam models with concrete compressive strengths ranging from 25 MPa to
30 MPa, while debonding failures were prevalent in beam models with higher
concrete compressive strengths, typically falling within the 35-45 MPa range.

e Modulus of Elasticity of FRP Bars: The ultimate load capacity of the beams was
found to increase with a rise in the modulus of elasticity Ef of the FRP bars.
Conversely, there was a discernible decrease in the ultimate mid-deflection

of the beams with higher Ef values. Additionally, there was clear evidence of
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an increase in maximum bond strength with an elevation in theEy of the FRP
bars.

e Impact Velocity: The increase in impact velocity had a substantial influence on
various key parameters, including maximum mid-deflection, ultimate load,
and the bond between FRP bars and the surrounding concrete. As the impact

velocity increased, these parameters exhibited corresponding increases.

These findings collectively contribute valuable insights into the intricate dynamics
governing the behaviour of FRP RC beams under high-velocity impact loads.
Understanding the impact of factors such as bar diameter, concrete properties, FRP
modulus of elasticity, and impact velocity is crucial for optimizing the design and
performance of structures incorporating FRP RC beams subjected to dynamic loading
conditions. This research enhances our knowledge of how these factors interact and
influence the structural response, ultimately aiding in the development of more

resilient and effective engineering solutions.
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5.8 Advanced Regression Analysis and Formulation of Novel Equations for FRP
RC Beam Responses to Impact Loads

In the previous section, a comprehensive database of 225 FRP RC beam models
generated through finite element analysis was presented. The aim of this FEA was to
examine the influence of various parameters, including concrete compressive
strength, bar diameter, different types of FRPs, and impact loading, on the bond
behaviour and peak mid-deflection of these beams. In this section, a generalized
formula for FRP RC beams is proposed to estimate slip, maximum bond strength, and
mid-deflection based on the data obtained from finite element analysis using

ABAQUS software and ANOVA.

For the regression analysis, a three-way ANOVA statistical testing approach was
selected, taking into account the numerous factors considered in the comprehensive
ABAQUS models. Regression analysis is a widely used statistical method for analysing
experimental or finite element data. ANOVA divides the observed variance into
distinct groups, facilitating meaningful tests by comparing the means of these groups

to determine whether there are statistically significant differences among them.

Regression analysis is a statistical technique commonly applied to explore the
relationship between one or more independent variables and a dependent variable.
By modelling this relationship using statistical methods, the goal is to predict the
future state of the dependent variable. In cases involving multiple independent
variables, it is referred to as multiple regression analysis. The mathematical formula
that defines the relationship between dependent and independent variables is
known as a regression model. A representation of a simple non-linear regression

analysis can be found in Equation (5.1):
y = intercept + a;x1 + ax, + -+ ay,x, + & (5.1)

In the context of regression analysis, the formula presented can be understood as

nen

follows: "y" represents the dependent variable being studied, "intercept" denotes
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the point at which the regression line intersects the y-axis, "a" signifies the regression
coefficient, "x" represents the value of the independent variable, and "€" is the error

term, accounting for the variability not explained by the regression model.

Figure (102) to (104) provides a visual representation of how various parameters,
including concrete compressive strength, bar diameters, FRP rupture strength, and
impact load, influence the slip between the FRP bar and the surrounding concrete
beam in FRP RC beams. Each data point on the scatter plot corresponds to the
maximum slip value observed for different types of FRP RC beams: (a) CFRP RC
beams, (b) AFRP RC beams, and (c) GFRP RC beams.

Statistical significance is determined by comparing the observed results to a
predefined threshold probability. If the calculated probability exceeds this threshold,
the result is considered statistically significant, leading to the rejection of the null
hypothesis. The null hypothesis, in this context, assumes that there are no effects of
independent variables or study factors on the dependent variables, specifically the

bond characteristics between the FRP bar and the concrete beam.

To differentiate between different levels of the assumed factors and reject the null
hypothesis, a significance level of 0.05 was chosen for this analysis. Statistical analysis
was performed using IBM SPSS Statistics (v27) to assess the significance of the

observed effects.

In the realm of regression analysis, there are several key independent factors that are
considered distinct variables. These factors encompass bar diameter, energy,
concrete compressive strength, and FRP rupture strength. In order to facilitate a
meaningful regression analysis, certain prerequisites must be met. Six specific

assumptions have been delineated for this analysis.
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The first assumption necessitates the presence of a single continuous dependent
factor, and this condition is met as each analysis focuses solely on one dependent
variable, such as slip, bond strength, or mid-span deflection. The second assumption
calls for the inclusion of more than two independent variables, such as bar diameter.
Additionally, impartiality of observations is required, which is assured by utilizing

ABAQUS finite element results.

The treatment of outliers represents another assumption that must be satisfied.
Furthermore, the dependent variables need to exhibit distribution characteristics for
each set of independent variables. The final assumption entails an examination of the

homogeneity of variances.

To address the issue of non-homogeneous variances, the Welch's version of ANOVA
is employed in this analysis. This approach renders the analysis meaningful even in
cases where the assumption of homogeneity of variances is not strictly met. This
approach is deemed suitable for the dataset used in this study, particularly when

dealing with large sample sizes.

Due to constraints such as limited variables provided by the finite element method
(e.g., not all concrete compressive strength values are available) and time limitations,
the analysis matrix may contain some empty cells, indicating that not every possible
combination was tested. Additionally, the statistical analysis yields a moderate
determination coefficient denoted as R? . This value represents the percentage of
variation in the dependent factor (e.g., slip) that can be attributed to the involved

parameters and their interactions.

The statistical regression analysis adheres to the following methodology: initially, all
factorial statistical analyses, encompassing main factors and their interactions, are
conducted. Subsequently, the analysis of significance levels commences with the
examination of three-way interactions. Any interaction that does not exhibit
statistical significance is excluded from the model. If a multi-way interaction is
deemed significant, all interactions are incorporated into the model. Finally, the

results are summarized and analysed.
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Based on this explained methodology, the statistical analysis encompasses the results
and equations pertaining to slip, bond strength, and mid-span deflection. Moreover,
coefficients for each variable are provided, enabling the calculation of these

aforementioned factors.
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Figure 102: Effect of parameter studies on slip between (a) CFRP RC beams, (b) AFRP RC beams, and (c) GFRP RC
beams.

Table (34) and (35) present the outcomes of the regression analysis based on
transformed data related to the slip occurring between the FRP bars and concrete
beams. These tables provide various statistical parameters that help in the

interpretation of the regression results.

Regression df (Degrees of Freedom): This metric indicates the number of

independent variables involved in the regression analysis.

Residual df (Degrees of Freedom): It denotes the total number of observations

within the dataset minus the estimated variables.

SS (Sum of Squares): This value represents the sum of squares, which quantifies the

difference between the actual observations and the predictions made by the

regression model.
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MS (Mean Square): Mean Square is a measure of the variability in the data. It's

calculated by dividing the Sum of Squares, SS by the corresponding degrees of

freedom f .

F (F-statistic): The F-value is a test statistic that assesses the overall significance of
the regression model. It is computed by dividing the Regression Mean Square, MS by

the Residual, MS.

Significance F (F-statistic p-value): This is the p-value associated with the F-statistic.

It tests the hypothesis that the coefficients of the independent variables are all equal
to zero. A p-value less than 0.05 indicates that there is a 95% confidence that the
regression line has a non-zero slope, implying a linear relationship between the
dependent and independent variables. On the other hand, a p-value greater than

0.05 suggests that there is insufficient evidence to establish a linear relationship.

t-Stat (t-Statistic): This statistic assesses the significance of individual coefficients

(independent variables) within the regression model.

Standard Errors: These values indicate the probable standard deviation of the

distribution of coefficients' deviations from their mean values.

In essence, these statistical metrics provide valuable insights into the significance and
reliability of the regression model, helping researchers determine the strength and

nature of the relationships between dependent and independent variables.

df SS MS F Significance F
Regression 4 0.00217 0.00037 7.586 5.16402E-05
Residual 67 0.00455 6.119E-05
Total 71 0.00628 =

Table 34: ANOVA statistical test results of transformed data.

232



Coefficients Standard t Stat P- Lower Upper Lower Upper
Errors value  95% 95% 95% 95%

Intercept 4.33E-02 1.86E- 5.10E+00 4.99E- 6.22E-

02 02 03 8.03E- 6.22E- 8.03E-
02 03 02
a -5.56E-06  5.09E-06 - 6.10E- - -
2.39E+00 01 1.57E- 4.60E- 1.57E- 4.60E-
05 06 05 06
B -1.07E-05  1.99E-06 = 2.43E- = = = =
1.17E+01 06 1.47E- 6.71E- 1.47E- 6.71E-
05 06 05 06
14 -9.99E-05 2.45E-04  -8.93E- 1.50 - -
01 5.89E- 3.89E- 5.89E- 3.89E-
04 04 04 04
w -2.26E-03  1.24E-03 = 1.59E- = =
4.00E+00 01 4.73E- 2.12E- 4.73E- 2.12E-
03 04 03 04

Table 35: ANOVA test results of transformed data on Slip.

The "intercept" signifies the point at which the linear regression line intersects the Y-
axis when the value of X is equal to zero. In Table (35), you can find the coefficients
denoted as a for FRP rupture strength, B for energy, y for concrete compressive
strength, and w for bar diameters. The coefficient of determination, represented
as R? , is calculated to be 0.813, indicating that approximately 81.3% of the variation

in slip can be attributed to the factors considered.

The equation (5.1) encapsulates the influence of these mentioned parameters,
allowing for the calculation of slip. It provides a quantitative representation of how

these factors collectively affect the slip behaviour in the given context.
s = Intercept + afy frp + BEprp + Ve + wd, (5.1)

Figure (103) illustrates the impact of various parameters such as concrete
compressive strength, bar diameters, FRP rupture strength, and impact load on the
bond strength of FRP RC beams. Each bar within the chart represents the maximum

reaction force observed for (a) CFRP RC beams, (b) AFRP RC beams, and (C) GFRP RC
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beams. This graphical representation provides insights into how these factors

influence the bond strength of the different types of FRP RC beams.
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Figure 103: Effect of parameters on reaction force for (a) CFRP RC beams, (b) AFRP RC beams, and (c) GFRP RC
beams.

Conducting regression on the transformed datasets allows us to assess the impact of

specific parameters on the reaction force exhibited by FRP RC beams. The outcomes

of these regression analysis are presented in Table (36) and (37), which provide

valuable statistical insights into the relationship between the examined parameters

and the reaction force of FRP RC beams. Equation (5.2) offers a means to calculate

the reaction force for FRP RC beams based on the parameter variables and

coefficients derived from Table (37).

df SS MS F Significance F
Regression | 4 1.200E+14  2.999E+13  0.6215 0.3465 |
Residual | 60 2.083E+15  3.472E+13 |
Total | 5 2.203E+15 - |

Table 36: ANOVA statistical test results of transformed data.
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Coefficients ~ Standard t Stat P-value Lower 95% Upper 95%

Errors
Inte:cep -868185.071 60978;‘3'5 -0.830 0.093 -2088053.851 351683.708
@ 1.793 188.817 0.006 0.579 -375.897 379.484
b 56.215 77.153 0.425 0.273 -98.114 210.545
¢ 11122.467 8440.436 0.768 0.112 -5760.918 28005.852
d 50227.616 404385.12 0.724 0.128 -30654.682 131109.914
Table 37: ANOVA test results of transformed data on bond strength
T = Intercept + af; grp + bEfry + cf/ +d.d, (5.2)

The coefficient of determination, denoted as R?, is calculated to be 0.72, indicating
that it accounts for approximately 72.4% of the variation in the reaction force. Figure
(104) illustrates the impact of various parameters, including concrete compressive
strength, bar diameters, FRP rupture strength, and impact load, on the mid-span
deflection of FRP RC beams. Each column in the figure represents the maximum mid-

span deflection for (a) CFRP RC beams, (b) AFRP RC beams, and (c) GFRP RC beams.

The application of ANOVA tests to the transformed datasets reveals the influence of
the specified parameters on the mid-span deflection of FRP RC beams. Table (38) and
(39) present the coefficients that correspond to the studied parameters based on the
results of the ANOVA statistical test. Equation (5.3) provides a means to calculate the
mid-span deflection for FRP RC beams, taking into account the parameter variables
and coefficients derived from Table (39). The coefficient of determination for this
analysis, denoted as R?, has a value of 0.734, signifying that it explains approximately

73.4% of the variation in mid-deflection.

Omia = Intercept + zf rrp + kEprp +uf; + wd, (5.3)
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Figure 104: Effect of parameters on mid-deflection of (a) CFRP RC beams, (b) AFRP RC beams, and (c) GFRP RC

beams.
df SS MS F Significance F
Regression ¥ 0.2965 0.0741 3.05346 0.005912
Residual 51 0.9660 0.0189
Total 55 —
ota 1.2625

Table 38: ANOVA statistical test results of transformed data.

Coefficients  Standard t Stat P-value Lower 95% Upper 95%

Errors
Intercept
-0.67279 0.3021 -3.6359  -3.6359 -1.2793 -0.06626
z 0.00016 8'93(5)35 2.8777 2.8777 -2.203E-05 0.00034
k -0.00017 6'3323& -4.4476  -4.4476 -0.00030 -4.522E-05
u 0.00759 0.0042 2.9512 2.9512 -0.00084 0.01602
w 0.02135 0.0206 1.6890 1.6890 -0.02009 0.06279

Table 39: ANOVA test results of transformed data on mid span deflection.
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5.8.1 Accuracy of regression analysis for different parameters

The objective of this analysis was to evaluate the predictive capabilities of the
regression models developed in this study. These models aimed to estimate various
critical factors in the behaviour of FRP RC beams, including slip, bond strength, and
mid-span deflection, under different conditions. To assess the accuracy of these
models, a comprehensive comparison was conducted by applying them to six distinct

beam models, each characterized by specific parameters detailed in Table (40).

Beam Name FRP Type dp, mm fe,MPa Load, kN
C-13-50 Carbon 13 50 70
C-13-60 Carbon 13 60 70
C-18-50 Carbon 18 50 70
C-18-60 Carbon 18 60 70
C-20-50 Carbon 20 50 70
C-20-60 Carbon 20 60 70

Table 40: Detail of finite element beam models.

Upon scrutinizing the data collected from this comparative analysis, a notable trend
emerged. The results obtained from ABAQUS simulations exhibited a strong
concordance with the predictions generated by the regression models. This suggests
that the regression models were effective in capturing the underlying relationships
between the input parameters and the desired output variables. In essence, the
regression models provided estimations that closely mirrored the outcomes obtained

through detailed finite element simulations.

In contrast, when the machine learning-based predictions were contrasted with the
results derived from the ACI (American Concrete Institute) code, some differences
became apparent. Specifically, the estimations based on the ACI code tended to yield
lower values when compared to the corresponding machine learning predictions.
This phenomenon indicates that the ACI code generally takes a more conservative

approach when forecasting the behaviour of FRP RC beams under various conditions.
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This conservatism can be advantageous in ensuring the safety and reliability of

structural designs.

A more granular analysis of the data revealed valuable insights. The regression
models demonstrated an approximate 73% level of agreement with the ABAQUS
dataset. This percentage signifies a robust alignment between the predictions
generated by the regression models and the outcomes obtained through rigorous
finite element simulations, highlighting the models' capacity to accurately predict the

behavior of FRP RC beams.

Additionally, there was a 66% correspondence observed between the regression
model predictions and the ACI code. While this alignment is slightly lower than the
agreement with the ABAQUS dataset, it still signifies a meaningful level of
congruence. It's important to note that the ACI code, being a well-established

industry standard, tends to prioritize safety by providing conservative estimates.

To visually represent these comparative findings, Figure (105) was created. This figure
serves as a graphical depiction of the disparities and agreements across the results
for slip, bond strength, and mid-span deflection, providing a clear overview of the
performance of the regression models in relation to ABAQUS simulations and ACI

code predictions.
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Figure 105: Comparison of estimated values from regression analysis modes, ABAQUS analysis, and existing codes.
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5.9 Conclusion:

The primary focus of this study was to investigate the impact of high-velocity loading
on the bond behaviour of Fiber Reinforced Polymer Reinforced Concrete (FRP RC)
beams. To comprehensively explore this phenomenon, a set of diverse parameters
were considered, including bar diameter (ranging from 10 mm to 16 mm), concrete
compressive strength (ranging from 25 MPa to 45 MPa), FRP rupture strength (with
values of 947 MPa, 1400 MPa, and 1890 MPa), and kinetic energy (ranging from 600
joules to 3200 joules). This extensive array of parameters resulted in the analysis of
a total of 225 distinct beam models. The selection of these parameters was informed
by previous experimental studies documented in the literature, ensuring that the

study aligned with established research in the field.

The research methodology involved the development and calibration of both static
and dynamic models in ABAQUS, a finite element analysis software. These models
served as a computational framework to simulate the behaviour of FRP RC beams
under high-velocity impact conditions. The calibration process involved fine-tuning
the models to ensure they accurately represented real-world scenarios.
Methodological aspects, including model construction and the interpretation of
results, were discussed in depth to provide a comprehensive understanding of the

study's approach.

The statistical analysis employed in this study involved the use of Analysis of Variance
(ANOVA) to assess the statistical significance of various parameters on the factors of
interest, namely slip, reaction force, and mid-deflection. Multi-way ANOVA was the
chosen statistical tool for this purpose, allowing for the examination of interactions

between different parameters and their collective impact on the observed outcomes.

The study yielded several key findings and conclusions:

o Despite some inherent variability in the results, the analysis demonstrated a

high level of accuracy, as indicated by the coefficient of determinationR?. This
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metric, which quantifies the goodness of fit of the models, provided assurance

of the reliability of the study's findings.

e The statistical analysis confirmed the significant influence of bar diameter,
energy input, concrete compressive strength, and FRP rupture strength on the
bond behaviour of FRP RC beams. Furthermore, it identified and validated the
interactions among these parameters, emphasizing their combined impact on

the observed outcomes.

e The research culminated in the proposal of specific values for parameters a,
B, v, and w within the regression models. These parameter values serve as the
basis for calculating slip, reaction force, and mid-deflection in FRP RC beams.
These equations provide valuable tools for engineers and researchers to
predict and analyse the behaviour of FRP RC beams under high-velocity

impact conditions.

In summary, this study advanced our understanding of the bond behaviour of FRP RC
beams subjected to high-velocity loading. Through rigorous computational
modelling, statistical analysis, and the development of predictive equations, it
provided valuable insights into the complex interplay of parameters affecting FRP RC

beam behaviour under such extreme conditions.
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Chapter 6: Dynamic Increase Factor (DIF) Development and
Enhancement of Flexural Capacity Assessment

6.1 Introduction

Chapter 2 introduced the concept of the Dynamic Increase Factor (DIF). This chapter
delves deeper into the topic by focusing on the practical application of a finite
element framework. The aim is to assess how high strain rates impact the DIF values
of CFRP, AFRP, and GFRP RC beams, and how these changes affect the flexural

capacity of FRP RC beams.

After the introduction, the chapter provides a comprehensive overview of DIF and
outlines the design flexure guidelines as specified by ACI. To investigate the impact
of dynamic strain rate effects on DIF values for FRP RC beams, a finite element model
implemented in ABAQUS is selected as the analytical tool. The discussion revolves
around the intricacies of high strain rate loading conditions and the factors

influencing the bond between the FRP reinforcement and the concrete interface.

6.2 DIF and flexural moment

In the context of structures constructed with concrete materials exposed to dynamic
or blast loading conditions, there is often a need to understand their response under
extreme strain rates, which can reach values as high as 10*/s . Notably, it has been
observed that concrete exhibits a significant increase in strength when subjected to
such extreme high strain rates. This phenomenon is quantified by the dynamic
increase factor (DIF), which represents the ratio of the material's dynamic strength

to its static strength.

Existing experimental research has elucidated that the DIF is dependent on the
applied strain rate, as supported by various studies [289] [268] [290]. However, the
mechanisms underlying the experimentally determined DIF values continue to be a

subject of ongoing debate. The central question revolves around whether the DIF
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should be regarded as an intrinsic material property. It is worth noting that the CEB-
FIP code has categorized the DIF as a material property. Nevertheless, current
consensus suggests that, especially under uniaxial compression conditions, the DIF
should be considered not as an inherent material property but rather as a dynamic

structural effect.

Recent research studies have provided substantial evidence that the phenomenon of
inertia-induced radial confinement exerts a significant influence on the enhancement
of dynamic compressive strength [268] [291] [292]. When subjected to a high
compressive stress pulse, the concrete specimen expands in the radial direction,
generating a radial inertia force equivalent to a confining stress. This radial inertia
force subsequently contributes to an increase in the axial compressive strength of
the concrete. Consequently, there is an ongoing debate regarding whether the
dynamic increase factor (DIF) for concrete under compression should be
incorporated into the material's constitutive model or simply set to unity for material

models employing DIF in finite element analyses.

Conversely, the direction of the inertia-induced radial force changes when concrete
is subjected to tension. Furthermore, the impact of inertia stress on axial tensile
strength differs significantly from the effect of confining stress on axial compressive
strength, with tensile failure in concrete being more localized compared to
compressive failure. Additionally, experimental findings have indicated that the DIF
for tension can be notably higher than that for compression at the same applied

strain rate.

