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ABSTRACT

Since the 1980s, the use of fibre reinforced polymer (FRP) composites in
strengthening and rehabilitation of existing reinforced and prestressed structures has
gained popularity. Versatility, high strength to weight ratio, corrosion resistance,
excellent creep and fatigue behaviour, and ease of installation are amongst some of
the advantages offered by externally bonded FRP systems over traditional

strengthening methods.

In addition to strengthening for static loading, there are many scenarios where
strengthening is required to elements subjected to dynamic loads. The static behaviour
of FRP strengthened RC beams has been the subject of extensive research. However,
the dynamic behaviour of FRP strengthened RC beam elements remains unclear.
Limited experimental studies are available that are focused on the response of FRP
strengthened RC beams subjected to low velocity impact events. Furthermore, many
of the Finite Element (FE) analysis models developed in these studies yielded results
that were inconsistent with the test data. Key shortcomings of these models relate to a
lack of definition of the FRP-concrete bond interface and considering rate dependent

material behaviour.

In an attempt to address these limitations, the aim of this study is to develop and
verify a numerical model based on the finite element (FE) approach, capable of
describing the dynamic response of FRP strengthened beams subjected to low
velocity impact by accounting for FRP interfacial bond behaviour and dynamic
properties of constituent materials at high strain rates. The FE model was developed

in Abaqus/Explicit version 6.10.

The FE model was verified through comparisons of its predictions with test results of
selected experimental impact studies by Tang (2002) and Tang & Saadatmanesh
(2003). Mid span displacement and support reaction force time histories as well as
crack patterns were compared against the results of the impact tests A total of four test

beam specimens, with different impact energies and FRP laminate types, was

v



BEHAVIOUR OF FRP STRENGTHENED RC BEAMS UNDER LOW VELOCITY IMPACT LOAD

simulated. Results of the comparison demonstrate that the FE model shows reasonable
agreement with observed peak displacements and reactions, whilst some discrepancies
were noted for frequencies of the associated peak responses. However, for subsequent
reaction and deflection cycles, the FE computed response showed a closer correlation

with observed cycles.
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1 INTRODUCTION

1.1 Background

Rehabilitation and repair of existing civil infrastructure, particularly concrete
structures, is becoming of increasing importance to utility owners, researchers and
engineers. In the United States of America alone, it was estimated that the backlog in
maintenance and repair of 600 000 bridges amounts to US$200 billion (Institute of
Civil Engineers, 2008). The need for the rehabilitation and repair of reinforced
concrete (RC) structures is driven by the following key aspects related to structural

deficiency and degradation (Hollaway et al, 2008):

e Change in use: Structures may be subjected load to intensities and configurations
that differ from the original design concept.

e Degradation: The serviceability and ultimate capacity of structures may be
adversely affected with excessive deterioration of its components. Deterioration
mechanisms include corrosion and fatigue. Hazard events such as impact and blast

loading can also result in structural degradation.

The most common method of strengthening for RC structures employing epoxy
bonded steel plates were introduced in the 1960s (Téljsten, 2004). Despite the
widespread use of this method, it poses some disadvantages. Steel plates are subject to
corrosion, should protective coatings fail and degrade. Steel plates are cumbersome to
handle and install, requiring extensive temporary support systems. Sustained contact
pressure is required during the hardening phase of the epoxy adhesive thereby

prolonging disruption to users.

Since the 1980s, the use of fibre reinforced polymer (FRP) composites in
strengthening and rehabilitation of existing RC and prestressed structures as an
alternative to steel has gained popularity (Hollaway et al, 2008). Figure 1 provides an
overview of the development of FRP composites in civil engineering from the early

1970s into the 21* century.

Chapter 1: Introduction 1
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Advanced Polymer Composites (APC)
(Generally referred to as fibre reinforced
polymer[ FRP] in civil engineering)

Combination of APC and All APC Structures
conventional materials |
(This is the most advantageous
methods of using APC) Manual Load bearing Automated
Construction and infill Construction
Building Block panels (Building Block
System (commenced Systems -
(commenced 1974) 1970s) Commenced
mid 1980s)
| |
Rehabilitation Non-matallic Construction using Hybrid
(Commenced Rebars APC/conventional structures
early 1990s) (Commenced materials as composite (Commenced
mid-1990s) structural units 2003)
(Commenced 2000)
I [ \
Repair Retrofitting Retrofitting
Strengthening (Seismic)

(Non-seismic)

Figure 1: Development of FRP composite systems (Hollaway, 2010)

Versatility, high strength to weight ratio, corrosion resistance, excellent creep and
fatigue behaviour, and ease of installation owing to low weight are amongst the
advantages offered by externally bonded FRP systems over strengthening methods

employing steel (Perumalsamy et al, 2009; Lin et al, 2001).