The study conducted by [293] has indicated that the DIF observed in dynamic tensile
tests, affecting tensile strength, is a material-related effect closely tied to factors such
as inertia effects, the Steff effect at the crack tip, and structural responses at the
macroscopic level. Moreover, the numerical model developed by [276] supports the
consideration of DIF as a material-related effect. Furthermore, certain empirical
investigations involving tensile Split Hopkinson Pressure Bar (SHPB) tests have

suggested that it is reasonable to incorporate DIF values for dynamic tensile strength
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into the material properties when analysing scenarios where tension plays a

predominant role, [294] [295].

Recently, finite element models incorporating local concrete models have become
increasingly prevalent in the investigation of dynamic concrete behaviour, [296]. This
research highlighted that the direct application of DIF-strain relationships from
previous experiments to define dynamic properties of concrete is not feasible.
Instead, a parametric regression approach relating DIF to strain rate is deemed
necessary. Sallier [297] employed the Hillerborg regularization technique to simulate
the softening behaviour of concrete subjected to dynamic tensile loading. Although
this method proved effective in reducing mesh size dependency in quasi-static
loading scenarios, it was observed that it could not mitigate the impact of mesh size

on concrete structures under dynamic loading conditions.

This chapter is dedicated to finding an appropriate approach for incorporating both
compression and tension DIF values within a general finite element framework
employing a local concrete model. Following this introduction, a comprehensive
overview of the general relationship between DIF and strain rate for both

compression and tension is presented.

Figures (106) and (107) depict experimental data from concrete compression and
tension Split Hopkinson Pressure Bar (SHPB) tests, illustrating the relationship
between DIF and strain rate. It is crucial to note that DIF represents the ratio between
dynamic concrete strength and static concrete strength. However, concrete strength
is influenced by test methods and specimen scale effects, rendering the data
presented in Figures (106) and (107) highly case-specific. Particularly at high strain
rates, specimens may not reach a stress equilibrium state, potentially explaining the
variability observed in the DIF-strain rate relationship. Nevertheless, it can be largely
concluded that empirical formulas based on regression analysis provide a more

reliable representation of the DIF.

244



Grote et al [ 14] 46MPa

Tedesco and Ross[16] 39.3MPa

Tedesco and Ross[16] 54.5MPa

Arbrams| 18] 45MPa

Bresler and Bertero[19] 32MPa

Ross et al.[20] 31MPa

Ross et al [20] 34.5MPa

Ross et al.[20] 50.5MPa

Watstein[21] 17MPa

Malvern et al.[22] 40.9MPa —

Lee et al. [23] 51.9MPa 5/ 8 .

Lee et al.[23] 61 4MPa .
Al-Salloum et al [24] 40MPa O

1.5 o

| Al-Salloum et al [24] 63MPa i) - #-
——CEB-FIP[4] B0 i [

o}
ts—0 %XK T
-6 -5 -4 -3 -2 -1 0 1 2 3 4
log(£)

3.5

DIF
[ ¥ ]

[ ]

¢ o> OB @ C@F O + X0

Figure 106: Compressive DIF vs. strain rate relationship based on SHPB compressive test data collections.

Table (41) and (42) compile a comprehensive set of existing curves representing the
relationship between DIF and strain rate for concrete under both compression and
tension. Among these relationships, the DIF strain rate curve defined by CEB-FIP
stands out as the most commonly employed one for assessing the dynamic behaviour

of concrete structures.

In this chapter, the DIF strain rate curve recommended by CEB-FIP is adopted as the
appropriate basis for establishing compressive and tensile DIF and strain
relationships. When employing finite element models with local concrete damage
models, the primary focus should be on ensuring the congruence between the finite
element outputs and the selected DIF empirical formulas derived from regression

analysis, rather than being overly reliant on any specific set of analytical data.
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Figure 107: Tensile DIF vs. strain rate relationship based on SHPB tensile test data collections
References Formulas Remarks
Tedesco and DIF=1+ [}.1425{.inge'" +5.8456) = 1 ¢ <
Ross 232571
IMF = 1 + 2.92%9(logé —0.0635) <6 ¢ >
232 571
Lu and Xu DIF =1 + 1.505:"*%
CEB-FIP ghoms B, =1 » 10951
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Table 41: DIF- Strain rate formulas for concrete in tension.
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References Formulas Remarks

Grote et al. DIF = 0.0235loge + 1.07 £ < 26657!

DIF = 0.882(loge)? — 4.4(loge)* + 7.22l0gé —
2.64i > 2665

Tedesco and DIF = 0.00965loge + 1.058 = 1.0¢ <

Ross 63.1 57!
DIF = 0.758logi — 0.289 < 2.5¢ > 63.1 57!

Li and Meng DIF = 0.03438(logé +3) + 1 £ < 100s!

DIF = 1.729(loge)* — 7.1372logs +
85303¢ > 1005

Al-Salloum DIF = (3.54¢ + 430.6) /(¢ + 447.3)
et al.
Lu and Xu DIF = 1+ 0.15:%% + 0.0013:%
Ngo et al. i R PR g, =3 x 1075717
DIF = (g) €< &l a =1/(20 +
DIF = A;lné — Azé > &1 f.l2)
£ = 0.0022f2 -
0.1989f, + 46.137
A = -
0.0044f, + 0.9866
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0.0128f, + 2.1396
CEB-FIP Y g. =3 = 1075571

DIF = (r_) £ = 30s7! (1a)
[ -
1
EXT o gy
DIF = {].012(—) £ > 30s " (1b)

£

Table 42: DIF- Strain rate formulas for concrete in compression.

As mentioned, both tensile and compressive strength of concrete are rate

dependent, a relationship that provides the increase in concrete strength based on

strain rate is provided, [298] [299] [300].

fc,d _

f CS

ftd
fts

( £ 0.014
(o) + £=30/s
3 , 1 (6.1)
&

/3 .
0.012 (W) ,30/s < € <300/s

[ : 0.018
( & _6) , £€<10/s
1X10 (6 2)
00062( d )1/3 10/s < £ < 300 |
\ "’ 1x10~6 10/s = €< /s

247



As previously discussed in the literature review, the CEB, [299] proposed DIF
(Dynamic Increase Factor) curves and equations for both compression and tension
subjected to high strain rate loading conditions. In this research, we aim to determine
the DIF values based on the outcomes of finite element analysis. To achieve this, we

will employ the DIF formula advocated by Yandizo, [301], as outlined below:
DIF = 04m/0m (6.3)

In the provided formula oy, represents the dynamic maximum stress experienced
at a specific strain rate, while a,, signifies the maximum stress observed under static
conditions. Previous experimental investigations on DIF and its incorporation into the
strain rate effect primarily focused on establishing the relationship between the
standard global DIF and strain rate based on stress-wave time histories, with the aim
of deriving local DIF values. Consequently, these findings are rooted in the collective

behaviour of structural members.

Finite element modelling offers a distinct advantage in addressing the concept of
localization, allowing for a more detailed exploration of structural behaviours. The
rationale behind adopting the aforementioned formula lies in its capacity to
determine DIF values based on stress-wave time histories obtained from finite
element analyses conducted on FRP RC beam models exposed to high strain rate
loading conditions. This approach facilitates a more explicit examination of the

behaviour at the interface between the FRP bars and concrete.

According to the ACI reports, [44] the design approach for the flexural behaviour of
FRP RC (Fiber-Reinforced Polymer Reinforced Concrete) members is akin to that
applied for concrete members reinforced with steel. It is a common practice in
structural engineering to under-reinforce steel-reinforced concrete members. This
approach ensures that the steel reinforcement yields prior to the concrete crushing,
thereby providing ductility to the member. In essence, it serves as an early warning
system for potential failure. However, when it comes to FRP reinforcement, a more

nuanced approach to flexural design is warranted.
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FRP reinforcements exhibit brittleness, and therefore, the conventional under-
reinforcement strategy needs re-evaluation. FRP RC members can undergo two
primary modes of failure: FRP rupture and concrete crushing failure. In cases where
FRP reinforcement ruptures, the failure is sudden and catastrophic. In contrast, for
flexural members reinforced with FRP bars, concrete crushing failure is a more
favourable outcome. This is because flexural members typically display a degree of

plasticity behaviour just before failure.

The evaluation of the ultimate moment in an FRP RC beam is conducted through force

equilibrium considerations and adheres to certain assumptions, [44]:

e The maximum compressive strain of concrete is assumed to be equal 0.003;

e There is a proportion between strain in the concrete and the FRP to the
distance from the neutral axis;

e The concrete tensile strength is neglected;

e The perfect bond assumed between interface of FRP and concrete; and

e The FRP reinforcement tensile behaviour acts linearly elastic until failure.

The ultimate flexural strength of an FRP RC member can be calculated established

on internal force and strain equilibrium, and specifying the failure mode.

Figure (108) shows stress-strain and internal forces for FRP RC beam in three

different failures.
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Figure 108: Strain and stress distribution of FRP RC beam with (a) balanced failure condition, (b) concrete
crushing failure, and (c) FRP rupture failure at ultimate conditions.

To calculate the flexural capacity of a FRP reinforced concrete flexural member, first
the failure mode needs to be recognized. There are either FRP reinforced rupture or
concrete crushing that governing the failure. To determine the failure, FRP
reinforcement ratio can be compared to the balanced reinforcement ratio using its
design tensile strength. FRP reinforcement ratio and balanced FRP reinforcement

ratio can be calculated from equation (6.4) and (6.5):

A
pr =15 (6.4)

fc’ Efecy
=085 ——— 6.5
pfb ﬁ fruEfecutfru ( )

Where py is FRP reinforcement ratio, Ay is area of FRP reinforcement, b is width of
rectangular cross section, and d is distance from extreme compression fibre to
centroid of tension reinforcement. 3 is ratio of distance from neutral axis to extreme
tension fibre to distance from neutral axis to centre of tensile reinforcement, Ef is
FRP modulus of elasticity, &, is ultimate strain in concrete, and fr,, is design tensile
strength of FRP. If FRP reinforcement ratio is less than the balanced FRP

reinforcement ratio, the failure governed by FRP rupture failure mode. Otherwise,
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the failure is governed by concrete crushing failure. Based on the force equilibrium
and strain compatibility, the following flexural strength can be driven for concrete

crushing failure:

M, = Asfr(d =) (6.6)
f} = EfgcuﬁciT_a (6.7)

where f; is stress in FRP reinforcement in tension and a is depth of equivalent

rectangular stress block and can be calculated from equation (6.8):

— My
"~ 0.85f/b (6.8)

The stress in FRP reinforcement in tension can be estimated by substituting the

equation (6.6) into equation (6.7):

(Efecu)? 0.858f,
f} = (\/ f4 + or = Efscu - 0.5Ef€cu> < ffu (6.9)

Alternatively, flexural strength for concrete crushing failure can be calculated from

following equation:
_ _ Prfr 2
My = prfy (1-05925) ba (6.10)

When the dominant failure is FRP bar rupture failure, the ACI stress block is not
appropriate, as the assumed maximum strain for concrete (0.003) might not be
reached. Hence, a corresponding stress block needs to be used that estimates the
stress distribution in the concrete at certain strain level. For this matter, analysis
introduce two unknowns, the depth to the neutral axis, ¢ and concrete compressive

strain at failure, &..

The neutral axis location in a beam section can be computed as follows:

kic?+ k,c+ks=0 (6.11)
k, = 0.85f/bf (6.12)
k, = —(Asf, — ecuArEy) (6.13)
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ks = —(ArErecydy) (6.14)

—k,F [k2-4k k
— N (6.15)

€= 2k
Meanwhile strain of FRP bar can be calculated from equation (6.16):

Ecu

Sf = Tdf — &cu (616)

Where dfis effective depth of the FRP reinforcement. Hence, the ultimate moment

can be expressed by following formula:

In accordance with the guidelines provided by ACl guidelines, [44], the design flexural
strength should surpass the factored moment. The design flexural strength is
determined by multiplying the strength reduction factor by the flexural strength of
the member. On the other hand, the factored moment is calculated by considering

the moments derived from factored loads, [302].

oM, = My (6.18)

Due to brittle nature of FRP members, a strength reduction factor introduced to
deliver a higher replacement of strength in the member. The strength reduction
factor for flexure can be calculated from equation (6.18), where pr = 1.4p¢,
represent the strength reduction factor for compression controlled FRP reinforced
concrete section, ps < py), represent a tension controlled FRP reinforced concrete
section, and pr, < pr < 1.4pg;, represents section that dominated by concrete
crushing limit state and a reduced value for strength reduction factor needs to be
used based on a compression controlled section. Figure (109) shows the strength

reduction factor as function of reinforcement ratio.

0.55 Pr < Prb
0=1{03+ 0.25% Py < pr < Lapy, (6.19)
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Figure 109: the flexural strength reduction factor as a function of reinforcement ratio.

6.3 FE modelling of DIF and results

Following Yan's recommendation as outlined in [202], a specific subset of beams was
carefully selected for a more focused investigation into the Dynamic Increase Factor
(DIF) phenomenon. These beams were meticulously chosen based on their distinct
characteristics, including a uniform bar diameter of 12 mm and varying concrete
compressive strengths, specifically 25, 35, and 45 MPa. The objective was to
thoroughly examine how DIF manifests in response to three separate sets of high-

strain impact loading scenarios.

Table (43) serves as a comprehensive reference, providing detailed information
about each of the selected beams, along with the key factors employed during the
finite element modelling process. It's important to note that all physical attributes
and material properties of these beams align precisely with those discussed in
previous chapters, particularly Chapters Four and Five. This ensures a consistent and

coherent framework for analysis and comparison.
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The investigation of DIF for these chosen beam models closely adhered to the
established methodology detailed in Chapter Four. Leveraging the power of ABAQUS
software, the finite element modelling process was executed with great precision.
However, what sets this analysis apart is the need to attain dynamic design stress
levels under varying loading rates. This requirement acknowledges the dynamic and
time-dependent nature of the loading conditions, which is essential for capturing the

true behaviour of these FRP RC beams under high-strain impact.

In essence, this section of the research endeavours to provide a more nuanced
understanding of how DIF operates within the context of FRP RC beams, shedding
light on its behaviour across different loading scenarios, concrete strengths, and bar
diameters. Through rigorous finite element analysis and empirical data collection,
this study aims to contribute valuable insights into the dynamic performance of such
structural elements and, by extension, enhance the overall understanding of their

behaviour under extreme conditions.

The concrete beams were simulated in ABAQUS, encompassing a spectrum of strain
and loading rates, eliminating the need for equations (6.18) and (6.19) in this
modelling approach. The primary objective was to accurately determine the dynamic
design stress for each beam. To achieve this, each beam underwent four distinct

simulations, each featuring different time durations and amplitudes.

For a comprehensive investigation into dynamic behaviour, each beam was subjected
to four unique simulations, each characterized by a distinct loading time history.
These simulations involved a sequence where the applied load transitioned from zero
to its maximum value and then returned to zero. The loading times were set at 1, 10,

100, and 1000 milliseconds, representing various loading frequencies.

The amplitudes of the applied loads were adjusted in proportion to their respective
time frequencies, adhering to a symmetrical triangular pulse force shape. To illustrate

this approach and its impact on the analysis, Table (44) and Figure (110) provide an
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example featuring Beam A-1-1-25-12, showcasing how it was modelled under

different time histories. This approach allowed for a thorough exploration of the

beam's dynamic response under diverse loading conditions, contributing to a more

comprehensive understanding of its behaviour and performance.

Beam FRP type dp, mm fe MPa ffr» MPa
C-1-1-25-12 Carbon 12 25 320 1890
C-2-1-25-12 Carbon 12 25 80 1890
C-3-1-25-12 Carbon 12 25 40 1890
C-1-1-35-12 Carbon 12 35 320 1890
C-2-1-35-12 Carbon 12 35 80 1890
C-3-1-35-12 Carbon 12 35 40 1890
C-1-1-45-12 Carbon 12 45 320 1890
C-2-1-45-12 Carbon 12 45 80 1890
C-3-1-45-12 Carbon 12 45 40 1890
G-1-1-25-12 Glass 12 25 320 974
G-2-1-25-12 Glass 12 25 80 974
G-3-1-25-12 Glass 12 25 40 974
G-1-1-35-12 Glass 12 35 320 974
G-2-1-35-12 Glass 12 35 80 974
G-3-1-35-12 Glass 12 35 40 974
G-1-1-45-12 Glass 12 45 320 974
G-2-1-45-12 Glass 12 45 80 974
G-3-1-45-12 Glass 12 45 40 974
A-1-1-25-12 Aramid 12 25 320 1400
A-2-1-25-12 Aramid 12 25 80 1400
A-3-1-25-12 Aramid 12 25 40 1400
A-1-1-35-12 Aramid 12 35 320 1400
A-2-1-35-12 Aramid 12 35 80 1400
A-3-1-35-12 Aramid 12 35 40 1400
A-1-1-45-12 Aramid 12 45 320 1400
A-2-1-45-12 Aramid 12 45 80 1400
A-3-1-45-12 Aramid 12 45 40 1400

Table 43: beams and factors used in FE modelling to investigate their DIF under high strain impact loading.

Model Loading time, ms Time frequency, s Amplitude
A-1-1-25-12-1 1 0, 0.001, 0.002 0,10
A-1-1-25-12-10 10 0, 0.01, 0.02 0,10
A-1-1-25-12-100 100 0,0.1,0.2 0,10
A-1-1-25-12-1000 1000 0,1,2 0,1,0

Table 44: Example of time-histories models for beam A-1-1-25-12.
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All he subsequent procedures and processing steps closely mirror the modelling
approach outlined in the preceding chapters, which were systematically elucidated
in Chapter 4. Following the rigorous modelling and analysis procedures, the results of

the ABAQUS simulations have been compiled and assessed.

Table (45) provides a comprehensive overview of 108 models representing CFRP,

AFRP, and GFRP RC beams subjected to impact loads of 320, 80, and 40 kN.

i,f Step Manager A
S+ Edit Amplitude X
Name Procedure Nigeom Time
+  Initial (Initial) N/A N/A
v Name: Amp-1

Type: Tabular

Create... -Edit..‘ Replace... Rename... Delete... Migeom... Dismiss 4
= Time span: | Step time

B
-

Smoothing: (@) Use solver default

Mame: Step-1

Type: Dynamic, Explicit O S -
pecify:

Basic Incrementation Mass scaling  Other

Amplitude Data  Baseline Correction

Description:
Time period: | 0.002
Mgk O Time/Frequency Amplitude
[ Include adiabatic heating effects 1 0 0
2 0.001 1
3 0.002 0
0].4 Cancel

Cancel

Figure 110: beam model A-1-1-25-12-1 with time step of 2 ms and amplitude respectively.
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Figure 111: triangular pulse with respect to time frequency of 1 ms for model A-1-1-25-12-1.
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The data presented in this table pertains to the maximum stress levels observed in
these beams in relation to rate dependency and the bond between the FRP bars and
the concrete matrix. The Dynamic Increase Factor (DIF) for each beam member was
computed using Equation (6.3), where the maximum stress under a specific strain

rate was divided by the maximum stress observed under static conditions.

Subsequently, the average DIF for each FRP RC beam, with respect to loading time,
was calculated. This step culminated in the determination of the final values of DIF
for each type of FRP bar (CFRP, AFRP, and GFRP) under specific loading durations. The
results for DIF values for FRP bars are tabulated in Table (46), offering valuable
insights into the dynamic response characteristics of these materials under varying

loading conditions.

A-1-1-25-12-1 8,74E+08 | 1.21E+00 A-2-1-25-12-1 4,39E+08 | 1.03E+00 A-3-1-25-12-1 549E+08 [1.02E+01
A-1-1-25-12-10 8.74E+08 | 1.21E+00|A-2-1-25-12-10 4,39E+08 1.03E400 |A-3-1-25-12-10 549E+08 |1.02E+01
A-1-1-25-12-100 |  8.40E+08 | 1.17E+00 A-2-1-25-12-100 420E+08 | 1.00E+00|A-3-1-25-12-100 | 5.48E+07 |1.02E+00
A-1-1-25-12-1000|  7.20E+08 | 1.00E+00 A-2-1-25-12-1000|  4.28E+08 1.00E+00 |A-3-1-25-12-1000|  5.38E+07 | 1.00E+00
A-1-1-35-12-1 8,76E+08 | 1.23E+00 A-2-1-35-12-1 4,34E+08 | 1.01E+00 A-3-1-35-12-1 2,75E+07 | 1,02E+00
A-1-1-35-12-10 8.76E+08 | 1,23E+00|A-2-1-35-12-10 4,34E+08 1.01E+00 |A-3-1-35-12-10 2,75E+07 | 1.02E+00
A-1-1-35-12-100 | 8.73E+08 | 1.22E+00 A-2-1-35-12-100 431E+08  |1.00E+00|A-3-1-35-12-100 | 2.73E+07 |1.01E+00
A-1-1-35-12-1000|  7.15E+08 | 1.00E+00 A-2-1-35-12-1000|  4.30E+08 1.00E+00 |A-3-1-35-12-1000|  2.69E+07 | 1.00E+00
A-1-1-45-12-1 8,75E+08 | 1.63E+00 A-2-1-45-12-1 4.39E+08 | 1.02E400 A-3-1-45-12-1 2.74E+07 | 1.02E+00
A-1-1-45-12-10 8.75E+08 | 1.63E+00 |A-2-1-45-12-10 4,39E+08 1.02E400 |A-3-1-45-12-10 2,74E+07 | 1.02E+00
A-1-1-45-12-100 | 8.74E+08 | 1.63E+00 A-2-1-45-12-100 430E+08 | 1.00E+00|A-3-1-45-12-100 | 2.68E+07 |1.00E+00
A-1-1-45-12-1000|  5.37E+08 | 1.00E+00 A-2-1-45-12-1000|  4.29E+08 1.00E+00 |A-3-1-45-12-1000|  2.68E+07 | 1.00E+00

(-1-1-25-121 8.49E+08 |1.18E+00|C-2-1-25-12-1 4.38E408 | 5.23E-01 |C-3-1-25-12-1 2.20E+08 | 1.03E+00
(-1-1-25-12-10 8.49E+08  |1.18E+00)C-2-1-25-12-10 4.38E408 | 5.23E-01 |C-3-1-25-12-10 2.20E+08 | 1.03E+00
(-1-1-25-12-100 | 8.38E+08 | 1.16E+00|C-2-1-25-12-100 4,30E+08 | 5.13E-01|C-3-1-25-12-100 | 2.18E+08 | 1.02E+00
(-1-1-25-12-1000)  7.16E+08 | 9.94E-01 |C-2-1-25-12-1000|  4.28E+08  |5.11E-01|C-3-1-25-12-1000| 2.14E+08 |1.00E+00
C-1-1-35-12:1 8.78E+08  |1.23E+00|C-2-1-35-12-1 4.34E408 | 4.95E-01 |C-3-1-35-121 5.49E+07 | 1.02E+00
(-1-1-35-12-10 8.78E408  |1.23E+00)C-2-1-35-12-10 434408 | 4.95E-01 |C-3-1-35-12-10 5.49E+07 | 1.02E+00
(-1-1-35-12-100 | 8.77E+08  |1.23E+00C-2-1-35-12-100 4.31E+08 | 4.91E-01 |C-3-1-35-12-100 | 5.39E+07 |1.01E+00
(-1-1-35-12-1000| ~ 8.72E+08  |1.22E400|C-2-1-35-12-1000|  4.29E+08 | 4.89E-01 |C-3-1-35-12-1000| 5.36E+07 | 1.00E+00
C-1-1-45-12-1 6.67E+08 | 1.24E+00|C-2-1-45-12-1 4,30E+08 | 6.48E-01 |C-3-1-45-12-1 3.51E+07 | 1.31E+00
(-1-1-45-12-10 6.67E408  |1.24E+00C-2-1-45-12-10 4.30E408 | 6.48E-01 |C-3-1-45-12-10 3.51E407  |1.31E+00
(-1-1-45-12-100 | 6.64E+08  |1.24E+00C-2-1-45-12-100 4.30E408 | 6.48E-01 |C-3-1-45-12-100 | 2.69E+07 | 1.00E+00
(-1-1-45-12-1000| ~ 6.56E+08  |1.22E400|C-2-1-45-12-1000|  4.28E+08 | 6.45E-01 |C-3-1-45-12-1000| 2.68E+07 | 1.00E+00
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G-1-1-25-121 5.98E+08 | 8.31E-01|G-2-1-25-12-1 439E+08 | 7.34E-01|G-3-1-25-12-1 2,74E+08 | 1.02E+00
G-1-1-25-12-10 598E+08 | 8.31E-01|G-2-1-25-12-10 4,39E408 | 7.34E-01|G-3-1-25-12-10 2.74E+08 | 1.02E+00
G-1-1-25-12-100 |  5.98E+08 | 8.31E-01 |G-2-1-25-12-100 4.37E408 | 7.31E-01 |G-3-1-25-12-100 | 2.69E+08 | 1.00E+00
G-1-1-25-12-1000  5.37E+08 | 7.46E-01|G-2-1-25-12-1000|  4.30E+08  |7.19E-01 |G-3-1-25-12-1000| 2.68E+08 |1.00E+00
G-1-1-35-12-1 4.72E+08 | 6.60E-01 |G-2-1-35-12-1 4.38E408 | 1.00E400|G-3-1-35-12-1 2,75E408 | 1.03E+00
6-1-1-35-12-10 4.72E+08 | 6.60E-01|G-2-1-35-12-10 4.38E+08  |1.00E+00|G-3-1-35-12-10 2.75E408 | 1.03E+00
G-1-1-35-12-100 | 4.38E+08 | 6.13E-01 |G-2-1-35-12-100 4.29E408 | 9.79E-01 |G-3-1-35-12-100 | 2.68E+08 | 1.00E+00
G-1-1-35-12-1000)  4.38E+08 | 6,13E-01|G-2-1-35-12-1000|  4.29E+08  |9.79E-01 G-3-1-35-12-1000{ 2.68E+08 | 1.00E+00
G-1-1-45-12-1 4.41E+08 | 8.21E-01 |G-2-1-45-12-1 4.30E408 | 1.00E+00|G-3-1-45-12-1 L76E407 | 131E+00
G6-1-1-45-12-10 4.41E+08 | 8.21E-01|G-2-1-45-12-10 4.39E408  |1.00E+00|G-3-1-45-12-10 1.76E+07 | 1.31E+00
G-1-1-45-12-100 | 4.38E+08 | 8.16E-01|G-2-1-45-12-100 4376408 | 9.98E-01 |G-3-1-45-12-100 | 1.34E+07 |1.00E+00
6-1-1-45-12-1000  4.30E+08 | 8.01E-01|G-2-1-45-12-1000|  4.29E+08  |9.79E-01 |G-3-1-45-12-1000 1.34E+07 | 1.00E+00

Table 45: Result of dynamic design stress and DIF for chosen 108 models of Aramid, Carbon and Glass FRP RC

beams.
Loading Bar material
time, ms

AFRP CFRP GFRP

1 1.13 1.07 1.07

10 1.13 1.07 1.07
100 1.12 1.03 1.02
1000 1.00 1.00 1.00

Table 46:Dynamic increase factor for Aramid, Carbon, and Glass FRP bars

Based on equation (6.15) for ultimate moment, M,,, reduction strength factor, from
equation (6.17) and DIF found from finite element analysis that provided in Table

(47), the design flexural strength can be calculated from following equation:

Mya = (9)(DIF)(My,) (6.20)
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6.3.1 Stress-strain relationship

Figure (112) presents an illustrative depiction of the correlation between maximum
stress and strain rate for various FRP RC beam models, specifically those
incorporating carbon, aramid, and glass FRP, and subjected to impact loads of 40, 80,
and 320 kN at four distinct loading rates. An examination of the maximum stress
results reveals a discernible trend wherein most beams exhibit a notable increase in
strength as the strain rates escalate. Notably, beam models characterized by lower
concrete compressive strength levels tend to display higher peak stress values,
whereas their counterparts with higher concrete compressive strength exhibit lower
peak stress levels and experience higher strain rates when subjected to similar

loading conditions.

The diminished strain rate observed in models with higher concrete compressive
strength can be attributed to the propensity of concrete to dissipate energy owing to
its inherent stiffness, thereby contributing to a reduction in strain rate. It is
noteworthy that despite the disparities in material properties among AFRP, CFRP, and
GFRP, beam models reinforced with AFRP consistently demonstrated superior
performance in terms of strain rate and peak stress when compared to GFRP and
CFRP beam models. This observation underscores the influence of the choice of FRP

material on the dynamic response characteristics of these structures.
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Figure 112: Peak stress as a function of strain rate for different beam model sets.
Furthermore, it's worth noting that there were variations observed in models
featuring higher concrete compressive strength levels compared to beam models
with a concrete compressive strength of 25 MPa. For a more comprehensive view of
the peak stress and strain rate relationship in additional FRP RC beam models
subjected to varying loading conditions, refer to Figure (167) presented in the

supplementary materials, specifically in appendix (C).

260



Figure (114) illustrates the stress-strain curves for various impact loads
corresponding to CFRP, GFRP, and AFRP RC models, all featuring a concrete
compressive strength of 30 MPa. These models are subjected to an 80kN load, which

equates to an impact velocity of 17.145 m/s.

Additionally, Figure (113) showcases CFRP RC models with bar diameters ranging
from 8mm to 16mm. These models are constructed with concrete having
compressive strengths of 25 MPa, 30 MPa, 35 MPa, 40 MPa, and 45 MPa, and they

are subjected to an 80kN impact load.

Upon scrutinizing the results presented in Figure (114), a consistent pattern becomes
evident. CFRP models consistently exhibit higher maximum stress values and greater
stiffness, all while experiencing less deformation when compared to their AFRP and
GFRP counterparts. Furthermore, as the diameter of FRP bars increases, there is a
noticeable augmentation in both strength and ductility. Notably, it's crucial to
emphasize that the initial stiffness of concretes with varying compressive strengths

remains consistent.
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Figure 113: Stress-strain of FRP RC beams response under 80kN Impact load with respect to DIF factor.
Furthermore, at a relatively low velocity of 12.125 m/s, the concrete exhibited a
maximum stress of approximately 1.0 MPa. This observed maximum stress value
proved insufficient to significantly impact the compressive strength of concrete, even
when varying within the range of 30 MPa to 45 MPa under the influence of impact
loading. This observation is further supported by Figure (114), where the stress-strain
graph demonstrates elastic recovery, indicating that failure criteria were not met. The
ability of the material to nearly return to its original shape upon load removal

substantiates this conclusion.
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Figure 114: Stress-strain response of models under different loading with respect to DIF factor.
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6.3.2 Strength

Figure (115) presents a comprehensive overview of the maximum stress values
derived from Figure (114), showcasing their relationship with strain rate. In this
analysis, it becomes evident that models which did not exhibit any signs of failure are
associated with lower strain rates. This lower strain rate is a result of the gradual
deformation observed at maximum stress levels, which is linked to the model's
capacity to absorb the impact energy without undergoing any failure mode. In
simpler terms, when the strain rate is low, it indicates that the material is deforming

slowly and can withstand the applied load without failing.

However, when examining the models that did experience failure, a distinct trend
emerges from Figure (115). Specifically, concrete specimens reinforced with larger
bar diameters demonstrate a noticeable increase in strength as the strain rate rises.
This signifies that the concrete becomes stronger and more resilient under high-
speed loading conditions, particularly in models with larger bar diameters.
Conversely, the increase in strength due to higher strain rates is less pronounced in
models with smaller bar diameters. In essence, smaller bar diameters are associated
with higher strain rates, and as the bar diameter increases, the strain rate decreases

in these models.

It's worth noting that there is a wider range of variability in the results for concrete
models reinforced with a 14 mm bar diameter, as evidenced by the larger dispersion
observed. This suggests that the behaviour of these models is more variable and less
predictable compared to those with different bar diameters. This variability could be
attributed to various factors, such as material properties, geometry, and the specific

conditions of each model.

In summary, Figure (115) provides valuable insights into how strain rate affects the
maximum stress in concrete models. Lower strain rates are associated with models

that don't fail, while higher strain rates lead to increased strength, particularly in
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models with larger bar diameters. However, concrete models reinforced with a 14

mm bar diameter exhibit a wider range of variability in their responses to strain rate.

These findings contribute to a deeper understanding of the behaviour of FRP RC beam

models under varying loading conditions.
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Figure 115: Strength-Strain Response of Models under Varied Loading Conditions Considering the (DIF).

6.3.3 Validation of Dynamic increase factor

Figure (116) illustrates the relationship between the Dynamic Increase Factor (DIF)
and strain rate for beam models featuring concrete compressive strength of 25 MPa
subjected to various loading conditions. The DIF values were determined through

simulation of the beam models using static stress as the reference point.

The findings indicate a notable increase in the DIF for FRP RC beam models as the
strain rate escalates. Notably, the DIF for AFRP RC beams with a concrete
compressive strength of 45 MPa reaches 1.63 at a strain rate of 75.16 s~1. When
comparing these results to DIF values reported in other experimental studies, they
fall within a similar range, although there is a slight overestimation observed for the
concrete beams with 25 MPa, as noted in previous studies, [303] [304]. This
observation underscores the consistency of the obtained DIF values in this research

with those reported in the existing literature.
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Figure 116: DIF Vs strain rate for CFRP, AFRP, and GFRP RC beams under different set of loading.
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Furthermore, the results of this study indicate that AFRP RC beams exhibit a relatively
high sensitivity to changes in strain rates. However, it's important to note that due to
the limited availability of experimental data on the Dynamic Increase Factor (DIF) for
Aramid fibre-reinforced concrete beams, a comprehensive comparison between the
results of this study and existing experimental data is not feasible. For a more
comprehensive view of the DIF results for other simulated FRP RC beams as a function

of strain rate, please refer to the data presented in Appendix (C).

Moreover, the findings of this study are consistent with the provisions outlined in the
CEB-FIP code. The DIF values predicted for the models using recommendations from
CEB-FIP code are presented in Figure (116) and exhibit agreement with CFRP and
GFRP models. However, it's worth noting a slight overestimation in the case of the
AFRP model. For those models that experienced failure modes, the DIF appears to be
independent of the strain rate effect. This observation is attributed to the fact that

these models did not reach their maximum strength, resulting in a lower DIF value.

Figure (1) offers a comparison between the bending moments predicted by the
American Concrete Institute (ACI) guidelines and those calculated using the equation
(6.20) for a specific FRP RC beam. This graph presents the analytical model's results
alongside the ACIl's recommended values for predicting bending moments concerning
deflection. Impressively, the bending moments derived from the analytical model
exhibit a remarkably close alignment with the ACl's prescribed values, indicating a
robust agreement between the two approaches. In the context of the beam depicted
in figure (1), the ratio of ACl's calculated bending moment M,, to that obtained
through the analytical model is approximately 1.12, emphasizing a strong
correspondence. This level of agreement underscores the reliability and accuracy of
the analytical model in predicting bending moments for FRP RC beams, reinforcing its

utility as a valuable tool for structural design and analysis in engineering applications.
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6.4 Conclusion

Existing Previous research has extensively explored the phenomenon of increased
concrete strength under dynamic loading conditions and its correlation with strain
rates. However, the existing body of work has overlooked the specific impact of high
strain rates on various types of Fiber-Reinforced Polymer (FRP) materials and their
distinctive effects on reinforced concrete structures, with the exception of some
studies that have focused on concrete-filled steel tubes and Aramid Fiber-Reinforced

Polymer (AFRP) materials in confined concrete structures [305] [306].

In this chapter, we conducted a comprehensive numerical investigation into the
behaviour of Carbon Fiber-Reinforced Polymer (CFRP), Aramid Fiber-Reinforced
Polymer (AFRP), and Glass Fiber-Reinforced Polymer (GFRP) reinforced concrete
beams subjected to high strain rates. These models were characterized by different
bar diameters, ranging from 8mm to 16mm, and varying concrete compressive
strengths between 25 MPa and 45 MPa. The simulations involved subjecting these
models to dynamic impact loads and high strain rates, ranging from 10 to 10™* s~ 1.
The results of our study revealed a consistent increase in the strength of these FRP

RC beams as both the bar diameter and strain rate increased. Furthermore, our

findings on the Dynamic Increase Factor (DIF) were in line with the existing literature
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and conformed to the provisions outlined in the CEB-FIP code, which is based on the
static concrete strength and assumes a length-to-diameter ratio of 2. Notably, lower

DIF values were observed for models with lower length-to-diameter ratios.

Additionally, we observed a trend in deformability at the point of failure, with CFRP
models exhibiting approximately 1.3% deformation, AFRP models showing 2.8%
deformation, and GFRP models displaying 2.3% deformation. It's important to
emphasize that all the FRP RC beam models in our study exhibited sensitivity to strain

rate and displayed a degree of dependency on it.

A more extensive investigation involving a larger number of FRP RC beam models
subjected to high strain rates would undoubtedly contribute to a deeper
understanding of this phenomenon, ultimately facilitating its practical application in

engineering and construction practices.
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Chapter 7: Conclusions and recommendations for future work

7.1 Thesis Summery

The primary objective of this research was to investigate the influence of high strain
rate on the bond behaviour of fibre-reinforced polymer bar-reinforced concrete
beams (FRP RC beams) subjected to high-velocity impact loading. The study focused
on subjecting carbon, glass, and aramid FRP RC beams to low-mass, high-velocity
impact loads, with the intention of analysing their local and global response under
dynamic loading conditions. To achieve this, numerical modelling was conducted
employing the commercial ABAQUS software, drawing upon prior experimental
studies that were referenced and validated in Chapter 3. The three-dimensional finite
element modelling was based on the beam tests carried out by Saleh and Borosnyoi,

[1] [2], which were extensively explained in Chapter 4.

Following the validation of static and dynamic numerical models, parametric studies
were performed to investigate their effect on the behaviour of CFRP, GFRP, and AFRP
RC beams under impact loading. Additionally, a regression analysis was conducted to
predict the behaviour of FRP RC beams under impact loading, considering various
parameters such as five different bar diameters, five compressive strengths, and
three high-velocity impact loads. The application of three increasing impact loads to
the FRP RC beams resulted in the generation of 225 beam models. Furthermore, an
additional 108 models were constructed to determine the design stress and DIF
(Design Impact Factor) for FRPs, thus facilitating the calculation of the design flexural

strength for reinforced concrete beams with FRP bars.

7.2 Achievements and Contributions
The analysis yielded several noteworthy achievements and contributions, as outlined

below:

e FRP reinforced concrete beams were effectively modelled in a beam test

simulation that incorporated a rate-dependent bond-slip model. The results

271



obtained from both static and dynamic models were rigorously validated

against existing experimental tests, demonstrating excellent agreement.

Through a comprehensive examination involving 225 detailed finite element
analyses of glass, carbon, and aramid FRP reinforced concrete beams, an
equation was formulated. This equation enables the prediction of slip,
maximum bond strength, and deflection in relation to four distinct
parameters and their corresponding coefficients. These coefficients are
presented in Chapter 5.8, derived from a multi-way ANOVA analysis for each

scenario.

The research introduced a strain rate-dependent model, designed to achieve
DIF (Dynamic Increase Factor) objectivity within finite element modelling of

FRP RC beams subjected to high-strain impact loads.

An interesting observation was made regarding the dynamic increasing factor,
which was found to be approximately 5.3-8% higher in AFRP bars compared

to CFRP and GFRP bars under impact loading conditions.

The study comprehensively compared all local and global responses of FRP RC
beams with existing experimental works, revealing a robust coordination and

agreement.

Development of a strain-load dependent 3D model to simulate FRP bond-slip
behaviour, pull-out and de-bonding failure for the first time under high impact

load.

A significant contribution was made through the development of a strain-load

dependent 3D model. This model is capable of simulating FRP bond-slip
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behaviour, pull-out, and de-bonding failure under high impact loads, marking

the first instance of such simulation.

e A novel equation was derived for predicting slip, maximum bond strength,
and deflection of FRP RC beams, with consideration given to the developed

coefficients.

e A pioneering effort was made in determining the design stress for FRP RC
beams under the influence of high strain rates and impact loads. This
determination was based on a vast set of results obtained from simulating
FRP RC beam models and providing DIF values for AFRP, CFRP, and GFRP bars

under various loading durations.

7.3 Conclusions
As an effort to model the strain rate effect on FRP RC beams subjected to high velocity

impact loading, the subsequent conclusions are drawn:

e  Under impact loads, FRP RC beams with smaller bar diameters exhibited higher
strength, with GFRP RC beams displaying lower slip compared to AFRP and CFRP
RC beams prior to failure. However, CFRP and AFRP RC beams demonstrated an

overall better performance.

e  Models with higher concrete compressive strength showcased smaller slip over
time compared to similar models with lower concrete compressive strength.
This observation stemmed from the increased brittleness of higher strength

concrete models.
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The influence of time step revealed that, for many models under impact loading,
the maximum displacement occurred during the free vibration phase. In
contrast, for the same models, the maximum displacement was reached in the

forced vibration phase under lower velocity impact loads.

The ultimate dynamic strain of models increased with an increase in impact load
and velocity. Notably, GFRP RC beams exhibited a significant increase in average
maximum dynamic strain compared to AFRP and CFRP RC beams under various

impact loads.

An increase in bar diameter of models led to a decrease in pull-out failure while
de-bonding failure increased. Pull-out failure accounted for an average of 77%
of all failure modes, while de-bonding failure constituted an average of 23%. This
phenomenon could be attributed to the stronger bond between smaller bar

diameters and the surrounding concrete beams.

Under impact loads, an increase in the modulus of elasticity of FRP bars resulted
in higher ultimate loads and maximum bond strengths. Conversely, slip and mid-

span deflection decreased with an increase in modulus of elasticity.

Models with a C/db ratio greater than 2 experienced pull-out failure,

particularly in cases where concrete cover was twice the bar diameter, aligning

with findings from previous studies.

Pull-out failure predominated when the embedment length to bar diameter

ratio l;/d, exceeded 5, with 58.33% of overall failed modes being attributed to
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pull-out. Only 30% of FRP RC beam models with an embedment length to bar

diameter ratio greater than 5 failed due to de-bonding.

Anincrease in the ratio of concrete cover to bar diameter resulted in an increase
in normalized bond strength. Beam models displayed an average of 20.45%
higher normalized bond strength as the ratio of concrete cover over bar

diameter increased from 1.58 to 3.17.

CFRP RC beams with a 12 mm bar diameter outperformed AFRP and GFRP RC
beams, exhibiting a 24.14% and 23.26% increase in maximum loading,
respectively. In terms of maximum mid-deflection, CFRP RC beams with a 12 mm
bar diameter displayed a 36.69% and 23.6% decrease compared to AFRP and
GFRP RC beams, respectively.

Pull-out failure was associated with concrete compressive strength values
between 25 and 30 MPa, while de-bonding failure was linked to concrete

compressive strength ranging from 30 to 45 MPa.

The results indicated a 15.8% increase in ultimate load for beams with concrete
compression of 45 MPa and a 12 mm bar diameter, and an increase in ultimate
load by 18.7% for the mentioned beam model with a change in the modulus of
elasticity of FRP bars from 45 GPa to 69 GPa, and subsequently from 69 GPa to
136 GPa. This increase was attributed to the rise in the young’s modulus of FRP

bars.