1.2 Brief overview of FRP strengthening of concrete structures

FRP composites comprise of two constituents, namely fibre reinforcement and the
matrix material. Carbon, aramid, and glass are the typical fibre reinforcements used in
structural strengthening applications as the load bearing components. Matrices,
commonly in the form of epoxy resin, provide the shear load path between the fibre

components and the concrete substrate.

FRP strengthening techniques may be used to improve strength, stiffness, and fatigue

behaviour of RC structural elements (Perumalsamy et al, 2009). In addition to

Chapter 1: Introduction 2
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strengthening for static loading, there are many scenarios where strengthening is
required to elements subjected to dynamic loads. For example, bridge deck beams
may be strengthened to withstand accidental vehicular impact and transient traffic
loading. Furthermore, structural elements of buildings may be retrofitted with FRP to

withstand seismic events, wind loads, and blast impact.

In the last few decades, numerous studies were undertaken to define the static
behaviour of FRP strengthened concrete elements (Teng et al, 2002; Teng et al,
2003). This ongoing research has led to the development of several design guideline
documents (Ceci et al, 2012; CRC Construction Innovation, 2002). On the other hand,
research focused on the dynamic response of FRP strengthened concrete elements
remains in its infancy despite the potential of this method for retrofitting and
strengthening existing structures subjected to dynamic loading (Hamed &
Rabinovitch, 2007). Limited experimental studies have been conducted to investigate
the dynamic response of FRP strengthened beams under low velocity impact (Jerome,
1996; Erki & Meier, 1999; White et al, 2001; Capozucca & Nilde Cerri, 2002; Tang,
2002). Analytical and numerical models presented in most of these studies predicted
the dynamic response with varying degrees of accuracy. These variations are related
to the complexity in defining and integrating dynamic parameters unique to the
analysis of FRP strengthened RC beams. These include the definition of suitable

constitutive and FRP bond interface models.

The strength, stiffness and ductility behaviour of concrete may differ substantially
under high loading rates when compared to that of the static loading condition (Grote
et al, 2001; Tang, 2002). Therefore, the rate dependent response of materials is an

important consideration in defining material models for dynamic analyses.

FRP debonding, either by laminate peeling or bond splitting of the cover concrete, is a
common failure mechanism for beams strengthened for increased flexural strength
(Perumalsamy et al, 2009; Hollaway et al, 2008; White et al, 2001). Hence,
integrating suitable FRP bond interface models in dynamic analyses is essential to

capture the full-spectrum response of the FRP strengthened beam.

Chapter 1: Introduction 3
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1.3 Aim of research

Owing to limitations of existing studies for the prediction and evaluation of the
dynamic response of FRP strengthened beams subjected to low velocity impact, it is
proposed to develop an analysis tool using finite element code capable of describing
the dynamic response by accounting for FRP interfacial bond behaviour and dynamic

properties of constituent materials at high loading rates.

1.4 Hypothesis statement

A finite element (FE) model based on appropriate load-rate dependent constitutive
models that accounts for FRP interfacial bond behaviour can provide accurate
predictions of the dynamic response of the FRP strengthened beams under low

velocity impacts.

1.5 Objectives and scope of study

The following are the key objectives of the study:

1) To understand the behavior of FRP strengthened RC beam:s.

ii)  To understand the dynamic behaviour of concrete at high loading rates and
methods used in the analysis thereof.

iii) To develop a numerical model based on the finite element approach capable of
describing the dynamic response of FRP strengthened beams subjected to low

velocity impact.

1.6 Limitations

The study will be limited to the investigation of the dynamic response of rectangular

RC beams strengthened for flexure with uni-directional FRP subjected to a single

impact event.

Chapter 1: Introduction 4
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1.7 Report structure

This report consists of six chapters, organized as follow.

Chapter 1 gives the background of this research project and the objectives of the

study. The formulated hypothesis and limitations of study also form this chapter.