The results for DIF (Design Impact Factor) demonstrated increased strength with

an increase in bar diameter and strain rate. Lower DIF values were observed for
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models with lower length to diameter ratios, aligning with existing literature and
CEB-FIP code, which considers static concrete strength with a length to diameter

ratio of 2.

e A trend in deformability at failure was identified, with CFRP models exhibiting
approximately 1.3% deformability, AFRP models displaying around 2.8%, and
GFRP models exhibiting about 2.3%. All FRP RC beam models were influenced
by strain rate and showed dependency. Further investigations into a greater
number of FRP RC beam models subjected to high strain rates are needed for a

more comprehensive understanding and practical applications.

7.4 Recommendation for future work

Based on the numerical investigations conducted in this study, several areas for
further research can be identified to enhance our understanding of the bond
behaviour of FRP RC beams. The following recommendations for future work are

presented:

e  Exploration of Various Time Histories: This study examined the impact of a
single time history on FRP RC models. To gain a more comprehensive
understanding of the bond behaviour of FRP RC beams under impact loading, it
is essential to investigate the influence of different time histories on impact
loads and the bond behaviour of these beams as it effects structure vibrates and
response to impact wave form. Furthermore, it leads to amplified displacements
and stresses. Other effects caused by importance of time histories is the result
in structural damage and failures.

Time history also influences on energy absorption of structure under the impact.
Adequate energy dissipation mechanisms, such as damping, are critical for

mitigating damage.
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Effect of Pre-Stressing: Many reinforced concrete structures incorporate pre-
stressing. Therefore, it is valuable to explore the impact of pre-stressing on the
bond behaviour of FRP-reinforced concrete under dynamic loading conditions,

such as high-velocity impact and see the effect on type of failures develops.

Strain Rate Effects in High Mass Impact Loading: Further research should be
conducted to examine the influence of strain rate in the context of high-mass
impact loading on FRP RC members. Understanding how strain rate affects bond
behaviour under such conditions is crucial for structural engineering

applications.

Cross-Sectional Variation: This study primarily focused on rectangular cross-
section beams. Future investigations should encompass a broader range of
cross-sectional shapes, including I-shaped and T-shaped profiles, as well as other

FRP RC structural members, subjected to high-velocity impact loads.

Exploration of Additional FRP Materials: While this study examined Carbon,
Aramid, and Glass FRP bars, it is advisable to explore the bond behaviour of FRP
RC beams reinforced with other types of FRP materials, such as Basalt. This can
provide valuable insights into the applicability of different FRP materials in high-

velocity impact scenarios.

Cracking and Failure Mode Analysis: Future studies should delve into the
detailed analysis of cracking patterns and failure modes exhibited by FRP RC
beams under high-velocity impact loading. Understanding how these beams
respond to dynamic loads and identifying critical failure mechanisms can inform

safer and more resilient structural designs.
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Boron/epoxy;
glass/epoxy;
kelvar/epoxy;
graphite/epoxy

Graphite/epoxy

Graphite/epoxy

Glass/polyester;
glass/epoxy; short

graphite
fibre/nylon6,6

1x107*—500s"!

1.7-4.9 m/s

14 x 1074 -27s71

Static —381s7?

100s — 500s~1

0.001 — 2000s~1

Increase in
longitudinal tensile
modulus and
compression
modulus;

insensitive tensile
and compression
strength and strain;
increase in
transverse tensile
and compression

modulus and
strength

Decreas of tensile
modulus and
strength of
graphite/epoxy;
insensitive tensile
modulus and
strength of
glass/epoxy
Increase in tensile
modulus and

failure strength of
kelvar/epoxy;
insensitive tensile

modulus and
failure strength for
Boron/epoxy;
glass/epoxy  and
graphite/epoxy
Increase in
transverse tensile
and shear
properties;
insensitive
longitudinal tensile
strength

Increase in
transverse tensile
and shear
properties;
insensitive
longitudinal tensile
strength

Increase in tensile
strength of
graphite/epoxy and
short graphite
fibre/nylon;
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Barre

Paterson

Groves

Powers

Li

Takeda & Wan

Tzeng &

Abrahamian

Amijima & Fuji

Cazeneuve & Maile

Sims

Glass/phenolic
resin;
glass/polyester
Chopped glass fiber
in  styrene/maleic
anhydride resin

Carbon/epoxy

Graphite/epoxy;
Graphite/polyimide

Short
fibre/liquid
crystalline polymer

glass

Glass/polyester

Graphite/epoxy

Glass/polyester

Graphite/epoxy

Glass
mat/Polyester

0.1—10s71

1.67 x 1073 — 6571

0 —3000s1
49 — 1430571
10~% — 350571
1073 — 750571
10-100 in/s
1073 —103s71
1073 — 600s 1

107 — 10" m/s

decrease in tensile
strength of
glass/epoxy  and
glass/polyester

Increase in tensile
modulus and
strength

Increase in tensile

modulus and
strength

Increase in
compressive  and

tensile properties
Increase in
compression yield
stress and elastic

strain of
graphite/epoxy;
insensitive ultimate
strength and
modulus of
elasticity of both
composites
Increase in
compression
modulus and
strength

Increase in
compression
strength

Increase in strain
and compression
strength

Increase in
compression
strength

Increase in
longitudinal  and
transverse
compression
strength

Increase in flexural
strength

Table 47: Experimental work on effect of strain rate on mechanical properties of FRP.
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Bond-Slip Ascending Descending branch s > s

model branch

SSSO

Neubauer, . (i) 0 B X 0.202 2 — by /b,
S 1125 ———
[209] 0 1+ by /400
Nakaba, [208] s s\3 3.5£/01 0.065
_ S\, (, (_) 5f; _
s Sp—S ta , 50
Tmax (_> Tmax L 1'8'8Wft 2.5Tmax (E_ + E_) 0'33'8‘” 2 — bf/bc
0 5 = So . Y T55,/100
f
Savioa, [163] [ T_max (s/s_0)[2.86/(1.86 3.5£/01 0.051 a _
+(s/5.0)"2.86)] = 0.028(E;t;/1000)"***

Table 48: Existing bond-slip models.
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Yield Force Plastic 2 Yield Force/ | Plastic
No. Momentﬁ motion Rate No, Moment Irr motion ol
1 27355.05051 | 0.0005 0 33 45591.75152 | 0.0005 | 0.001
2 31448.13717 | 0.001 0 34 52413.56195 | 0.001 | 0.001
3 34120.76282 | 0.0015 0 35 56867.93803 | 0.0015 | 0.001
4 36153.66444 | 0.002 0 36 60256.1074 | 0.002 | 0.001
n 37813.5455 | 0.0025 0 37 63022.58317 | 0.0025 | 0.001
6 39226.19018 | 0.003 0 38 65376.98363 | 0.003 | 0.001
7 40461.65436 | 0.0035 0 39 67436.0906 | 0.0035 | 0.001
g 41563.27115 | 0.004 0 40 £59272.11858 | 0.004 | 0.001
9 42559.83508 | 0.0045 0 41 70933.05847 | 0.0045 | 0.001
10 43471.52224 | 0.005 0 42 72452.53707 | 0.005 | 0.001
11 44313.0562 | 0.0055 0 43 73855.09367 | 0.0055 | 0.001
12 45095.5333 0.006 0 44 75155.22217 | 0.006 | 0.001
13 45827.538059 | 0.0065 0 45 76375.23015 | 0.0065 | 0.001
14 46515.85773 | 0.007 0 46 77526.42555 | 0.007 | 0.001
15 47165.55746 | 0.0075 0 47 78609.5251 | 0.0075 | 0.001
16 47782.30742 | 0.008 0 48 79637.17503 | 0.008 | 0.001
17 36473.40121 | 0.0005 0.0001 45 54710.10182 | 0.0005 | 0.01
18 41530.84556 | 0.001 0.0001 50 62896.27434 | 0.001 0.01
15 45494.35043 | 0.0015 | 0.0001 51 68241.52564 | 0.0015 | 0.01
20 48204.88552 | 0.002 0.0001 52 72307.32888 | 0.002 0.01
21 50418.06653 | 0.0025 | 0.0001 53 75627.0938 | 0.0025 | 0.01
22 52301.58651 | 0.003 0.0001 54 78452.38036 | 0.003 0.01
23 53548.87248 | 0.0035 | 0.0001 55 80923.30872 | 0.0035 | 0.01
24 55417.659487 | 0.004 0.0001 56 83126.5423 | 0.004 0.01
25 56746.44677 | 0.0045 0.0001 57 85115.67016 | 0.0045 | 0.01
26 57962.02965 | 0.005 0.0001 58 865943.04448 | 0.005 0.01
27 59084.07453 | 0.0055 | 0.0001 59 88626.1124 | 0.0055 | 0.01
28 60127.37773 | 0.006 0.0001 60 50151.0666 | 0.006 0.01
29 61103.38412 | 0.0065 | 0.0001 61 51655.07618 | 0.0065 | 0.01
30 62021.14364 | 0.007 0.0001 62 93031.71546 | 0.007 0.01
31 62887.54328 | 0.0075 | 0.0001 63 94331.51452 | 0.0075 | 0.01
32 63709.74323 | 0.008 0.0001 64 55564.61484 | 0.008 0.01

Table 49: Applied force-slip with rates on connectors between each nodes of FRP bars and concrete for Dynamic

model in ABAQUS.
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| Name: ConnSect-1

| Available CORM: U1 Constrained CORM: U2, U3, URT, UR2, UR3

| Type:  Translator ./

Connection type diagram: G
Behavior Options | Table Options
Behavior Options
Elasticity +
&
Plasticity
Definition: Nenlinear
Coupling: @ Uncoupled O Coupled
Force/Moment: BF1 72 | [F 1 12
Specify isotropic hardening
[] Specify kinematic hardening
Isotropic Hardening | Kinematic Hardening | Force Potential
Definition: @ Tabular () Exponential law
[ Use temperature-dependent data
MNumber of field variables: 0 5
Data
Yield Force Plastic ~
/Moment Motion Rt
16 47782.30742 0.008 0
17 3647340121 0.0005 0.0001
18 41930.84956 0.001 0.0001
19 4500435043 0.0015 0.0001
20 48204.88502 0.002 0.0001
21 50418.06653 0.0025 0.0001 v
oK Cancel |

Figure 118: Applied rates for each connector for Dynamic model in ABAQUS.

% Edit Amplitude

MName: Amp-1
Type: Tabular

Time span: | Step time 'v
Smoothing: (®) Use solver default
() Specify:

Amplitude Data  Baseline Correction

Time/Frequency Amplitude
1 0 0
| 2 0.03 1
3 0.06 0
oK Cancel

Figure 119: Applied amplitude for dynamic FE model in ABAQUS.
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Name Procedure Nigeom Time
v Initial (Initial) MN/A N/A
v
Create, Edif... | Replace... | ;Rename...; ngeom...; Dismiss
MName: Step-1
Type: Dynamic, Explicit
Basic Incrementation  Mass scaling  Other
Type: ) Automatic @) Fixed
Increment size selection
(@) User-defined time increment: | 1E-06
(0 Use element-by-element time increment estimator
Cancel

Figure 120: Applied increment size for time for Dynamic/Explicit model in ABAQUS.

= Edit Material

MName: FRP

Description: |
Material Behaviors

Density
Elastic
Plastic

General Mechanical Thermal Electrical/Magnetic  Other |

Damping
Alpha: |

Beta:

Composite: |

Structural: |0

oK Cancel |

[oampng ]

# Edit Material

MName: Concrete

Description:

7

Material Behaviors
Joumpny
Density

Elastic

Concrete Damaged Plasticity

General Mechanical Thermal Other 4l

Electrical/Magnetic
Damping
Alpha: [0 |

Beta

Composite: |0

Structural: |0 |

oK Cancel |

Figure 121: Applied Damping for FRP and concrete parts, ABAQUS.
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< Edit Material X

45 Edit Material X
Name: Concrete

& : Name: Concrete
escription: »
=" Description:

Material Behaviors

Material Behaviors

Damping
Density
Elastic

Cancrete Damaged Plasticity

General  Mechanical Thermal  Electrical/Magnetic  Other ¥

General Mechanical  Thermal  Electrical/Magnstic  Other bd
Concrete Damaged Plasticity

Concrete Damaged Plasticity
Plasticity | Compressive Behavior | Tensile Behavior

[ Use st

[ Use temperature-dependent data

Plasticity Compressive Behavior | Tensile Behavior |

-dependent data ~ Suboptions
Type: Strain M ~ Suboptions.

Use strain-rate-dependent data

Number of field variables: 05 L A ——
Dt Number of field variables: 0%
Yield Inelasti
Stress g Hte . Dita
1 12500000 0 0 Yield Cracking Rate A
2 25000000 0.002 0 Stress Strain
1 2500000 0 0
3 5000000 0.004 0
2 25000 0.001 0
4 12903225.81 0 0.001 3 2656250 o 0001
5 25806451.61 0.002 0.001 4 26562.5 0.001 0.001
6 5161290322 0.004 0.001 5 3125000 0 001
T 14516129.03 0 0.0 6 31250 0.001 001
8 29032258.07 0.002 0.01 v 7 3750000 0 0.1 v
oK Cancel oK Cancel
Figure 122: Applied rate in CDP of concrete for rate dependency.
Compressive behaviour Tensile Behaviour
Yield Stress  Inelastic  Rate Yield Stress Cracking  Rate
Strain Strain

28700000 0 0 5740000 0 0
57400000 0.002 0 57400 0.001 0
11480000 0.004 0 6098750 0 0.001
29625806.5 O 0.001 60987.5 0.001 0.001
59251612.9 0.002 0.001 7175000 0 0.01
11850322.6 0.004 0.001 71750 0.001 0.01
333290323 O 0.01 8610000 0 0.1
66658064.5 0.002 0.01 86100 0.001 0.1
133316129 0.004 0.01

35180645.2 O 0.1

70361290.3  0.002 0.1

14072258.1 0.004 0.1

Table 50: Details for rate dependency of concrete material.
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Appendix B

Figure 123: Modelling of FRP bar part and concrete part in ABAQUS.

= Edit Material % 4= Edit Material X
MName: Concrete MName: Concrete
iption: ., Description: -

Description: ‘ # p ’-/

Material Behaviors Material Behaviors

[ Damping Damping

Density Density

Elastic Elastic

Concrete Damaged Plasticity Concrete Damaged Plasticity

General Mechanical Thermal Electrical/Magnetic  Other “z‘ General Mechanical Thermal Electrical/Magnetic  Other Ha

Concrete Damaged Plasticity Concrete Damaged Plasticity

Plasticity | C Behavior ! Tensile Behavior Plasticity Comp Behavior | Tensile Behavior |
[=] Use strain-rate-dependent data ¥ Suboptions Type: | Strain B
[] Use temperature-dependent data [ Use strain-rate-dependent data

Mumber of field variables: [ Use temperature-dependent data

Data Mumber of field variables: 0=

Yield Inelastic Rate ~ Data
Stress Strain o
1 15000000 0 0 s?;i csn::n‘g hat =
2 30000000 0.002 0 1 3000000 0 0
3 6000000 0.004 0 2 30000 0.001 0
4 1548387097 0 0.001 3 3187500 0 0.001
5 3006774193 0.002 0,001 a 3875 0.001 0.001
6 6193548.386 0.004 0,001 5 3750000 0 o1
7 1741935484 0 0.01 6 37500 0.001 0.1
8 348370068 0.002 0.01 v 7 4500000 0 0.1 o

Cok

OK Cancel
Figure 124: Example of defined CDP compressive and tensile behaviour for concrete in model G-1-1-30-14.
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Pa

Stress

Yield Stress
947000000
9470000
1042000000
10420000
1136000000
11360000
1336000000
13360000
142000000
14200000
1515000000
15150000
1610000000
16100000
1800000000
18000000

Plastic Strain

0

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0
0.03

Rate

0.08
0.08
0.9
0.9
8.7
8.7
17.4
17.4
43
43
87
87
174
174

Table 51: Example of plasticity behaviour defined for GFRP bar in G-1-1-30-14 model in ABAQUS.

1.60E+07
1.40E+07
1.20E+07
1.00E+07
8.00E+06
6.00E+06
4.00E+06

2.00E+06

0.00E+00
0.00E+00

5.00E+08

1.00E+09

Strain

1.50E+09

——— AFRP
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1.00E+07
9.00E+06
8.00E+06
7.00E+06
£ 6.00E+06
§ 5.00E+06
& 4.00E+06 —— GFRP
3.00E+06
2.00E+06
1.00E+06

0.00E+00
0.00E+00 5.00E+08 1.00E+09

Strain

2.00E+07
1.80E+07
1.60E+07
1.40E+07

£ 1.20E+07

@" 1.00E+07

& 8.00E+06 —— CFRP
6.00E+06
4.00E+06
2.00E+06

0.00E+00
0.00E+00 5.00E+08 1.00E+09 1.50E+09 2.00E+09

Strain

Figure 125: Stress-Strain for AFRP, GFRP, and CFRP bars.

2 Edit Material X
Mame: FRP
Description: [ -.2

Material Behaviors

Damping
Density
Elastic

_—

General  Mechanical Thermal Electrical/Magnetic  Other o]
Plastic
Hardening: | Isatrapic il | ¥ Suboptions,

Use strain-rate-dependent data
[ Use temperature-dependent data

Number of field varisbles: | 0%
Data
Yield Plastic -
Stress Strain Rt
1 947000000 0 0
2 2470000 0.03 0
3 1040000000 0 0.08
4 10400000 0.03 0.08
5 1140000000 0 09
6 11400000 0.03 09
7 1340000000 0 87
8 13400000 003 87
{ Ll
ok | [ Cancel |

Figure 126: Example of defined plasticity behaviour for GFRP bar applied in ABAQUS
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Figure 127: Example of FRP RC beam after defined FRP and concrete parts are assembled in ABAQUS.

& Step M By
S Step Manager 5 Edit Step
Name Procedure Nigeom Time

v Initial {Initial) N/A N/A hame: Step-1

Type: Dynamic, Explicit

Basic  Incrementation  Mass scaling ot

| Create.. | Edit. | |Replace.| Rename.. | Delete.. ~|Nigeom.. | Dismiss

Linear bulk viscosity parameter. | 0,12
# Edit Step

X
Mame: Step-1 Quadratic bulk viscosity parameter

Type: Dynamic, Explicit
Basic Incrementation  Mass scaling  Other
Type: (O Automatic @ Fixed
Increment size selection

(®) User-defined time increment:

O Use element-by-element time increment estimator

Figure 128: Example of defined time period and increment size for bema models in ABAQUS.
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# Edit Amplitude

Mame: Amp-1
Type:  Tabular

Time span: |Step time i':']
Smoothing: @) Use solver default
() Specify: |

Amplitude Data  Baseline Correction

Time/Freguency Amplitude
1 0 0
2 0.03 1
3 0.06 0

ok | | Cancel |

Figure 129: symmetrical triangular force time history for all FRP RC beam models in ABAQUS.

&= Edit Connector Section Assignment
Region: Wire-1-5et-1 [

Section Orientation 1 Orientation 2
Specify C5YS: Datum csys—3 [ L

() Mo modifications to C5YS
(®) Additional rotation angle: igﬁ degrees

About axis: (1 @2 (3

==

o . .
w Connector Section Assignment Manager

Section Name Connection Type Region Tag

Conn5ect-1

Wire-1-5et-1 CSA-1

Translator

'-Createl Delete... I |Dusm '
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Figure 130: Example of assigning connectors between FRP bar and concrete beam in ABAQUS.

Yield Force/  Plastic Rate Yield Plastic  Rate Yield Plastic Rate
Moment Motion Force/ Motion Force/ Motion
Moment Moment
36120.22738 0.0005 0.0001 45150.2842 0.0005 0.001 54180.3411 0.0005 0.01
41085.1836  0.001 0.0001 51356.4795 0.001 0.001 61627.7754 0.001 0.01
44300.12658 0.0015 0.0001 55375.1582 0.0015 0.001 66450.1899 0.0015 0.01
46732.60481 0.002 0.0001 58415.756 0.002 0.001 70098.9072  0.002 0.01
48710.99023 0.0025 0.0001 60888.7378 0.0025 0.001 73066.4853 0.0025 0.01
50389.46226 0.003 0.0001 62986.8278 0.003 0.001 75584.1934 0.003 0.01
51853.63301 0.0035 0.0001 64817.0413 0.0035 0.001 77780.4495 0.0035 0.01
53156.30017 0.004 0.0001 66445.3752 0.004 0.001 79734.4503 0.004 0.01
54332.47124 0.0045 0.0001 67915.5891 0.0045 0.001 81498.7069 0.0045 0.01
55406.62732 0.005 0.0001 69258.2841 0.005 0.001 83109.941 0.005 0.01
56396.60242 0.0055 0.0001 70495.753 0.0055 0.001 84594.9036 0.0055 0.01
57315.81606 0.006 0.0001 71644.7701 0.006 0.001 85973.7241  0.006 0.01
58174.63543 0.0065 0.0001 72718.2943 0.0065 0.001 87261.9531 0.0065 0.01
58981.24644 0.007 0.0001 73726.5581 0.007 0.001 88471.8697 0.007 0.01
59742.2328 0.0075 0.0001 74677.791 0.0075 0.001 89613.3492 0.0075 0.01
60462.97354 0.008 0.0001 75578.7169 0.008 0.001 90694.4603 0.008 0.01

Table 52: Example of calculated force-slip model applied to connectors with rate dependency.
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4% Edit Connector Section 4
Neme: ConnSect-1

Type:  Translator /7

Available CORM: U1 Constrained CORM: U2, U3, UR1, UR2, UR3.

Connection type diagram: 1

Behavior Options  Table Options  Section Date

Behavior Options

Plasticity
Definition: Nonlinear
Coupling: @ Uncoupled O Coupled
Force/Moment: [ F1 []F2 []F3 1M1 M2 [IM3
[ Specify isotropic hardening
[ Specify kinematic hardening
Isotropic Hardening | Kinematic Hardening | Force Potential
Definition: @ Tabular ) Exponential law
[ Use temperature-dependent dats

Number of field variables:

Data.
Yicld Force Plastic i -
/Moment Motion

1 36120.22738 0.0005 0.0001 I

2 41085.1836 0.001 0.0001

3 44300.12658 0.0015 0.0001

4 46732.60481 0.002 0.0001

5 4871099023 0.0025 0.0001

6 5038046226 0.003 0.0001 ~

Figure 131: Example of calculated force-slip model applied to connectors with rate dependency in ABAQUS.

Figure 132: example of four constraints applied on FRP RC beams on both left and right sides, top middle side of

the beam in ABAQUS.
= Constraint Manager >
v Rigid
" Constraint-2 Rigid body
" Constraint-3 Rigid body
" Constraint-4 Rigid body
| Create... | I Edit... I | Copy... ] |Renamel [ Delete... | | Dismiss |

Figure 133: Constraints applied to FRP RC beam models in ABAQUS from constraints manager function.
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% Edit Boundary Condition >
Mame: BC-1

Type:  Displacement/Rotation

Step:  Step-1 (Dynamic, Explicit)

Region: (Picked] [

Csvs: (Global) [ L

Distribution: | Uniform v fix)
Ut 0

u2: 0

U3 0

[] uRa1: radians
UR2 0 radians
UR3: 0 radians
Amplitude: | (Ramp) i |'“‘u

Mote: The displacement boundary condition
will be reapplied in subsequent steps.

(8] 4 Cancel

% Edit Boundary Condition >

Marne: BC-2
Displacement/Rotation
Step-1 (Dynamic, Explicit)

Set-2 [3

Type:
Step:

Region:

CS¥S: (Glabal) [y L
Distribution: -Unifurm i
Ut 0

[Juz

U3: |0

] UR1:

[Jurz2:

] UR3:

Amplitude: | Amp-1 g

fix)

radians
radians
radians
MNote: The displacement boundary condition
will be reapplied in subsequent steps.

DK Cancel

Figure 134: Applied boundary conditions for pin and roller supports.

& Edit Load e
- Name: Predefined Field-1
Type:  Concentrated force Type:  Velocily
Step: Step-1 (Dynamic, Explicit) Stepe: Il
Region: (Picked) [3 Regpore Seldl
CSVS: (Global) [3 A Distribution: | Uniform | fin
Distribution: | Uniform M ) pefinition: Translational only g
CF1: 0 V1
CF2: - 160000 V2| 24,245
CF3: 0 Va:
Amplitude: | Amp-1 ~ n.i
[] Follow nodal rotation
Mote: Forcewill be applied per node,
oK Cancel K Cancel

Figure 135: Example of applied initial velocity and impact load in ABAQUS.
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Appendix C

1 ] @ (1) ] @ 1) ) )
Bar Diameter, | Concrete Comressive |(3) Impact |Rupture Bar Diameter, | Concrete Comressive |(3) Impact |Rupture Bar Diameter, | Concrete Comressive |(3) Impact {Rupture

mm Strength, Mpa  [load, kN |Strength, Mpa mm Strength, Mpa  |load, kN |Strength, Mpa mm Strength, Mpa  [load, kN~ [Strength, Mpa
C-1-1-258 g 25 160 1890 (-2-1-25-8 8 5 80 1850 (-3-1-25-8 g 25 0 1890
(-1-1-25-10 10 25 160 1890 C-2-1-25-10 10 25 80 1890 C-3-1-75-10 10 25 an 1890
(-1-1-25-12 12 25 160 1890 (-2-1-25-12 12 25 80 1890 (-3-1-25-12 12 25 a0 1890
(-1-1-25-14 1 25 160 1890 (-2-1-25-14 1 5 80 1890 (3-1-25-14 14 25 0 1890
(-1-1-25-16 16 25 160 1890 (-2-1-25-16 16 25 80 1830 (-3-1-75-16 16 25 L) 1890
(-1-1-30-8 8 30 160 1890 (-2-1-30-8 8 30 80 1890 (-3-1-30-8 8 30 a0 1890
(-1-1-30-10 10 30 160 1890 (-2-1-30-10 10 30 80 1850 (-3-1-30-10 10 30 0 1890
(-1-1-30-12 12 30 160 1890 (-2-1-30-12 12 30 80 1890 (-3-1-30-12 1, 30 an 1890
(-1-1-30-14 1 30 160 1890 (-2-1-30-14 14 30 80 1890 (-3-1-30-14 14 30 a0 1890
(-1-1-30-16 16 30 160 1890 (-2-1-30-16 16 30 80 1890 (-3-1-30-16 16 30 0 1890
(-1-1-35-8 8 35 160 1890 C-2-1-35-8 8 35 80 1830 (-3-1-35-8 ] 35 L) 1890
(-1-1-35-10 10 35 160 1890 (-2-1-35-10 10 35 80 1890 (-3-1-35-10 10 33 a0 1890
(-1-1-35-12 12 35 160 1890 C-21-35-12 12 35 80 1890 (-3-1-35-12 12 35 40 1890
(-1-1-35-14 14 35 160 1890 C-2-1-35-14 14 35 80 1890 C-3-1-35-14 14 35 L) 1890
(-1-1-35-16 16 35 160 1890 (-2-1-35-16 16 35 80 1890 (-3-1-35-16 16 33 a0 1890
C-1-1-40-8 8 40 160 1890 C-2-1-40-8 8 4 80 1890 (-3-1-40-8 8 40 40 1890
C-1-1-40-10 10 40 160 1890 C-2-1-40-10 10 an 80 1830 C-3-1-40-10 10 40 L) 1890
(-1-1-40-12 12 40 160 1890 C-2-1-40-12 12 a0 80 1890 (-3-1-40-12 12 40 a0 1890
C-1-1-40-14 14 40 160 1890 C2-1-40-14 14 an 80 1890 (-3-1-40-14 14 40 40 1890
(-1-1-40-16 16 40 160 1890 C-2-1-40-16 16 an 80 1890 C-3-1-40-16 16 40 an 1890
(-1-1-45-8 8 45 160 1890 (-2-1-45-8 8 45 80 1890 (-3-1-45-8 8 45 a0 1890
C-1-1-45-10 10 45 160 1890 C21-45-10 10 45 80 1890 (-3-1-45-10 10 45 40 1890
(-1-1-45-12 12 45 160 1890 C-2-1-45-12 12 15 80 1830 (-3-1-45-12 12 45 L) 1890
(-1-1-45-14 14 45 160 1890 C-2-1-45-14 14 45 80 1890 (-3-1-45-14 14 45 a0 1890
(-1-1-45-16 16 45 160 1890 C-2-1-45-16 16 45 80 1890 (-3-1-45-16 16 45 40 1890

) 0] L] {1 [t] L] 1 2 L]

Bar Diameter, | Concrete Comressive ((3)Impact [Rupture Bar Diameter, | Concrete Comressive |(3) Impact [Rupture Bar Diameter, | Concrete Comressive [(3) Impact [Rupture

mm Strength, Mpa  |load, kN |Strength, Mpa mm Strength, Mpa  |load, kN [Strength, Mpa mm Strength,Mpa  (load, kN |Strength, Mpa
A-1-1-25-8 3 25 160 1400 A-2-1-25-8 8 25 80 1400 A-3-1-25-8 8 25 10 1400
A-1-1-25-10 10 25 160 1400 A-2-1-25-10 10 25 80 1400 |A-3-1-25-10 10 25 40 1400
A-1-1-25-12 12 25 160 1400 A-2-1-25-12 12 25 80 1400 |A-3-1-25-12 12 25 40 1400
A-1-1-25-14 1 25 160 1400 A-2-1-25-14 14 25 80 1400 |A-3-1-25-14 1 25 10 1400
A-1-1-25-16 16 25 160 1400 A-2-1-25-16 16 25 80 1400 |A-3-1-25-16 16 25 40 1400
A-1-1-30-8 3 30 160 1400 A-2-1-30-8 8 30 80 1400 A-3-1-30-8 8 30 40 1400
A-1-1-30-10 10 30 160 1400 A-2-1-30-10 10 30 80 1400 |A-3-1-30-10 10 30 40 1400
A-1-1-30-12 12 30 160 1400 A-2-1-30-12 12 30 80 400 |A-31-30-12 12 30 40 1400
A-1-1-30-14 1 30 160 1400 A-2-1-30-14 14 30 80 1400 |A-3-1-30-14 U 30 40 1400
A-1-1-30-16 16 30 160 1400 A-2-1-30-16 16 30 80 1400 |A-3-1-30-16 16 30 40 1400
A-1-1-35-8 3 35 160 1400 A-2-1-35-8 8 35 80 1400 A-3-1-35-8 8 35 40 1400
A-1-1-35-10 10 35 160 1400 |A-2-1-35-10 10 35 80 1400 |A-3-1-35-10 10 35 40 1400
A-1-1-35-12 12 35 160 1400 |A-2-1-85-12 12 35 80 1400 |A-3-1-35-12 12 35 40 1400
A-1-1-35-14 14 35 160 1400 |A-2-1-35-14 14 35 80 1400  |A-3-1-35-14 14 35 40 1400
A-1-1-35-16 16 35 160 1400 |A-2-1-35-16 16 35 80 1400 |A-3-1-35-16 16 35 40 1400
A-1-1-40-8 8 40 160 1400 [A-2-1-40-8 8 40 80 1400 |A-3-1-40-8 8 40 40 1400
A-1-1-40-10 10 40 160 1400 |A-2-1-40-10 10 40 80 1400 |A-3-1-40-10 10 40 40 1400
A-1-1-40-12 12 40 160 1400 |A-2-1-40-12 12 10 80 1400 |A-3-1-40-12 12 40 40 1400
A-1-1-40-14 14 40 160 1400 |A-2-1-40-14 14 40 80 1400 |A-3-1-40-14 1 40 40 1400
A-1-1-40-16 16 40 160 1400 |A-2-1-40-16 16 40 80 1400 |A-3-1-40-16 16 40 40 1400
A-1-1-45-8 3 45 160 1400 [A-2-1-45-8 3 45 80 1400 |A-3-1-45-8 8 45 40 1400
A-1-1-45-10 10 45 160 1400 A-2-1-45-10 10 15 80 1400 A-3-1-45-10 10 45 40 1400
A-1-1-45-12 12 45 160 1400 |A-2-1-45-12 12 15 80 1400 |A-3-1-45-12 12 45 40 1400
A-1-1-45-14 14 45 160 1400 |A-2-1-45-14 14 15 80 1400 |A-3-1-45-14 14 45 40 1400
A-1-1-45-16 16 45 160 1400 [A-2-1-45-16 16 45 80 1400 |A-3-1-45-16 16 15 40 1400
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Parameter (1) Parameter (2)  |Parameter |Parameter (4) Parameter (1) |  Parameter(?)  |Parameter Parameter (4) Parameter (1)|  Parameter(2)  |Parameter [Parameter (4)
Bar Diameter, | Concrete Comressive |(3) Impact (Rupture Bar Diameter, | Concrete Comressive |(3) Impact [Rupture Bar Diameter, | Concrete Comressive |(3) Impact |Rupture
mm Strength, Mpa  [load, kN [Strength, Mpa mm Strength, Mpa  |load, kN  [Strength, Mpa mm Strength, Mpa  [load, kN [Strength, Mpa
G-1-1-25-8 8 25 160 974 G-2-1-25-8 8 5 80 974 G-3-1-25-8 8 25 40 974
G-1-1-25-10/ 10 25 160 974 G-2-1-25-10] 10 25 80 974 G-3-1-25-10] 10 25 40 974
G-1-1-25-12 12 25 160 974 G-2-1-25-12] 12 25 80 974 G-3-1-25-12| 12 25 40 974
G-1-1-25-14) 14 25 160 974 G-2-1-25-14| 14 5 80 974 G-3-1-25-14| 1 25 40 974
G-1-1-25-16| 16 25 160 974 G-2-1-25-16| 16 25 80 974 G-3-1-25-16| 16 25 40 974
G-1-1-30-8 3 30 160 974 G-2-1-30-8 3 30 80 974 G-3-1-30-8 8 30 40 974
G-1-1-30-10 10 30 160 974 G-2-1-30-10) 10 30 80 974 G-3-1-30-10| 10 30 40 974
G-1-1-30-12| 12 30 160 974 G-2-1-30-12] 12 30 80 974 G-3-1-30-12| 12 30 40 974
G-1-1-30-14| 14 30 160 974 G-2-1-30-14| 14 30 80 974 G-3-1-30-14| 18 30 40 974
G-1-1-30-16| 16 30 160 974 G-2-1-30-16| 16 0 80 974 G-3-1-30-16| 16 30 40 974
G-1-1-35-8 3 35 160 974 G-2-1-35-8 3 35 80 974 |G-3-1-35-8 8 35 40 974
G-1-1-35-10 10 35 160 974 G-2-1-35-10 10 35 80 974 |G3-1-35-10 10 35 40 974
G-1-1-35-12 12 35 160 974 6-2-1-35-12 12 35 80 974 |G3-1-35-12 12 35 40 974
G-1-1-35-14 14 35 160 974 G-2-1-35-14 14 35 80 974 |G3-1-35-14 14 35 40 974
G-1-1-35-16 16 35 160 974 G-2-1-35-16 16 35 80 974 |G3-1-35-16 16 35 40 974
G-1-1-40-8 8 40 160 974 G-2-1-40-8 3 40 80 974 |G-3-1-40-8 8 40 40 974
G-1-1-40-10 10 40 160 974 G-2-1-40-10 10 40 80 974 |G-3-1-40-10 10 40 40 974
G-1-1-40-12 12 40 160 974 G-2-1-40-12 12 40 80 974 |G3-1-40-12 12 40 40 974
G-1-1-40-14 1 40 160 974 G-2-1-40-14 1 0 80 974 |G-3-1-40-14 1 40 40 974
G-1-1-40-16 16 10 160 974 G-2-1-40-16 16 0 80 974 |G-3-1-40-16 16 40 40 974
G-1-1-45-8 8 45 160 974 G-2-1-45-8 3 15 80 974 |G-3-1-45-8 8 45 40 974
G-1-1-45-10 10 45 160 974 G-2-1-45-10 10 15 80 974 |G-3-1-45-10 10 45 40 974
G-1-1-45-12 12 145 160 974 G-2-1-45-12 12 15 80 974 |G3-145-12 12 45 40 974
G-1-1-45-14 1 45 160 974 G-2-1-45-14 1 15 80 974 |G-3-1-45-14 1 45 40 974
G-1-1-45-16 16 45 160 974 G-2-1-45-16 16 15 80 974 |G-3-1-45-16 16 45 40 974

Table 53: Details of beam models used under impact loading in ABAQUS simulation.
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Figure 136: Impact Force-Time History response of (A) AFRP, (B) CFRP and (C) GFRP RC beams under 320 kN impact

load.
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Figure 137: Impact Force-Time History response of (A) AFRP, (B) CFRP and (C) GFRP RC beams under 80 kN impact
load.
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Figure 138: Force-Time histories of GFRP RC beams with concrete compressive strength of 35 MPa under 40 kN

impact load.

A-1-1-35-10| 0.016 | 95.5646 0.1
frd-tsar L OO0N0NL | GRAEARE | DANGNH A-1-1-35-12 | 0.018001 | 90.6945 0.1
A-1-1-25-14| 0.009001 | 29.6176 | 0.009001 A-1-1-35-14 | 0.010001 | 29.0055 | 0.0100005
A-1-1-40-8 | 0.009001 | 6.20178 | 0.009001 || A-1-1-45-8 | 0.059 | 54.7101
A-1-1-40-10 | 0.018001 | 95.5646 | 0.098001 ||A-1-1-45-10| 0.017 | 95.5646 0.1
A-1-1-40-12 | 0.014001 | 73.685 | 0.065001 ||A-1-1-45-12| 0.063 | 61.2466 0.1
A-1-1-40-14| o0.008 | 11.8619 0.008 ||A-1-1-45-14] 0.02 | 60.5936 | 0.041
A-1-1-40-16 | 0.015001 | 78.8543 0.016 ||A-1-1-45-16] 0.017 | 90.6945 | 0.084

C-1-1-25-8 | 0.047001 | 90.654 C-1-1-35-8 | 0.096 | 41.0757
C-1-1-25-10) 0.013 | 69.6612 0.1 C-1-1-35-10) 0.045001 | 63.7417 0.1
C-1-1-25-12| 0.014001 | 90.6945 0.1 C-1-1-35-12| 0.015001 | 90.6945 0.1
C-1-1-25-14| 0.025 | 82.3172 | 0.051001 || C-1-1-35-14 | 0.007001 | 62.6392 0.1
C-1-1-25-16| 0.015001 | 30.6945 0.1 C-1-1-35-16| 0.007001 | 36.2533 0.008

C-1-1-40-8 | 0.045001 | 86.6397 | 0.095001 || C-1-1-45-8 | 0.075 | 92.3463
C-1-1-40-10| 0.085 | 63.2549 | 0.095001 ||C-1-1-45-10| 0.068 | 63.8219 0.1
C-1-1-40-12 | 0.018001 | 90.6945 0.1 C-1-1-45-12) 0.07 60.5724 0.1
C-1-1-40-14 | 0.022001 | 63.6892 0.074 C-1-1-45-14| 0.014 | 49.2956 0.015
C-1-1-40-16 | 0.016 | 89.1914 0.1 C-1-1-45-16| 0.011 | 61.4732 0.019
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G-1-1-25-8 | 0.021001 | 43.4645 0.1 G-1-1-35-3 | 0.020001 | 43.0743 0.1
G-1-1-25-10( 0.029001 | 70.8528 0.1 G-1-1-35-10 | 0.023001 | 70.406 0.1
G-1-1-25-12( 0.046001 | 88.2591 0.1 G-1-1-35-12 | 0.046001 | 80.1648 0.1
G-1-1-25-14| 0.008 21.8304 0.008 G-1-1-35-14| 0.013 | 62.5448 0.1
G-1-1-25-16( 0.014001 | 90.6945 0.1 G-1-1-35-16| 0.006 | 63.8772 0.006
| _mopeL | mimes [FoRce, kn[ouraTion| [ mopeL [ Time.s [FoRCE, kn[puraTioN|
G-1-1-40-8 | 0.012 | 45.1219 0.1 G-1-1-45-8 | 0.066 | 68.5338 0.1
G-1-1-40-10] 0.007001 | 38.2549 | 0.0070005 || G-1-1-45-10| 0.035 71.9095 0.1
G-1-1-40-12| 0.033 | 61.9718 0.1 G-1-1-45-12| 0.033 60.827 0.1
G-1-1-40-14 | 0.051001 | 61.9796 0.1 G-1-1-45-14| 0.029 | 60.5377 0.1
G-1-1-40-16 | 0.018001 | 90.6945 0.1 G-1-1-45-16| 0.023 | 60.6811 0.1

Table 54: Peak force for AFRP, CFRP and GFRP models under 320 kN impact load.