Chapter 2 provides a literature review on the behaviour of FRP strengthened RC
beams, the dynamic response of concrete at high loading rates, and impact analysis

methods.

Chapter 3 presents the theoretical framework for the development of the FE model.
Structural dynamic theories, constitutive material models, and FRP bond interface

models considered for model implementation are described in this chapter.

Chapter 4 describes the development of the FE model using the Abaqus modelling

programme.

Chapter 5 reports the findings and observations of the study.

Chapter 6 summarizes the work of this report; draws conclusions and gives

recommendations for future work.

Chapter 1: Introduction 5
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2 LITERATURE REVIEW

2.1 Introduction

During the last decades, numerous studies have been undertaken on the use of FRP
strengthening as a means of extending the services life of existing RC structures
(Teng et al, 2002; Teng et al, 2003). This ongoing research has led to the
development of several design guideline documents (Ceci et al, 2012; CRC
Construction Innovation, 2002). Although the static behaviour of FRP strengthened
RC beams are well documented, dynamic behaviour remains unclear. Dynamic
behaviour is influenced by the strain-rate effects on constituent materials. A
fundamental understanding of the static behaviour of FRP strengthened beams is

essential in investigating the response of constituent materials at high-loading rates.

2.2 FRP strengthening of RC beams

Structurally deficient RC beams may be strengthened by employing either near
surface mounted (NSM) FRP rods or FRP external plate bonding (EPB). Flexural or
shear strengthening using the NSM technique entails cutting a groove in the concrete
cover region into which a FRP rod of circular or rectangular cross section is secured
in place with an epoxy paste The FRP EPB strengthening method involves the
bonding of FRP sheets or fabric on the external face of the RC beam using an epoxy

adhesive (Hollaway, 2010).

Externally-bonded FRP composites comprise of two constituents, namely fibre
reinforcement and the matrix material. Carbon (CFRP), Aramid (AFRP) and Glass
(GFRP) are the typical fibre reinforcements used in structural engineering
applications as the load bearing components. Matrices, commonly in the form of
epoxy resin, provide the shear load path between the fibre components and the
concrete substrate. FRP installations are generally classified into two categories,
namely wet lay-up systems and prefabricated systems. Wet lay-up systems are in situ
techniques where the dry unidirectional or multidirectional fibre sheets or fabrics are

saturated with resin at the installation site. Prefabricated systems involve pre-
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manufactured cured FRP plates or sheets that are installed to the concrete substrate

with the use of adhesives (FIB, 2001; ACI, 1996).

The wet lay-up system is one of the most cost efficient and readily deployable
techniques for the external strengthening of structures. The dry fibre fabric of this
system can be easily transported to the work site in manageable rolls and is mouldable
to suit a variety of conditions on-site. This technique may be used for shear and

flexural strengthening of RC beams.

2.2.1 FRP strengthening for shear

According to Hollaway et al (2008), FRP strengthening for shear may be considered
when an RC beam is deficient in shear or when its shear capacity is less than the
flexural capacity. Flexural failure is ductile and allows for stress redistribution
whereas shear failure is brittle and catastrophic. Therefore, flexural failure is
generally preferred to shear failure as the governing failure mode (Hollaway, L. C.;

Teng, J. G. Eds, 2008).

Shear strength enhancement of RC beams with the use of externally bonded FRP may
be achieved using various techniques. For beams, FRP sheets or strips may be applied
to side faces, side faces and tension face or complete wrapping to all faces (ACI,
2002). Effective shear strengthening is achieved by orienting fibres parallel to the
direction of the maximum principal tensile stress (i.e. perpendicularly to potential
shear cracks), although it is normally more practical to orientate fibres transversely to
the beam axis (FIB, 2001; Zureick et al, 2010; ACI, 2002). For load reversal
conditions associated with seismic events, fibres may be applied in two different
directions to ensure shear strength enhancement for both directions (Hollaway et al,

2008). Typical shear strengthening schemes are shown in Figure 2.
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Figure 2: Typical shear strengthening schemes using externally bonded FRP
(Hollaway and Teng, 2008)

The notation presented in Figure 2 represents the bonding configuration (Sides, U-
Shape or Wrapped), fibre distribution (Strips or Plates) and orientation of the primary
and secondary fibres (degrees).

Numerous studies have demonstrated the effectiveness of FRP strengthening in
increasing the shear capacity of beams (Perumalsamy er al, 2009). Results from
selected studies are presented to illustrate the efficacy of FRP shear strengthening

schemes.