A-2-1-25-8 | 0.034001 | 81.258 0.1 A-2-1-35-8 | 0.037 | 770438 0.1
A-2-1-25-10| 0.036001 | 70.4134 0.1 A-2-1-35-10| 0.1 55.6031 0.1
A-2-1-25-12| 0.040001 | 79.4837 0.1 A-2-1-35-12| 0.051001 | 72.3414 0.1
A-2-1-25-14] 0.035 76.6864 0.096 A-2-1-35-14| 0.035 63.9816 0.1
A-2-1-25-16] 0.035 64.3295 0.1 A-2-1-35-16| 0.036001 | 68,9518 0.1
[ mopeL | miMes [FORCE, kN[DURATION| [ MODEL | TIMEs [FORCE, kN|DURATION]
A-2-1-40-8 | 0.024 3.89604 0.024 A-2-1-45-8 | 0.031 3.39617 0.1
A-2-1-40-10| 0.059 63.7778 0.1 A-2-1-45-10| 0.037 29,2879 0.1
A-2-1-40-12| 0.038001 | 62.6238 0.1 A-2-1-45-12] 0.091 60.5036 0.1
A-2-1-40-14 | 0.044001 | 49.6319 0.1 A-2-1-45-14| 0,037 | 51.4314 0.038
A-2-1-40-16| 0.072001 | 54.4121 0.1 A-2-1-45-16| 0.032 16.1897 0.033

C-2-1-25-8| 0.096 | 56.4836 0.1 C-2-1-35-8 | 0.031001 | 37.6611 0.1
C-2-1-25-10| 0.033 | 73.8769 0.1 C-2-1-35-10| 0.099 | 73.5873 0.1
C-2-1-25-12| 0.034001 | 72.215 0.1 C-2-1-35-12| 0.047001 | 89.8409 0.1
C-2-1-25-14| 0.035 | 74.2195 0.1 C-2-1-35-14| 0.035 | 66.4216 0.1
C-2-1-25-16| 0.034001 | 70.5342 0.1 C-2-1-35-16| 0.036001 | 63.997 0.1
| MooeL | mmes [FORCE, kN[DURATION| [ MODEL [ TIME [FORCE, kNJOURATION]
C-2-1-40-8 | 0.028001 | 27.5465 0.1 C-2-1-45-8 | 0.065 | 36.6442 0.1
C-2-1-40-10( 0.050 | 611544 0.1 C-2-1-45-10| 0.038 | 17.8211 0.1
C-2-1-40-12 | 0.046001 | 40.1357 0.1 C-2-1-45-12| 0.024 89.213 0.1
C-2-1-40-14 | 0.040001 | 67.6648 | 0.045001 || C-2-1-45-1 | 0.026 | 60.5864 0.1
C-2-1-40-16| 0.035 | 45.5729 | 0.38001 ||C-2-1-45-16| 0.067 | 56.1585 0.075
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G-2-1-25-8 | 0.025 18.3895 0.1 G-2-1-35-8 | 0.068001| 43.2073 0.1
G-2-1-25-10{ 0.024 20.0219 0.1 G-2-1-35-10| 0.044 32.6388 0.1
G-2-1-25-12{ 0.032 20.3215 0.1 G-2-1-35-12| 0.037 | 50.5382 0.1
G-2-1-25-14| 0.025 17.7914 0.025 G-2-1-35-14| 0.033 | 90.5945 0.1
G-2-1-25-16| 0.036001 | 86.1004 0.1 G-2-1-35-16| 0.037 | 64.3102 0.07
[ moeL [ Times [FoRce, kn[ouRATION] [ MODEL [ TIMEs [FORCE, kn]DURATION]
G-2-1-40-8 | 0.045001| 13.712 0.1 G-2-1-45-8 | 0.033 11.5786 0.1
G-2-1-40-10| 0.069 | 63.7851 0.1 G-2-1-45-10| 0.037 21.2567 0.1
G-2-1-40-12| 0.035 | 43.7302 0.1 G-2-1-45-12| 0.027 34.0018 0.1
G-2-1-40-14 | 0.044001 | 48.6049 0.1 G-2-1-45-14| 0.048 60.4896 0.1
G-2-1-40-16) 0.034001 | 19.637 | 0.0340005 | | G-2-1-45-16| 0.037 | 90.6945 0.07

Table 55: Peak force for AFRP, CFRP and GFRP models under 80 kN impact load.

A-3-1-25-8 | 0.041 | 14.5155 0.1 A-3-1-30-8 | 0.032 246148 0.1
A-3-1-25-10| 0.031001 | 4.11525 0.1 A-3-1-30-10| 0.032 3.68092 0.1
A-3-1-25-12| 0.032 | 4.98233 0.1 A-3-1-30-12| 0.031001 | 4.6548 0.1
A-3-1-25-14| 0.032 | 6.03673 0.1 A-3-1-30-14| 0.032 | 5.66573 0.1
A-3-1-25-16| 0.032 | 6.59869 0.1 A-3-1-30-16| 0.056001 | 4.9074 0.1
[ moper T Times [Force, kn[ourATION|[ moDeL | TiMEs [FORCE, kN[DURATION|
A-3-1-40-8 | 0.031001| 1.91221 0.1 A-3-1-45-8 | 0.031 | 1.28589 0.1
A-3-1-40-10| 0.031001 | 2.30066 0.1 A-3-1-45-10] 0.031 | 1.95554 0.1
A-3-1-40-12| 0.031001 | 3.05678 0.1 A-3-1-45-12| 0.031 | 2.61181 0.1
A-3-1-40-14) 0.031001 | 3.73235 0.1 A-3-1-45-14( 0031 | 3.20008 0.1
A-3-1-40-16| 0.031001 | 4.33301 0.1 A-3-1-45-16| 0.031 3.73287 0.1

C-3-1-25-8 | 0.031001 | 4.83027 0.1 C-3-1-30-8 | 0.032 | 4.35401 0.1
C-3-1-25-10{ 0.031001 | 6.15035 0.1 C-3-1-30-10| 0.032 | 5.87051 0.1
C-3-1-25-12| 0.099001 | 17.1247 0.1 C-3-1-30-12| 0.032 | 6.89157 0.1
C-3-1-25-14| 0.031001 | 43.1554 | 0.035 C-3-1-30-14| 0.032 | 7.87305 0.1
C-3-1-25-16| 0.031001 | 8.55701 0.1 C-3-1-30-16| 0.032 | 8.57843 0.1
[ mobeL T miMes FoRce, kNTouRATION] | MODEL | TIMEs |FORCE, kN|ouRaTION
C-3-1-40-8 | 0.031001| 3.45553 0.1 C-3-1-45-8 | 0.031 | 2.36406 0.1
C-3-1-40-10 | 0.031001 | 3.7395% 0.1 C-3-1-45-10( 0.031 | 3.22211 0.1
C-3-1-40-12 | 0.031001 | 4.5703 0.1 C-3-1-45-12| 0.031 | 3.36083 0.1
C-3-1-40-14 | 0.031001 | 5.2424 0.1 C-3-145-1| 0.031 | 4.54708 0.1
C-3-1-40-16 | 0.031001 | 5.73234 0.1 C-3-1-45-16| 0.031 | 5.01854 0.1
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G-3-1-25-8 | 0.039 15.3911 0.1 G-3-1-30-8 | 0.032 1.56564
G-3-1-25-10| 0.031001 | 2.55077 0.1 G-3-1-30-10f 0.032 2.50952 0.1
G-3-1-25-12| 0.097 5.80486 0.1 G-3-1-30-12| 0.060001 | 3.35772 0.1
G-3-1-25-14| 0.032 4.59835 0.1 G-3-1-30-14| 0.031001 | 4.27542 0.1
G-3-1-25-16| 0.091001 | 7.39353 0.1 G-3-1-30-16] 0.032 5.15781
G-3-1-40-8 | 0.031001| 1.2084 0.1 G-3-1-45-8 | 0.031001 | 0.805807
G-3-1-40-10| 0.031001 | 1.54776 0.1 (-3-1-45-10| 0.021001 | 1.3084 0.1
G-3-1-40-12 | 0.031001 | 2.17341 0.1 G-3-1-45-12 | 0.021001 | 1.84339 0.1
G-3-1-40-14 | 0031001 | 2.78537 0.1 (3-3-1-45-14| 0.031001 | 2.384594 0.1
G-3-1-40-16| 0.031001 | 3.35783 0.1 (G-3-1-45-16| 0.031001 | 2.89754 0.1
Table 56: Peak force for AFRP, CFRP and GFRP models under 40 kN impact load.
A-1-1-8
50
45
gﬁ 40 ------ - aes a» e ==
§ 35
‘g 30
%5 25
= A-1-1-25-8
= 20
§ 15 —=e-e A-1-1-45-8
=10
= 5
0
0 0.02 0.04 0.06 0.08 0.1 0.12
time, s
A-1-1-10
60
g 50
g“ 7 S R (PO TOoP PP ST TTTTFTTLL UL
5 A-1-1-25-10
(]
% 30 A-1-1-30-10
<
= A-1-1-35-10
= 20
= o e e e P P P - = A-1-1-40-10
= 10 -~ oo A-1-1-45-10
-
0
0 0.02 0.04 0.06 0.08 0.1 0.12
time, s

331



Mid span deflection, mm
—_ — [\S} N (O8]
S (O] (=} (O] [} W (e

Mid span deflection, mm
—_ — N [\S} (O8]
W (=] o)) (=] W (=]

[«]

Mid-span Deflection, mm

~
(=}

D
[}

w
S

N
(=]

W
(=}

[\
S

—
(e

0.01

0.04

A-1-1-14

0.02 0.03 0.04
time, S
A-1-1-16
-
-
0.06 0.08 0.1
time, s
C-1-1-8

0.04

0.06
Time, s

0.08

0.1

— A-1-1-35-14
—_—A-1-1-45-14

0.05

0.12

A-1-1-25-16
A-1-1-30-16
- = A-1-1-45-16

C-1-1-25-8
-—==e(C-1-1-30-8
C-1-1-35-8
C-1-1-40-8
- =(C-1-1-45-8

0.12

332



n W [*))
S [« S

Mid-span Deflection, mm
[} (O8]
S [«

10

wn (o)
o o

N
(=]

Mid-span Deflection, mm
N (O8]
(e (e

—_
(]

W (o)
[w] (=]

N
(e}

Mid-span Deflection, mm
[\ o
(e (e

—
o

0.02

0.02

C-1-1-10

TS R h e e = - - -

0.04

0.04 0.06 0.08 0.1

Time, s

C-1-1-14

'_—-----------'

0.06 0.08 0.1

Time, s

C-1-1-16
0.04 0.06 0.08 0.1
Time, s

C-1-1-25-10
-==-C-1-1-30-10
C-1-1-35-10
C-1-1-40-10
-« =(C-1-1-45-10

0.12

C-1-1-25-14

-—=-C-1-1-30-14

C-1-1-35-14

C-1-1-40-14

0.12
—C-1-1-25-16
C-1-1-40-16
0.12

333



[\ (%] B n [N
(e (=] (e o [«

Ju—

Mid span deflection, mm
o

o

D
o

W
(=]

I
S

(O8]
(=]

[\

Mid span deflection, mm
(=]

—_
S

(=)
o

[
o

I
S

w
o

[\

Mid span deflection, mm
o

—_
(=]

G-1-1-8

o @ @0 an an a» @» = @» @ @» = > =

G-1-1-25-8
- ==-G-1-1-30-8
G-1-1-35-8
G-1-1-40-8
-« =G-1-1-45-8

0.02 0.04 0.06 0.08 0.1 0.12
Time, s
G-1-1-10
e
P i — = -
G-1-1-25-10
== =-G-1-1-30-10
G-1-1-35-10
-+ =G-1-1-45-10
0.02 0.04 0.06 0.08 0.1 0.12
Time, s
G-1-1-14
"---------------
’I
' d am s e o wm o =
44— -==-G-1-1-35-14
/ ”
7, - =G-1-1-45-14
/" G-1-1-40-14
/.
/
—
0.02 0.04 0.06 0.08 0.1 0.12
Time, s

334



50
é 45 -
* 40 //.i
S35
S 30
% s === G-1-1-25-16
S 20 == -==eG-1-1-30-16
§ 15 G-1-1-40-16
= 10
2 s -« =G-1-1-45-16
0 —
0 0.02 0.04 0.06 0.08 0.1 0.12

Time, s

Figure 139:Mid-span Deflection-Time histories for AFRP, CFRP and GFRP RC beams under 320kN impact load.
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Figure 140: Mid-span Deflection-Time histories for AFRP, CFRP and GFRP RC beams under 80kN impact load.
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Figure 141: Mid-span Deflection-Time histories for AFRP, CFRP and GFRP RC beams under 40kN impact load.
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Figure 142: Reaction force time histories for AFRP, CFRP, GFRP RC beam models under 320 kN impact loading,

ABAQUS.
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Figure 145: Dynamic strain time histories for AFRP, CFRP and GFRP RC beam models under 320 kN impact load
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Figure 146: Dynamic strain time histories for AFRP, CFRP and GFRP RC beam models under 80 kN impact load.
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Figure 147: Dynamic strain time histories for AFRP, CFRP and GFRP RC beam models under 40 kN impact load.
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Figure 148: Slip- time histories for AFRP, CFRP, and GFRP RC models under 320 kN impact load- ABAQUS.
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Figure 149: Slip- time histories for AFRP, CFRP, and GFRP RC models under 80 kN impact load- ABAQUS.
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Figure 150: Slip- time histories for AFRP, CFRP, and GFRP RC models under 40 kN impact load- ABAQUS.
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=Max bond strength 4 B09 2339 6032 11789 3929
—(fip 0.008 0.035 0392 0.00B
Concrete compressive strength, MPa

G-3-10

1.200

1.000 e

0.800 =
0.600

0.400

0.200

0.000

Max bond strength, MPa

25 30 a5 40 45

=gy bond strength 1.066 1.04% 0735 0646 0546
e S i 0.007 0007 0005 0004 0004
Concrete compressive strength, MPa

0.060
0.030
0.040
0.030
0.020
0.010
0.000

0.450
0.400
0.350
0.300
0.250
0.200
0.150
0.100
0.050
0.000

Maximum slip, mm Maximum slip, mm

Maximum slip, mm
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16.000
14.000
12.000
10.000
2.000
6.000
4.000
2.000
0000

Max bond strength, MPa

s 2% bond strensth
s S 1ip

16.000
14000
12.000
10.000
8.000
6.000
4.000
2.000
0.000

ax bond strength, MPa

e W Ja % Brond strensth
— 5 1ip

Max bond strength, MPa

s W[ % bonnd strensth
e S 11

C-1-12

13

12,969
0,501

30 33 40
13969 13,868 15068
0446 0.702 0.433

Conerete compressive strength, MPa

C-2-12

45

9.110
0.962

25

11.123

0.058

30 35 40
10.704 15837 6.182
0.141 0.146 0021

Comereta compraszive strength, MPa

C-3-12

45
1.374
0.003

25
5.964
0.047

LT
22,
i,

30 35 40
2.400 1.763 1502
0.01e 0014 0.3

Comereta compraszive strength, MPa

45
1.379
0.011

1.200

1.000

0,800

0.600

0400 .

0.200

0.000

0160
0.140
0120

0.100 .

0.080
0.060
0040
0.020
0.000

Maconmum slip, mm Maximum ship, mm

Maennum ship, mm

A-1-12
12.000 300.000
w_“ 16.000 250,000
M 14.000 200,000
% 12.000 150.000
m 10.000 100.000
o £.000 50.000
.m 6.000 0.000
,m 4.000 -50.000
= 2.000 100,000
D060 55 30 s 40 T e
e 3% bond 3tremEth 13.960 13060 11349 0433
Y 0782 0.4527 0400 234108
Conerate comprassive strangth, MPa
A-2-12
14.000 2.000
"
12.000
W 1.500
= 10.000
g 2000 1000 -
&
.m 4.000 0.500
] 4.000
% —_ 0.000
- X
0.000 25 El 35 10 45 A
——Mazbond strensth  12.242 12500 11142 0646 9320
e 51 0093 0092 0060 0038 1745
Conerete compressive strength, MPa
A-3-12
2.000 0.016
m 1.800 0014
=] 1.600 Foid
= 1.400 g
E 1.200 0.010
B 1.000 0.008
,m 0.800 0004
0.600
2
% 400 0.004
- 0.200 0.002
ik 3 30 EH 40 45 9000
m——)zzbond srength 1735 1621 1212 1064 0.900
] 0.014 | 001 | 0010 0.008 | Q.007

Concrete comprassive strength, MPa

Macimum ship, mm Maunum shp, mm

Maximum slip, mm

G-1-12

16.000
14.000
12.000
10.000
2.000
6.000
4.000
2.000
0.000

Max bend strength, MPa

25 ] 35 40 45
e M fax bond strength 13594 50182 12.347 9545 9.359
s 51D 0.127 0.084 0038 1.247
Conerete compressive strength, MPa

G-2-12

Wax bond strength, MPa

15 a0 5 40 45
3.130 3018 T.784 6.743 5.237
0.007 0.019 0.016 0.012

Concrete compressive strength, MPa

s hfax bomd strength
s 5 1D

G-3-12

2.500

2.000

1.500

1.000

0.500

Max bond strength, MPa

£.om 25 30 35 40 45

2.021 1148 0BT 0.757 0.642
0.018 0.009 0.007 0.006 0.005
Conerete compressive strength, MPa

s W2 % bomd strength
ST

1.400
1.200
1.000
0300
0.600
0.400
0.200
0.000
0200

Masunum ship, mm

Maximum slip, mm
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C-1-14

14.000
12.000
10.000
8.000
6.000
4.000
2.000
0.000

Max bond strength, MPa

25 30 35 40 45
=—Max bond strength 10866 11573 0008 B408 6508
e S i 0037 0568 0129 0.251
Concrete compressive strength, MPa

C-2-14

12.000
10.000
8.000
6.000
4.000
2.000
0.000

Max bond strength, MPa

25 30 35 40 45
=—=Max bond strength. 9798 10512 B769 8933 7998
e SE 0064 0082 0044 0048 1544

Concrete compressive strength, MPa

C-3-14

16.000
14.000
12.000
10.000
8.000
6.000
4.000
2.000
0.000
-2.000

Max bond strength, MPa

25 30 35 40 45
w—ax bond strength’ 14376 2330 1713 1565 1357
S 0.021 0.016 0014 0012
Concrete compressive strength, MPa

0.600
0.500
0.400
0.300
0.200
0.100
0.000

2.000
1500
1000
0.500
0.000
-0.500

0.023
0.020
0.015
0.010
0.005
0.000

Maximum slip, mm Maximum slip, mm

Maximum slip, mm

A-1-14

4500
4000
3.500
3.000
2.500
2.000
1.500
1.000
0.500
0.000

Max bond strength, MPa

25 30 35
—ldax bond strength 3.829 1565 3577
S iy 0651
Concrete compressive strength, MPa

A-2-14

12.000
10.000
8000
6.000
4.000
2.000
0.000

Max bond strength, MPa

25 30 35 40 45
= Max bond strength 10.124 10.011 B.447 6552 6.790
s 5 fi 0072 0086 0040 0018 0,043

Concrete compressive strength, MPa
A-3-14
2.000
1.500
1.000

0.500

Max bond strength, MPa

0.000
25 30 35 40 45

m——lax bond strength. 1802 1691 1253 1114 0955
—SEp 0.017 0.015 0011 0010 0009
Concrete compressive strength, MPa

0.120
0.100
0.080
0.060
0.040
0.020
0.000

0.018
0.016
0.014
0.012
0.010

[=]
Maximum slip, mm

0.006

:

0.002
0.000

Maximum slip, mm

Maximum slip, mm

G-1-14

10.000
&.000
6.000
4.000
2.000

0.000

Max bond strength, MPa

25 30 35 40 45
- ax bond strength 2,882 1502 B8.257 B8.183 7992
—SHp 0127 0044 0408

Concrete compressive strength, MPa

G-2-14

14.000
12.000
10,000
E.000
6.000
4,000
2,000
0,000

Max bond strength, MPa

25 30 35 40 45
= Max bond strength 2349 8421 11973 6417 7986
— 5 lip 0582 0025 0.181

Concrete compressive strength, MPa

G-3-14

Max bond strength, MPa
=

25 30 35 40 45

= ax bond strength 1.372 1272 0953 0832 0712
—5ip 0.013 0012 0009 0.008 O0.007
Concrete compressive strength, MPa

0450
0.400
0.350
0.300
0.250
0.200
0.150
0.100
0.050
0.000

Maximum slip, mm

0.700
0.600
0.500
0.400
0.300

=]
Maximum slip, mm

0.100
0.000

0.014
0.012
0.010

o o o
58
Maximum slip, mm

0.002
0.000
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C-1-16
s 12.000
s 10.000
.omu B.000
g £.000
T
.W 4.000
E-] 2.000
=
Z 0.000
= 5 30 35 40 45
=Max bond strength 10476 2453 4187 10303 7101
—SEp 0483 0.600
Concrete compressive strength, MPa
C-2-16
- 5.000
-9 B.000
= 7.000
.m 6.000
£ 5.000
& 4.000
3.000
M 2.000
-] 1.000
m 0.000
25 30 35 40 45
=—Max bond strength  B.148 7326 7393 5264 6487
—S D 1.210 0.045 0.040 1465
Concrete compressive strength, MPa
C-3-16
2500
o
&
= 2.000
W 1500
14
1 1.000
m 0.500
2
0.000
= 25 30 35 40 45
m—Max bond strength  2.235 2241 1.636 1513 1310
—SED 0.023 0.023 0.017 0.016 0014

Concrete compressive strength, MPa

0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

1.600
1.400
1.200
1.000
0.800
0.600
0.400
0.200
0.000

0.025
0.020
0.015
0.010
0.005

0.000

Maximum slip, mm Maximum slip, mm

Maximum slip, mm

A-1-16

12.000
10.000
8.000
6.000
4.000
2.000
0.000

Max bond strength, MPa

25 30 35 40 45
s iax bond strength 10477 10476 B.080 5105 10476

—slip 0558 0.687 2124
G npressi 1gth, MPa
A-2-16
- 2.000
£ £.000
= 7.000
& £.000
2 5.000
E 4.000
3.000
m 2.000
s 1.000
£ 0.000
——Max bond strength 0.007 7.823 7865 6285 1870
—sip 0041 0052 0050 0.026 0006
C i igth, MPa
A-3-16
14.000
£ 12.000
£ g
£ 10.000
4 8.000
o
& £.000
m 4.000
2.000
=
2 0.000
25 30 35 40 45
——Maxbond strength 1724 12818 1257 1132 0875
—sip 0018 0186 0013 0012 0010
C pressi 1gth, MPa

2500
2.000

1500 =

1.000
0.500

0.000

0.060
0.050
0.040
0.030
0.020
0.010
0.000

0.200

0.150

0.100

0.050

0.000

Maximum slip, mm

Maximum slip, mm

Maximum slip, mm

G-1-16

12.000
10.000
5.000
6.000
4.000
2.000
0.000

Max bond strength, MPa

= Max bond strength 10476 10476 0.738 10476 7.010
iy 0483 0615 0350 1.027
‘Concrete compressive strength, MPa

G-2-16

12.000
10.000
B.000
6.000
4.000
2.000
0.000

Max bond strength, MPa

25 30 35 A0 45
=—Max bond strength 9946 B667 7429 2268 10476
—Slip 0115 0066 0.041 1444

Concrete compressive strength, MPa

G-3-16
2,500

2

= 2.000

.m. 1.500

g

g 1.000

m 0.500

=

3 0.000

= 5 | 30 35 | 40 | 45

=—PMax bond strength 1931 1347 0993 0.877 0757
—Slip 0.020 0014 0010 0.005 0.008
Concrete compressive strength, MPa

1.200
1.000
0800
0.600
0.400
0.200
0.000

0.025
0.020
0015
0.010
0.005
0,000

Maximum slip, mm

Maximum slip, mm

Maximum slip, mm

Figure 151: Maximum bond strength and maximum slip versus concrete compressive strength for models under

three different impact loading.
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Cc-1-8

100.0000

B0.0000
60.0000

40,0000

20.0000

Maximum Load, kN

0.0000

25 30 35 40 45
— L 0ad 90.6500 90.0400 41.0700 B6.6300 92.3400
= Deflection 45.7489 44.9445 375464 36.7455 63.3184

Concrete compressive strength, MPa

60.0000
50.0000
40.0000
30.0000
20.0000
10.0000

0.0000

Maximum Load, ki

25 30 35 40 45
m— | pad 56.4800 555400 37.6600 27.9400 36.6400
m—[eflection 20,5980 17.68B0 17.80%91 158998 17.3955

Concrete compressive strength, MPa

C-3-8

6.0000
5.0000
4.0000
3.0000
2.0000
1.0000
0.0000

Maximum Load, kiN

25 30 35 40 45
— | 0ad 48300 4.3500 35700 34500 2.3600
= eflection 18786 06976 3.0422 03247 0.2252
Concrete compressive strength, MPa

700000
600000
50.0000
40.0000
30.0000
20.0000
10,0000
0.0000

25.0000
20.0000
15.0000
10.0000
5.0000

0.0000

3.5000
3.0000
2.5000
2.0000
1.5000
1.0000
0.5000
0.0000

Max mid-deflection, mm

Max mid-deflection, mm

Max mid-deflection, mm

A-1-8
120
z 100
m 80
E &0
3
E 40
-]
E 20
0
25 30 35 40 45
— Load 9364 9556 9556 6.2 5471
e Deflection 442186 416901
C pressi gth, MPa
A-2-8
%0
=z 80
M 70
B 60
3 50
: 40
E 30
2 20
= 10
0
25 30 35 40 45
— Load B125 997 77.04 389 339
s Diflection 11,8559 6.8988 33302
C pressi 1gth, MPa
A-3-8
16
=z 14
e 12
m 10
- B
E 6
w 4
2 2
= o]
-2

25 30 35 40 45
— Load 1451 246 247 151 128
= Deflection 26778 27038 9.6487 03341 02289
Concrete compressive strength, MPa

445000
440000
43,5000
430000
425000
420000
41,5000
41.0000
40.5000
40,0000

14.0000
120000
10,0000
80000
6.0000
4.0000
2.0000
0.0000

120000
10,0000
8.0000
6.0000
4.0000
2.0000
0.0000

Max mid-deflection, mm

E

Max mid-deflection,

Max mid-deflection, mm

80.0000

Maximum Load, kN
&
=
g

25 30 35 40 45
— | oad 43,4500 41.1100 43.0700 45.1200 6B.5300
= Deflection 496650 45.1818 43.1313 39.0117 47.6536

Concrete compressive strength, MPa

G-2-8

50.0000
40.0000
30.0000

20.0000

10.0000

Maximum Load, kN

0.0000
25 30 35 40 45

— 0@d 183800 31.6500 43.2000 13.7100 11.5700
= Deflection 18.0057 192975 169941 16.1027 25.0454
Concrete compressive strength, MPa

G-3-8

20.0000
15.0000
10.0000
5.0000
0.0000

Maximum Load, kN

-5.0000
5 30 35 40 45

— | 0ad 153500 15600 1.2400 1.2000 O0.8050
= Deflection 14.6313 14089 16451 03358 0.2317
Concrete compressive strength, MPa

600000

2
:

40.0000
30.0000
20.0000
10.0000:
0.0000

Max mid-deflection,

30.0000
25.0000
20.0000
15.0000
10,0000

:

=]
Max mid-deflection, mm

20,0000

mm

15.0000
10.0000
5.0000
0.0000

Max mid-deflection,

-5.0000
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C-1-10

120.0000

100.0000

20.0000

60.0000

40,0000

Maximum Load, kM

20.0000

£.0000
25 0 35 40 45

— | oad 90.6800 90.6300 90.6900 90.5300 60.5700
= peflection 4901834 403251 423163 537703 464517
‘Concrete compressive strength, MPa

C-2-10

Maximum Load, kN

25 30 35 40 a5
w— | gad 72.2100 70.0820 2 BO.B400 40.1300 85200
= peflection 155301 13.4995 15.9302 3.4574 62233
Concrete compressive strength, MPa

C-3-10

180000
16.0000
14.0000
12 00D
10. 0000
E.00DD
6.0000
4.0000
2.0000
0.0000

Maximum Load, kN

25 30 35 40 a5
s | Dl 171200 6.E800 5.0600 4.5700 3.5500
w——Deflection  0.4174 0.3571 0.2B66 0.2602 0.221E
Concrete compressive strength, MPa

25.0000

20.0000

15.0000

10.0000

5.0000

00000

0.4500
0.4000
0.3500
0.3000
0.2500
0.2000
0.1500
0.1000
0.0500
0.0000

Max mid-deflecti

nax mid-deflection, mm

Max mid-defiection, mm

Maximum Load, ki
cBHYELRYEEE

a5 30 35 a0 45
o oA 48 90.59 90.69 73.88 6124
w——Defloction 525630 459770 405308 417350 43.4237

Concrete compraessive strength, MPa

A-2-10

%0

a0

z 70
.m. 50
= 50
§ 20
_m 30
s 20
10

o

25 30 35 a0 a5
— Load 79.a8 a17a 7234 52652 505

= paflection.  3.7012 6.0312 14.24835 B.3460 15.2205

Concrete compressive strength, MPa

A-3-10

&
z 5
=
.m a
w 3
_m 2
2 1

o

25 30 35 40 a5

— oad 4.5 465 348 3.05 261

= Deflection  3.7100 3.8274 0.3042 0.2687 02260
‘Concrete compressive strength, MPa

500000

50.0000

40.0000

30.0000

20,0000

10.0000

0.0000

16.0000
140000
12 0000
10,0000
8.0000
6.0000
40000
2.0000
0.0000

4.5000
4.0000
3.5000
3.0000
2.5000
2.0000
1.5000
1.0000
0.5000
0.0000
-0.5000
-1.0000

May mid-deflection, mm

Max mid-deflection, mm

Max mid-tdeflection, mm

G-1-10

Maximum Load, kN
8
2
5

5 30 35 40 45
— L pad EB.2500 33.8400 80.1500 61.9700 603200
=——=peflection 46.4848  46.0348 482584 427545
Concrete compressive strength, MPa

G-2-10

60.0000

S0.0000

A0.0000

30.0000

20.0000

Maximum Load, kN

10.0000

5 30 35 40 as
— | gad 20.3200 19.5800 50.5300 43.7E00 34.0000
= poflection 18.0524 10.7292 217087 156433
Concrete compressive strength, MPa

G-3-10

7.0000
6.0000
5.0000
4.0000
3.0000
2.0000

Maximum Load, kN

1.0000

0.0000
25 30 35 a0 45

| pad 5.8000 3.3500 25200 21700 1.5400
m—=Deflection 2.0142 2.8738 0.5672 0.2730 0.2289

Concrete compressive strength, MPa

49,0000
430000
470000
450000
450000
440000
430000
420000
410000
40,0000

25.0000

20,0000

15.0000

10.0000

5.0000

0.0000

3.5000
3.0000

1.5000
10000
0.5000
0.0000
-0.5000

Max mid-deflection, mm

Max mid-daflaction, mm

Max mid-deflection, mm
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120.0000

100.0000

80.0000

60.0000

40,0000

Maximum Load, kN

20.0000

0.0000
25 30 35 40 45

— | oad 80.6500 806800 S90.6800 S0.6900 &60.5700
=—peflection 51.8425 511677 464258 37.0328 33.0848
Cconcrete compressive strength, MPa

Cc-2-12

Maximum Load, kN
n
a
8
8

Load 722100 FO.DBZD BO.B400  40.1300 85200

Deflection, 4.4763 16.63 78 T.TATTF 14,8118 12,1538
Concrete compressive strength, MPa

Cc-3-12

180000
16.0000
14.0000
12 0000
10,0000
E.DDOO
6.0000
4.0000
2.0000
0.0000

Maximum Load, ki

i 30 35 an 45
s | pad 17.1200  6.8800 5.0600  4.5700 3.9600
= peflection 60882 1.4640 0.2967 0.2552 0.zig3
Concrete compressive strength, MPa

18.0000
16.0000
14.0000
12.0000
10.0000
B.00OO
6.0000
4.0000
Z.0000
0.0000

7.0000
6.0000
5.0000
4.0000
3.0000
2.0000
1.0000
0.0000
-1.0000
-2.0000

naao mibd-deflecti

Max mid-deflection, mm

Max mid-deflection, mm

A-1-12
100
50
z &0
3 70
i 3
m 50
& 40
H a0
= 20
1w
o
25 30 35 40 45
— Load 48 50.69 5065 73.68 6124
——peflection 24 8318 446270 420131 560457
Concrete compressive strength, MPa
A-2-12
20
80
z 70
.m. 0
— 50
E o
_m 0
= 20
o
o
a5 20 35 40 a5
— L cad 79.48 8174 7134 6262 60.5

m——Deflection. 19.5522 5.050B | 11.0639 4.4324 38.3114

Concrete compressive strength, MPa

A-3-12

Maximum Load, kN
I3

— | 0ad 4.85 4.65 3.48 3.05 Z61
= Deflection  0.4208 45362 14202 02644 mz2232
Concrete compressive strength, MPa

G-1-12

Maximum Load, kN
48
88
28

‘0.0000
25 30 35 40 45

— | 030 BB.2500 33.6400 &#0.1600 619700 608200
D lection . 44.500E 436700 27.2916 116122
Concrete compressive strength, MPa

G-2-12
50.0000
50.0000
40,0000

30.0000

20.0000

Maximum Load, ki

10.0000

0000

| 0 20.3200 10.5800 50.5300 43.7600 34.0000
—Deflection 22.2440 174365 17.1620 15.7419
Concrete compressive strength, MPa

G-3-12
7.0000
£.0000
5.0000
4.0000
=.0000

Maximum Load, kN

Z.0000

1.0000
0.0000

— | gz 5.5000 3.3500 25200 2.1700 L.E400
e Deflection  3.8264 4.0068 0.5317 02687 0.2260
Concrete compressive strength, MPa

4.5000
4.0000
3.5000
3.0000
2.5000
2.0000
15000
1.0000
5000
L0000
-0.5000
-1.0000

Max mid-deflection, mm
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C-1-14

1200000

1000000
ED.ODOD

60.0000

40.0000

Maximum Load, kN

20.0000

0.0000
5 30 35 40 45

L 306300 0,55 00 80,6900 30.63 00 60.5700

63.6E0D 452500
e D lection 49,5852 45.0421 20,2480 32.8653
Concrete compressive strength, MPa
90.0000
B0.0000
] 70.0000
.m 60.0000
= 50.0000
m 40.0000
m 30.0000
= 20.0000
10.0000
0.oooo
25 30 35 40 45
— | cad 74.2100 78.6200 664200 67.6600 60.5800
m—Deflection  6.8037 545758 45602 78575 143137
Conorete compressive strength, MPa
[ Reeli]
= 50,0000
x
M- A0, D000
- 30.0000
m 20.0000
E
3 10,0000
= 0.0000
=10 0000
25 £ 35 40 45
— | oad 43.1500 7.B300 5.7300 5.2400 4.2400
e ef lRCEID N 0.4554 0.2B80 0.2521 0.2165

Cconcrete compressive strength, MPa

§0.0000
50.0000
40,0000
300000

20,0000

&
8
8

Q.0000

16.0000
ls.0000
120000
10.0000
8.0000
6.0000
4.0000
2.0000
0.0000

0.6000

0.5000

0.4000

0.3000

0.2000

0.1000

0.0000

Max mid-deflection, mm Max mid-deflection, mm

Max mid-deflection, mm

A-1-14

e

aBBEEEBEBES

40,0000
300000
20,0000
10,0000
0.0000

=10 0000
-20.0000
-30 0000
=40 0000

Maximum Load, kN
Max mid-deflection, mm

—20 61 1664 25.005 11.86

4.8 2069 9069 73.68
60,58

61.24

— Neflection Z.7E03 32.B217

Concrete compressive strength, MPa

A-2-14

Maximum Load, ki

obbBBESEAES

— Load 75.68

19.5522

75.83
5.0508

63.98
11.0639

45,63
4.4324

51.43

e Def e cticon 38.3114

‘Concrete compressive strength, MPa

A-3-14

5.0000
2.5000
2.0000

1.5000

[ o
i
(=] [=]
ax mid-deflection, mm

Maximum Load, kM
L= O L B - I |
L

0.oo000
25 30 35 ag 45

m— | oad 803 5.66 4.18 3.73 3.2

m— Deflection . 1.7785 26747 126539 026506 0.2204

Concrete compressive strength, MPa

B0.0000
TO.0000
S0.0000
S0.0000
A0 0000
30UD000
20,0000
10,0000
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Figure 152: Max load and Max mid-deflection relationship with respect to concrete compressive strength for
CFRP, AFRP, and GFRP RC beams under impact loading.
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Figure 156: Effect of modulus of elasticity on maximum mid-deflection under 320 kN impact loading.
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Figure 160: Effect of modulus of elasticity on maximum slip under 80 kN impact loading.
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Figure 163: Effect of modulus of elasticity on maximum bond strength under 80 kN impact loading.
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Figure 164: Effect of modulus of elasticity on maximum bond strength under 40 kN impact loading.
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+1.048e+00

+0.000e+00

C-1-1-25-16

UT, Magnitude

+9.806e-01
+8.98%e-01
+8.172e-01
+7.355e-01
+6.537e-01
+5.720e-01
+4.903e-01
+4.086e-01
+3.26%e-01
+2.452e-01
+1.634e-01
+8.172e-02
+0.000e+00

C-1-1-30-8

T, Magnituds

+9.680e-01
+8.874e-01
+8.067e-01
+7.260e-01
+5.454e-01
+5.647e-01
+4.840e-01
+4.033e-01
+3.227e-01
+2.420e-01

+1.613e-01
+8.067e-02
+O 000e+00

C-1-1-30-10

UT, Magnitude

+1.115e4+00
+1.022e400
+9.288e-01
+8.359e-01
+7.430e-01
+6.501e-01
+5.573e-01
+4.644e-01
+3.715e-01
+2.786e-01
+1.858e-01
+9.288e-02
+0.000e400

C-1-1-30-12

UT, Magnitude

+9.850e-01
+9.029e-01
+8.208e-01
+7.387e-01
+6.566e-01
+5.746e-01
+4.925e-01
+4.104e-01
+3.283e-01

+2.462e-01
+1.642e-01
+8.208e-02
+0.000e+00

C-1-1-30-14
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LT, Magnitude UT, Magnitude

+1.361e-01 +8.131e-01
+7.454e-01
+6.776e-01
+6.098e-01
+5.421e-01
+4.743e-01
+4.066e-01
+3.388e-01
+2.710e-01
+2.033e-01

+f q41HZ|4
+6.807e-02
+5.672e-02
+4.538e-02
+3.403e-02

+2.269-02
+1.134e-02
+0.000e400

C-1-1-30-16

+1.248e-01
+1.134e-01
+1.355e-01
+6.776e-02
+O 000e+00

C-1-1-35-8

UT, Magnitude

+9.1638e-01
+8.404e-01
+7.640e-01
+6.876e-01
+6.112e-01
+5.348e-01
+4.584e-01
+3.820e-01
+3.056e-01

UT, Magnitude

+1.025e+00
+9.392e-01
+8.538e-01
+7.685e-01
+6.831e-01
+5.977e-01
+5.123e-01
+4.269e-01
+3.415e-01
+2.562e-01

+2.292e-01
115280 01 t5lsee0s
+7.640e-02 +O 000e+00
+O 000e+00

C—1-1—35-10 C-1-1-35-12

UT, Magnitude

+2.220e-01
+2.035e-01
+1.850e-01
+1.665e-01
+1.480e-01
+1.295e-01
+1.110e-01
+9.248e-02
+7.399e-02
+5.549e-02

UT, Magnitude

+8.767e-01
+8,036e-01
+7.305e-01
+6.575e-01
+32.844e-01
+5.114e-01
+4.383e-01
+3.653e-01
+2,922e-01
+2.192e-01

+3.699e-02
+1.850e-02
+O 000e+00

+1.461e-01
+7.305e-02
+0.000e+00

C113514 ¢1-1-3>-16

T, Magnitude

+8.584e-01
+7.86%9e-01
+7.153e-01
+6£.438e-01
+5.723e-01
+5.007e-01
+4.292e-01
+3.577e-01
+2.861e-01
+2.146e-01

UT, Magnitude

+1.634e+00
+1.4928e+00
+1.362e+00
+1.226e+00
+1.089e+00
+9.532e-01
+8.170e-01
+6.80%-01
+5.447e-01

+4.085e-01
i
+O Q00e+00 +1.362e-01
+0.000e+00
C-1-1-40-8
C-1-1-40-10

UT, Magnitude UT, Magnitude

+8.968e-01
19231001 o
+7.474e-01 :
laianny +1.806e+00
TRisees +1.626e+00
+5.232e-01 +1.445e+00
+4.484e-01 +1.264e+00
+3.737e-01 +1.084e+00
+2.98%e-01 +9.032e-01
+2.242¢-01 +7.225e-01
| ]
17473000 SEDS
| "L +0.000e+00 | Tl e0een1
+0.000e+00
C'1'1'40'12 C_1_1_40_14
UT, Magnitude T, Magnitude
+1.037e+00 +1.394e+00
12'233218% +1.277e+00
+7.778e-01 110456100
+6.914e-01 +9'2908_01
+6.049e-01 +8I1296701
+5,185e-01 6968001
+4.321e-01 T2 i0ee 01
+3.457e-01 s
jogiy +4.645e-01
+1.728e-01 +3.484e-01
B +2,323e-01
+0.000&+00 +1.161e-01
N | ; e
+0.000e+00
C-1-1-40-16 C-1-1-45-8
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UT, Magnitude

+1.2282+00
+1.126e+00
+1.023e+00
+9.209e-01
+8.186e-01
+7.162e-01
+6.139e-01
+5.116e-01
+4.093e-01
+3.070e-01
+2.046e-01
+1.023e-01
+0.000e+00

C-1-1-45-10

LT, Magnitude

+1.701e+00
+1.560e+00
+1.418e+00
+1.276e+00
+1.134e+00
+9.925e-01
+8.507e-01
+7.089e-01
+5.671e-01

+4.253e-01
+2.836e-01
+1.418e-01
+O 000e+00

C-1-1-45-12

T, Magnitude

+2.168e+00
+1.987e+00
+1.806e+00
+1.6262+00
+1.4452+00
+1.264e+00
+1.084=+00
+9.032e-01

+7.2252-01
+5.419e-01
+3.613e-01
+1.806e-01
+O 000e+00

C-1-1-45-14

UT, Magnitude

+1.368e+00
+1.254e+00
+1.140e+00
+1.026e+00
+9.122e-01
+7 932e-01
+6.842e-01
+5.701e-01
+4.561e-01

+3.421e-01
+2.281e-01
+1.140e-01
+O 000e+00

C-1-1-45-16

UT, Magnitude

+5.725e-01
+5.248e-01
+4.771e-01
+4.294e-01
+3.817e-01
+3.340e-01
+2.863e-01
+2.386e-01
+1.908e-01

+1.431e-01
+9.542e-02
+4.771e-02
+O 000e+00

C-2-1-25-8

UT, Magnitude
+3.555e-01

+3.259-01
+2.962e-01
+2.666e-01
+2.370e-01
+2.074e-01
+1.777e-01
+1.481e-01
+1.185e-01
+8.887e-02

+5.925e-02
+2.962e-02
+0.000e+00

C-2-1-25-10

UT, Magnitude

+2.140e-01
+1.962e-01
+1.784e-01
+1.605e-01
+1.427e-01
+1.249e-01
+1.070e-01
+8.918e-02
+7.135e-02
+5.351e-02

+3.567e-02
+1.784e-02
+O 000e+00

C-2-1-25-12

UT, Magnitude

+3.864e-01
+3.542e-01
+3.220e-01
+2.898e-01
+2.576e-01
+2.254e-01
+1.932e-01
+1.610e-01
+1.288e-01
+9.661e-02

UT, Magnitude

+5.729e-01
+5.251e-01
+4.774e-01
+4.296e-01
+3.819e-01
+3.342e-01
+2.864e-01
+2.387e-01
+1.910e-01
+1.432e-01

+6.440e-02 +9.5436-02
+3.2208-02 +4.774e-02
| B 15500c400 | | L +0.0000+00 |
uT, M.fgnc%‘f: o1 UT, Magnitude
+3.402e-01
+3.695e-01 +3115e-01
+3.055e-01 +2.835-01
+3.023¢-01 +2.5526-01
+2.687-01 +2.263e-01
235101 +1.085e-01
2015201 +1701e-01
+11344e01 e
+1.0088-01 B ilaaeol
+8.506e-02
+6.7182-02
+5.67 1e-02
+3.35%e-02
| B 15500e-+00 | J2Eanta
+0.00De+00
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UT, Magnitude