Mosallam and Banerjee (2007) studied the shear enhancement of RC beams
externally strengthened with CFRP and GFRP. Full-scale beam specimens were
prepared for three different classes; namely unstrengthened, pre-damaged and FRP
retrofitted. The pre-damaged beams were repaired with epoxy resin crack injection
prior to FRP application and load testing. Large stirrup spacing was used to ensure
that all beams were deficient in shear. Test results showed that the FRP succeeded in
restoring the original shear capacity of the pre-damaged specimens. Ultimate shear
capacity of the retrofitted specimens was increased by 56% and 42%, in comparison

to the unstrengthened specimens, for the CFRP and GFRP laminates respectively.
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Furthermore, strengthened specimens exhibited a more ductile flexural failure mode,
together with increased deflections at ultimate load, in comparison to the brittle shear

failure of the unstrengthened specimens.

Mitolidis et al (2012) conducted a comparative study for CFRP and steel reinforced
polymers (SRP) in flexural and shear strengthening of RC beams. Low strength
concrete was used in the production of the specimens to simulate concrete grades
typically found in existing RC structures. The mean concrete cube strength was
recorded as 26.4 MPa. Test results indicated substantial shear enhancement for the
CFRP strengthened specimens. Shear strength increases of 90% were observed.
Furthermore, the preferable ductile flexural failure behaviour noted by Mossallam and

Banerjee (2007) was replicated in this study.
2.2.2 FRP strengthening for flexure

Since its initial development in 1982 by the Swiss Federal laboratory for Materials
Testing and Research (EMPA), the FRP strengthening technique has proven effective
in addressing structural deficiencies in RC beams (Meier, 1995). Flexural
strengthening of RC beams with FRP entails the attachment of FRP fabric or

pultruded plates to the extreme tension face of the beam as shown in Figure 3.

r-—"\ RC beam
e
P

Adhesive layer

. Section A
FRP Soffit plate

Figure 3: RC beam bonded with soffit FRP plate (Smith and Teng, 2002)

The main consequences of flexural strengthening are increased strength and reduced
ductility (Hollaway er al, 2008). Outcomes of selected experimental studies are

presented to demonstrate these enhancements.
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Ceroni (2010) studied the behaviour of RC beams strengthened for flexure using
CFRP and near Surface Mounted (NSM) bars under monotonic and cyclic loads.
Cyclic load tests comprised the application of 10 cycles in the elastic and post-elastic
range. RC beams under monotonic loading showed strength increases varying
between 26% and 50% for relatively low steel reinforcement ratios (1%). For higher
ratios (1.5%), strength increases between 17% and 33% were observed. Furthermore,
these beams exhibited reduced ductility owing to the brittle of FRP failure and
increased stiffness when compared to unstrengthened control beams. CFRP
strengthened beams tested under cyclic loading showed a strength reduction ranging

from 10% to 13% compared to similar monotonically loaded beams.

Kachlakev and McCurry (2000) evaluated the load carrying capacity and bending
characteristics of full-scale FRP strengthened RC beams replicated from an existing
bridge. Four-point bending tests were conducted on beam specimens strengthened for
shear and flexure with varying configurations of CFRP and GFRP. The beams were
tested for the design traffic loads to reproduce the loading conditions of the existing
bridge. For the beam strengthened in flexure, results showed an increase in static load
capacity and midspan deflection at failure of 145% and 124% respectively, when

compared to test data of the unstrengthened control beam.

2.2.3 Failure modes for FRP strengthened RC beams

Several unique failure modes of RC beams strengthened with FRP have been
identified in numerous experimental studies (Saxena et al, 2008; Hollaway and Teng,
2008). FIB (2001) defined two broad classes into which these failure modes may be
categorised. These include those where the full composite action of the beam is
maintained until compressive failure of the concrete is attained, and where the

debonding of the FRP occurs prior to the concrete failure.
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Typical failure modes identified in flexural load tests on more than 70 FRP
strengthened RC beam specimens, having spans between 2m and 7m, conducted by
the Swiss Federal Laboratories for Materials Testing and Research (EMPA) are
shown in Figure 4 (Meier, 1995).