+6.986e-01
+6.404e-01
+5.822e-01
+5.23%e-01
+4.657e-01
+4.075e-01
+3.493e-01
+2.911e-01
+2.329e-01

+1.746e-01
+1.164e-01
+5.822e-02
+O 000e+00

C-2-1-30-12

UT, Magnitude
+4.513e-01
+4.136e-01
+3.760e-01
+3.384e-01
+3.008e-01
+2.632e-01
+2.256e-01
+1.880e-01
+1.504e-01
+1.128e-01
+7.521e-02
+3.760e-02
+0.000e+00

C-2-1-30-14

UT, Magnitude

+3.035e-01
+2.782e-01
+2.529e-01
+2.276e-01
+2.024e-01
+1.771e-01
+1.518e-01
+1.265e-01
+1.012e-01
+7.588e-02

+5.059e-02
+2.529e-02
+0.000e+00

C-2-1-30-16

UT, Magnitude
+4.140e-01
+3.795e-01
+3.450e-01
+3.105e-01
+2.760e-01
+2.415e-01
+2.070e-01
+1.725e-01
+1.380e-01
+1.035e-01
+6.900e-02
+3.450e-02
+0.000e+00

C-2-1-35-8

UT, Magnitude

+9.463e-01
+8.674e-01
+7.886e-01
+7.097e-01
+6.309e-01
+5.520e-01
+4.731e-01
+3.943e-01
+3.1542-01
+2.366e-01

+1.577e-01
+7.886e-02
+O 000e+00

C-2-1-35-10

UT, Magnitude
+5.091e-01
+4.666e-01
+4.242e-01
+3.818e-01
+3.394e-01
+2.970e-01
+2.545e-01
+2.121e-01
+1.697e-01
+1.273e-01
+8.484e-02
+4.242e-02
+0,000e +00

C-2-1-35-12

UT, Magnitude

+1.124e-01
+1.031e-01
+9.369e-02
+B8 432e-02
+7.495e-02
+6.558e-02
+5.621e-02
+d4 684e-02
+3. 7479-02

+D 000e+00

C-2-1-35-14

UT, Magnitude
+7 969e-02

+0.000e+00

C-2-1-35-16

UT, Magnitude

+3.383e-01
+3.101e-01
+2.819e-01
+2.537-01
+2.255e-01
+1.974e-01
+1.692e-01
+1.410e-01

UT, Magnitude
+3.765e-01
+3.451e-01
+3.137e-01
+2.824e-01
+2.510e-01
+2.196e-01
+1.882e-01
+1.56%9e-01
+1.255e-01
+9.412e-02
+6.275e-02
+3.137e-02
+0.000e+00

C-2-1-40-10

UT, Magnitude
+3.593e-01
+3.293e-01
+2.994e-01
+2.695e-01
+2.395e-01
+2.096e-01
+1.796e-01
+1.497e-01
+1.198e-01
+8.982e-02
+5.988e-02
+2.994e-02
+0.000e+00

C-2-1-40-12

UT, Magnitude
+2.745e+01
+2.516e+01
+2.287e+01
+2.058e+01
+1.830e+01
+1.601e+01
+1.372e+01
+1.144e+01
+9.149e+00
+6.862e+00
+4.574e+00
+2.287e+00
+0,000e+00

C-2-1-40-14
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UT, Magnitude
+3.356e-01
+3.076e-01
+2.796e-01
+2.517e-01
+2.2372-01
+1.957e-01
+1.678e-01
+1.398e-01
+1.119e-01
+8.38%=-02
+5.593=e-02
+2.796=2-02
+0.000e+00

C-2-1-40-16

UT, Magnitude
+3.845e-01
+3.524e-01
+3.204e-01
+2.884e-01
+2.563e-01
+2.243e-01
+1.922e-01
+1.602e-01
+1.282e-01
+9.612e-02
+6.408e-02
+3.204e-02
+0.000e+00

C-2-1-45-8

UT, Magnitude
+1.423¢-01
+1305e-01
+1186e-01
+1.068e-01
+0.489¢-02
+8:303¢-02
+7117e-02
45.931e-02
+4.7452-02

+3.558e-02

+2372¢-03
+1.186e-02
+0.0002 +00

C-2-1-45-10

UT, Magnitude
+2.3849e-01
+2611e-01
+2.374e-01
+2.137e-01
+1.899e-01
+1.662e-01
+1.424e-01
+1.187e-01
+9.496e-02
+7.122e-02
+4.748e-02
+2.374e-02
+0.000e+00

C-2-1-45-12

UT, Magnitude
+8.111e-01
+7.435e-01
+6.75%-01
+6.083e-01
+5.407e-01
+4.731e-01
+4.055e-01
+3.379e-01
+2.704e-01
+2.028e-01
+1.352e-01
+6.759-02
+0.000e+00

C-2-1-45-14

UT, Magnitude
+2.265e+00
+2.076e+00
+1.887e+00
+1.699e+00
+1.510e+00
+1.321e+00
+1.132e+00
+9.437e-01

+37756-01
+1.887e-01
+0.000e+00

C-2-1-45-16

UT, Magnitude
+1.665e-02
+1.527e-02
+1.388e-02
+1.249e-02
+1.110e-02
“+8.715e-05
+8.327e-03
+6.939e-03
+5.551&-08
+4.164e-03
+2.776e-03
+1.388e-03
+0.000e+00

C-3-1-25-8

UT, Magnitude

UT, Magnitude

+0.0008+00

C-3-1-25-12

UT, Magnitude
+8.488e-01

+0.000e+00

C-3-1-25-14

UT, Magnitude

5.479e-03
z
+15832-0
1]
487
+2558e-
+0u 0u0e+00

C-3-1-25-16

UT, Magritude

[6664-03
+3.331e-04
+0.000e +00

C-3-1-30-8

T, Magnitude

+4. lOfoe 03
Ge-03
+! 1.»0
552
0
| ™ +0.000e+00 |

C-3-1-30-10

UT, Magnitude

+1.5608-03
L. +0.000e+00

C-3-1-30-12

2
3
3
3

b 9559 'Ji

C-3-1-30-14

T, Megniude

C-3-1-30-16
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uT, Magrutude

T, Magnitude
245e-03
8e-03

+4571e-03
4438403
30l

U, Magnaude
+1.0736-03
158356 04
+8.5341e 04

LA
v85ale 05
+0.0002+00

+
+6.5856-05
+0.000¢+00

C-3-1-45-14

ur,

C-3-1-45-16

UT, Magnitude UT, Magnitude
+1.087e+00 +1.010e+00
+9.962e-01 +9.259e-01
+9.056e-01 +8.417e-01
+8.150e-01 +7 576e-01
+7.245e-01 +6.734e-01
+6.33%¢-01 +5.552e-01

= +2. -
IR Baot 12389601
+3.622¢-01 +3.367e-01
+2.717e-01 +2.522e-01
+1.811e-01 S hotoe Ol
+3.056e-02 s e
+0.000e+00 TEREPOe0S

G-1-1-25-8 G-1-1-25-10
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UT, Magnitude

UT, Magnitude

+9.8272-01 +7.3712-01
+2.00%9e-01 +5.757e-01
+8.190e-01 +6.143e-01
+7.371e-01 +5.5286-01
+6.552e-01 +4.9142-01
+5.733e-01 +4.300e-01
+4.9142-01 +3.6862-01
+4.095e-01 +3.071e-01
+3.276e-01 +2.457e-01
+2.4572-01 +1.843e-01
+1.638e-01 +é§§%e*85
& e Ta%e
155008100 +6.000e-+00
G-1-1-25-12 G-1-1-25-14
UT, Magnitude UT, Magnitude
+9,328e-01 +9.792e-01
+8.550e-01 +8.976e-01
+7.773e-01 +8.160e-01
+5.996e-01 +7.344e-01
+6.218e-01 &
5 44Tc0f e
+4.664e-01 +4.896e-01
+3.887¢-01 +4.080e-01
+3,109e-01 +3.264e-01
teiois 0l +2.448a-01
+1.555e-01 +1.632e-01
i daaels +8.160e-02
+0,000e +00 :
+0.000e+00
G-1-1-30-8
G-1-1-25-16
T, Magnitude UT, Magnitude
+1.015e+00 +3.112e-01
+9,305e-01 +2.852¢-01
+8.459e-01 +2.593e-01
+7.613e-01 +2.334e-01
+6.767¢-01 +2.075e-01
+5.921e-01 +1.815e-01
+5.075e-01 +1.556e-01
+4.230e-01 +1,287e-01
+3.384e-01 +1.037e-01
+2.538e-01 +7.779%-02
+1.692e-01 +5.186e-02
+2.459e-02 +2.5936-02
+0.000e+00 +0.000e+00
G-1-1-30-10 G-1-1-30-12
UT, Magnitude
+6.172e-01 UT, Magnitude
238t +9.953e-01
el izes:
o+ e +5, e
B88esb +7.465¢-01
%gé?e—& +6‘636e—8%
+2.057e- +5.806e-
ThesEel +4,5776-01
+5.143e-02 +4. 147e-01
+0.000e +00 +33 186-01
+2.488e-01
-1-1-30- +1,65%e-01
G-1-1-30-14 +8,295e-02
+0,000e+00
G-1-1-30-16
UT, Magnitude T, Magnitude
+9.374e-01 +1.302e+00
+2.593e-01 +1.193e+00
+7.812e-01 +1.085e+00
+7.030e-01 +9.762e-01
+6.249e-01 +8.677e-01
+5.468e-01 +7.592e-01
+4.637e-01 +6.508e-01
+3.906e-01 +5.423e-01
+3.125e-01 +4.338e-01
+2.343e-01 +3.254e-01
+1.562e-01 +2.169e-01
+7.812e-02 +1.085e-01
+0.000e+00 +0.000e+00
G-1-1-35-8 G-1-1-35-10
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UT, Magnitude

+1.083=+00
+9.978e-01
+9.071e-01
+8.164e-01
+7.2572-01
+6.350=-01
+5.443e-01
+4.536e-01
+3.6292-01

+2.721e-01
+1.814e-01
+3.07 1e-02
+O 000e+00

G-1-1-35-12

UT, Magnitude
+9.107e-01
+8.348e-01
+7.58%e-01
+6.830e-01
+6.072e-01
+5.313e-01
+4.554-01
+3.795e-01
+3.036e-01
+2.277e-01
+1.518e-01
+7.58%e-02
+0.000e+00

G-1-1-35-14

UT, Magnitude

+4.525e-01
+4.148e-01
+3.394e.

- +2.26 1
+1.886e-01
+1.508e-01
+1.131e-01
+7.542e-02
+3.77 le-02
+0.000e+00

G-1-1-35-16

UT, Magritude
+9,199e-01

UT, Magrituds

47678001
Seaerot
5.119 1
¥255
1.2
e02
+0.0004+30

G-1-1-40-10

+0.000e+00

G-1-1-40-12

T, Magnitude

+1.310e+00
+1.201e+00
+1.092e+00
+9.827e-01
+8.735e-01
+7.643e-01
+6.551e-01
+5.45%e-01
+4.367e-01

+3.276e-01
+2.184e-01
+1.092e-01
+O 000e+00

G-1-1-40-14

UT, Magnitude

+9.722e-01
+8.911e-01
+3.101e-01
+7.291e-01
+6.481e-01
+5.671e-01
+4.861e-01
+4.051e-01
+3.241e-01
+2.430e-01

+1.620e-01
+8.101e-02
+0.000e+00

G—1—1—40—16

UT, Magnitude
+1.038e+00

+9.511e-01
+8.647e-01
+7.782e-01
+6.917e-01
+6.053e-01
+5.188e-01
+4.323e-01
+3.45%e-01
+2.594e-01

+1.729e-01
+8.647e-02
+O 000e+00

G-1-1-45-8

UT, Magnitude

+1.0742+00
+9.846e-01
+8.951e-01
+8.056e-01
+7.161e-01
+6.266e-01
+5.370e-01
+4.475e-01
+3.580e-01
+2.685e-01

+1.790e-01
+8.951e-02
+O 0002 +00

G-1-1-45-10

UT, Magritude

UT, Magnitude
+4.192e-01

+0.000e+00

G-2-1-25-10

UT, Magnitude
+4.856e-01
+4.451e-01
+4.047e-01

+0.000e+00

G-2-1-25-12

UT, Magnitude
+2.631e-01
+2.412e-01
+2.193e-01
+1.9732-01
+1.754e-01
+1.535e-01
+1.316e-01

+0.000e +00

G-2-1-25-14

427




UT, Magnitude

+6.018e-01
+5.517e-01
+5.015e-01
+4.514e-01
+4.012e-01
+3.511e-01
+3.00%9e-01
+2.508e-01
+2.006e-01
+1.505e-01

+1.003e-01
+5.015e-02
+O 000e+00

G-2-1-25-16

UT, Magnitude
+4.433e-01
+4.063e-01
+3.694e-01
+3.324e-01
+2.955e-01
+2.586e-01
+2.216e-01
+1.847e-01
+1.478e-01
+1.108e-01
+7.388e-02
+3.694e-02

G-2-1-30-8

+0.000e+00

UT, Magnitude

+2.635e-01
42.415e-01
+2.196e-01
41.976e-01
+1,757e~01
+1.537¢-01
41.317e-01
+1.098e-01
48.783e-02
+6.587e-02

4+4.391e-02
+2.196e-02
+40.000e+00

G-2-1-30-10

UT, Magnitude
+1.240e-01
+1.137e-01
+1,033e-01
+3,.300e-02

+0,000e+00

G-2-1-30-12

UT, Magnitude

+6.567e-01
+6.019e-01
+5.472e-01
+4.925e-01
+4.378e-01
+3.831e-01
+3.283e-01
+2.736e-01
+2.189e-01
+1.642e-01

+1.0942-01
+5.472e-02
+O 000e+00

G-2-1-30-14

UT, Magnitude

+2.543e-01
+2.331e-01
+2.119e-01
+1.907e-01
+1.695e-01
+1.483e-01
+1.272e-01
+1.060e-01
+8.477e-02
+6.358e-02
+4.238e-02
+2.119e-02

+0.000e+00

G-2-1-30-16

UT, Magnitude

+3.631e-01
+3.329e-01
+3.026e-01
+2.724e-01
+2.421e-01
+2.118e-01
+1.816e-01
+1.513e-01
+1.210e-01
+9.079e-02

+6.052e-02
+3.026e-02
+O 000e+00

G-2-1-35-8

UT, Magnitude

+5.858.-01
+5.370e-01
+4.882e-01
+4.394e-01
+3,906e-01
+3.417e-01
+2.929e-01
+2.441e-01
+1,953=-01
+1.465e-01

+9.764e-02
+4.882e-02
+O 000e+00

G-2-1-35-10

UT, Magnitude

+4.752e-01
+4.356e-01
+3.960e-01
+3.564e-01
+3.168e-01
+2.772e-01
+2.376e-01
+1.980e-01
+1.584e-01
+1.188e-01

+7.919-02
+3.960e-02
+O 000e+00

G-2-1-35-12

UT, Magnitude

+4.928e-01
+4.518e-01
+4.107e-01
+3.696e-01
+3.285e-01
+2.875e-01
+2.484e-01
+2.053e-01
+1.643e-01

+1.232e-01
+8.214e-02
+4.1072-02

G-2-1-35-14

+O 000e+00

UT, Magnitude
+8.045e-01
+7.374e-01

+1.341e-01
+6.704e-02
+0.000e+00

G-2-1-35-16

UT, Magnitude

UT, Magnitude

+7.788e-01
+7.139-01
+6.490e-01
+5.841e-01
+5.192e-01
+4.543e-01
+3.894e-01
+3.245e-01
+2.596e-01
+1.947e-01
+1.298e-01
+6.490e-02

G-2-1-40-10

+0.000e+00

UT, Magnitude

+4.003e-01
+3.670e-01
+3.336e-01
+3.002e-01
+2.6609e-01
+2.335e-01
+2.002e-01
+1.668e-01
+1.334e-01
+1.001e-01

+6.672e-02
+3.336e-02
+0.000e+00

G-2-1-40-12

428




UT, Magnitude

+3.386e-01
+3.104e-01
+2.822e-01
+2,53%-01
+2.257e-01
+1.975e-01
+1.693e-01
+1.411e-01
+0.000e+00

G-2-1-40-14

UT, Magnitude

+3.464e-01
+3.175e-01
+2.886e-01
+2.886e-02
+0.000e+00

G-2-1-40-16

UT, Magnitude

+6,149e-01
+5.637e-01
+5,124e-01
+4.612e-01
+4,100e-01
+3.587e-01
+3.075e-01
+2.562e-01
+2.050e-01

+1.537e-01
+1.025e-01
+5.124e-02
+0.000e+00

G—2—1—45—8

UT, Magnitude

+3.753e-01
+3.441e-01
+3.128e-01
+2.815e-01
+2.502e-01
+2.189e-01
+1.877e-01
+1.564e-01
+1.251e-01
+9.383e-02

+6.255e-02
+3.128e-02
+0.000e+00

G-2-1-45-10

UT, Magnitude

+5.193e-01
+4.760e-01
+4.327e-01
+3.895e-01
+3.462e-01
+3.029e-01
+2.596e-01
+2.164e-01
+1.731e-01
+1.298e-01

+8.655-02
+4.327e-02
+O Q00e+00

G-2-1-45-12

UT, Magnitude

+5.943e-01
+5.448e-01
+4.953e-01
+4.457e-01
+3.962e-01
+3.467e-01
+2.972e-01
+2.476e-01
+1.981e-01
+1.486e-01

+9.905e-02
+4.953e-02
+O 000e+00

G-2-1-45-14

UT, Magnitude

+1.106e+00
+1.014e+00
+9.214e-01
+8.293e-01
+7.372e-01
+6.450e-01
+5.529e-01
+4.607e-01
+3.686e-01

+2.764e-01
+1.843e-01
+9.214e-02
+O 000e+00

G-2-1-45-16

UT, Magnitude

+3.163e-01
+2.899e-01
+2.636e-01
+2.372e-01
+2.109e-01
+1.845e-01
+1.581e-01
+1.318e-01
+1.054e-01

+7.907e-02
+5.271e-02
+2.636e-02
+O 000e+00

G-3-1-25-8

UT, Magrituds

+4.617e-02
+4.232e-02
+3.848e-02
- 43.462e-02
+3078e-02
+2.693e-02
+2.309e-02
+1.9242-02
+1.539e-02

UT, Magritude

- +3.442e-02
+3.1552-02
+2.865e-02
+2.582e-02
+2.295%e-02
42.D0Be-02
+1.7218-02
+1.434e-02
+1.147e-02
+8.6062-03
+5.737e-03
+2.865e-03

+0 000e+00

G-3-1-25-12

i3
&

UT, Magnitude
#S.L186-02
+4.691e-02
+4.265e-02
+3.838e-02
+3.412e-02
+2.985e-02

+4.265e-03
+0.000e+00

£+ 4+
LELLGG
nfui-(n
ANOLA
fefrtet i
TITYE
SbEEE
FISINSIN

UT, Magnitude

+2.161e-01
+1.981e-01
+1.801e-01
F1.621e-01:
+1.441e-01
+1.260e-01
+1.080e-01
+9.003s-02
+7.203=-02

+5.402e-02
+3.601e-02
+1.801e-02
+0.000e +00

G-3-1-30-8

G-3-1-25-14 G-3-1-25-16
e il
. i—mmg ﬂ >-
+1.149e-02 +1.751e-02
+1.0: 02 7Ee-
- +9.194 -0 i 77: 2
- +1.051e-02
3 -03
E & 7.0 03
45.254e-03
X > +3.503e-03
i thdtaeito 105000

G-3-1-30-10

UT, Magritude

+1.486e-02
+7.430e-03
+0.000e+00

G-3-1-30-12

4
@
S0
S8

T, Magnitude
940e-02 ! I
+0.000e +00

G-3-1-30-14

429




3
48603

1k
+0.0008400

G-3-1-35-14

LT, Magnitude UT, Magnitude
+1.166e-02
+1.069e-02
+3.7142-03
+8.7432-03
+7.771e-03
+6.800e-03
+5.8282-03
+4.8572-03
+3.886e-03
+2.914e-03
+1,943e-03
+3.7132-04
+0.000e +00

UT, Magnitude uT, Ma?nsmgge o

- + o
1555003 ¥13eie03
+4.3516-03 +1.255¢-02
+3.916e-03
+3.431e-03
+3.0462-03
+2.610e-03
+2.175e-03
+1.740e-03
+1.305e-03
+8.702e-04
+4.3512-04
+0.000e400

UT, Magritude

ratuide
[ 7.1432.03
£:343:-03
565e-03
4793604
+0.000¢+00

G-3-1-35-16

UT, Magnitude
+1.474e-03

+1.228e-04
+0.000e+00

G-3-1-40-8

o +1.7626-0:
]
s

2
1104

ek
[ 11.a8ae0a
+0/0002+00

G-3-1-40-10

LT, Magitude
8126

UT, Magnitide
26e-

G-3-1-40-14

LT, Magnibude
+8.749e-04
+8.070:04
+7.201e-04
+6 5626-04

+5.833e-04

+7.201e-05
+0.000e+00

G-3-1-45-8

+1.920e-04
+3,5986-05
40,0002 +00

G-3-1-45-10

T
UT, Magnitude
<8

UT, Magrinsde

1.381e-04
+E.205e05
+0.000e +00

G-3-1-45-14

G-3-1-45-16

Figure 166: Displacement of models from ABAQUS.
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Figure 167: Peak stress as a function of strain rate.
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Figure 168: DIF as a function of strain rate.
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