Mode 1 Concrete crushing

Mode 2 Yield of tensile steel reinforcement

Mode 3 Tensile rupture of FRP plate

Mode 4 Shear failure of concrete in tension zone

Mode 5 Local FRP peel due to vertical displacement at shear crack
Mode 6 Delamination of cover concrete

Mode 7 Plate end interfacial debonding

Mode 8 Adhesive failure at concrete-adhesive interface

Mode 9 Adhesive failure at adhesive-FRP interface
Mode 10 Inter-laminar shear within the FRP plate

Figure 4: Typical failure modes in RC beams strengthened by FRP’s
(Adopted from Meier, 1995 & Hollaway and Head, 2001)

Failure for under-reinforced RC beams strengthened with FRP initiates with mode 2
(yield of tensile reinforcement) followed by mode 1 (concrete crushing). Mode 3
(FRP rupture) may govern when an under-reinforced RC beam remains under-
reinforced after FRP strengthening. Conversely, failure of over-reinforced RC beams
strengthened with FRP initiates with mode 1 (concrete crushing) followed by mode 2
(yield of tensile reinforcement). Mode 6 (concrete cover delamination) may propagate
outwards from shear or flexural cracks in the beam midspan region or inwards from
the plate end zones. Mode 7 (FRP peeling at anchorage) results from the high
interfacial shear and normal stresses in this region of the beam (Saxena et al, 2008;

Hollaway and Teng, 2008; Park and Hewson, 2008).
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These modes are useful in describing the mechanisms for shear, flexure and
debonding failures. An overview of these failure modes is presented in the following

sections.

Shear failure modes

The shear failure mechanism for RC beams strengthened with FRP is similar to RC
beams without FRP strengthening since it is associated with the propagation of either
a single critical diagonal shear crack or multiple diagonal shear cracks (Hollaway et
al, 2008). Numerous studies have shown that the shear failure of FRP strengthened
beams mainly occur in one of the two modes (Cheng & Teng, 2003a). These include
tensile rupture of FRP and FRP debonding from the sides of the RC beam. The shear
failure mode for a given FRP strengthened RC beam depends on the configuration of

the strengthening scheme (Arya et al, 2002).

FRP rupture at shear cracks:

FRP rupture is related to the strain behaviour of the fibres intersecting diagonal shear
cracks in the concrete member (Chen & Teng, 2003b). As the width of the diagonal
crack increases, the FRP is stretched until a strain level is attained when rupture
initiates in the most highly stressed point in the FRP. This strain is termed the
effective strain &g, . and is generally less than the tensile fracture strain &, ,, owing
to local stress concentrations in the fibres (FIB, 2001; Khalifa et al, 1998). FRP
rupture propagates along the diagonal shear crack leading to collapse of the RC beam
(Chen & Teng, 2003b). Results of available test data indicate that FRP rupture has
occurred in the majority of beams strengthened using FRP sheets and in some beams

strengthened with U-jackets (Hollaway et al, 2008).

Several studies were undertaken in the development of models to predict the shear
strength of FRP strengthened RC beams. Chen and Teng (2003a) reviewed existing
models and accounted for their deficiencies in developing rational shear strength
design models for beams. The authors recognised that different models were required
to account for each of the predominant shear failure modes, namely FRP debonding
and FRP rupture. The model accounts for various strengthening configurations and
the non-uniform stress distribution in the FRP along a shear crack in the case of FRP

rupture.

Chapter 2 : Literature Review 12



BEHAVIOUR OF FRP STRENGTHENED RC BEAMS UNDER LOW VELOCITY IMPACT LOAD

The contribution of FRP to shear strength of a RC strengthened beam with failure by
FRP rupture is given by (Chen and Teng, 2003a):

Verp = 2 f;};—::i trRPWFRP hrrr.e (S:i-l_ cosh) (2.1)

Where: frRPed — Average/effective design stress of FRP

YERP — Partial safety factor

trrp — Thickness of FRP

hrrp e — Effective height of FRP on the sides of the beam

Wrrp — Width of FRP strip

5 — Angle of inclination of FRP fibre

SFRP — Spacing of FRP strips

The design effective stress frrp ¢q 1S given by

f FRPed = DFRP6FRP,max (2-2)

where Dpgp is termed the stress distribution factor, and Opgp mqy is the maximum
tensile stress in the FRP. The stress distribution factor Dggp describes the non-
uniform strain distribution in FRP along a shear crack. The maximum design stress
Orrpmax 18 the factored ultimate tensile strength of the FRP to account for the
strength reduction that may result from stress concentrations at th