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application of mechanically fastened FRP (MF-FRP) to RC elements has shown
promising results in terms of installation efficiency, level of strengthening achieved,
and, more importantly, preventing FRP delamination prior of concrete crushing. As
such, a high potential exists for achieving a successful and efficient strengthening
scheme when utilizing the MF-FRP laminates to strengthen steel beams. A unique
study on the application of MF-FRP to steel beams was conducted by Alhadid (2011).
The study revealed that MF -FRP leads to ductile response of the strengthened system
provided that adequate number and strength of anchoring fasteners are used.
Insufficient FRP length-to-span ratio or insufficient number of steel fasteners will
result in unfavorable brittle mode of failure by shear rupture of the fasteners or tensile

rupture in the FRP laminate.

The driving force behind the current research study stems from the need to
gain a better understanding of the mechanical behavior of steel beams strengthened
with MF-FRP laminates. The research is conducted numerically and analytically.
Three-dimensional (3D) finite element (FE) analysis using the general purpose
software package ANSYS is conducted in the numerical phase of the study. The 3D
FE model developed in this study accounts for the effect of both material and
geometrical nonlinearities in addition to the interfacial slip between the FRP
laminates and the steel beam. The FE model is validated against the experimental
results reported by Alhadid (2011), and excellent agreement is found. The validated
FE model is then used to study the behavior of the composite steel-FRP beam
parameters including the force distribution in anchoring steel fasteners, the stress
distribution and spread of yielding in the steel section and the corresponding stress

distribution in the FRP laminates. Furthermore, the FE model is utilized to investigate
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ABSTRACT

Retrofitting and strengthening of steel structures have gained significant
importance due to the highly increasing number of deteriorated steel structures in
many places around the globe. The conventional methods of retrofitting or
strengthening of steel structures by replacing steel members or attaching addiuonal
external steel plates are usually time-consuming, corrodible. and a cumbersome task.
Many of the drawbacks of the conventional retrofitting systems can be overcome
through the use of Fiber Reinforced Polymers (FRP) due to their high strength-to-
weight ratio. Furthermore, FRP materials are corrosion resistant, which makes them
more durable especially when environmental deterioration is a concern. In recent
years, the application of FRP in the strengthening of existing structures has increased
considerably. A significant amount of research studies has been conducted to explore
the effectiveness of implementing externally bonded FRP to strengthen reinforced
concrete (RC) structures. Following the successful introduction of FRP in the
strengthening of RC beams and columns, researchers started to explore the concept of
using the FRP materials in the strengthening of steel elements. Although this idea was
initially rejected by many researchers because of the significantly low elastic modulus
of the FRP relative to steel, the idea started to tloat to the surface again when high-
modulus FRP were successfully produced. The elastic modulus of such FRP
approaches and even, in some cases, exceeds the elastic modulus of steel. Similar to
the case of RC, researchers initially focused on the application of externally bonded
FRP (EB-FRP) for flexural strengthening of steel beams. The research outcomes
revealed that steel beams strengthened with EB-FRP strips exhibit unfavorable brittle

failure mechanism due to debonding of the FRP. More recently, research work on the




Increasing the thickness of the FRP laminate significantly improves the load-
carrying capacity of composite steel-FRP beams. Provided that a sufficient number of
fasteners is provided to avoid shear failure at the interface, increasing the number of
steel fasteners, or reducing the pitch distance does not increase the load-carrying
capacity significantly. However, it will ensure a ductile failure mode of the composite

steel-FRP beams.

The analytical solution used in the current study provides a convenient, but
accurate, tool that can be used to calculate the deflection of the composite beam while
taking interfacial slip into consideration. The solution can also be used to estimate the
load that initiates yielding in the steel component of the composite beam and finding

the distribution of the shear forces induced in the steel fasteners.

Keywords: steel beams, strengthening, rehabilitation, fiber reinforced polymer,
flexural behavior, numerical analysis, finite element method, analytical solution,

composite, partially composite, load-slip



the effect of different parameters on the mechanical behavior of the strengthened
beams namely; the steel section height; length, thickness and stiffness of FRP
laminates; and distribution and configuration of the steel fasteners. For the analytical
analysis, a closed-form analytical model is derived to predict the elastic behavior of
the steel-FRP composite beams taking into consideration the slip at the steel-FRP
interface. The analytical model is then utilized to evaluate the deflection, the first
yielding load of the steel-FRP system and the distribution of shear forces induced in

the steel fasteners.

The current study concludes that the contribution of the FRP in reducing mid-
span deflection and load-carrying capacity in the elastic stage (i.e., when all materials
are still elastic) increases if the elastic modulus of FRP is close to- or higher than that
of the steel section. As the length of the FRP increases, the index of elastic composite
action increases indicating higher efficiency of the FRP laminate, especially at low
fastener stiffness. After yielding in the extreme fibers of the bottom steel flange, the
FRP laminate contributes significantly in carrying the mid-span loads because the
FRP laminate remains elastic and contributes significantly in carrying the tensile

stresses.

The study also shows that the steel beam with deeper cross-section and
strengthened with MF-FRP at the bottom flange exhibits higher improvement in its
flexural capacity relative to the beam with shallow section with almost the same
stiffness. This is because the shear forces carried by the steel fasteners cause a
bending moment in the steel beam that is proportional to the section height, and

counteracts the bending moment due to the applied mid-span load.
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Figure 1.1: Sketch of a Typical Mechanically Fastened Steel-FRP Beam Tested

Experimentally by Alhadid (2011)

During the last two decades, many researchers have studied the behavior of steel
beams strengthened with FRP strips. However, the research focused on steel beams with
externally bonded FRP strips (EB-FRP). The research outcomes revealed that steel beams
strengthened with extermally bonded FRP strips exhibit unfavorable brittle failure
mechanism due to debonding of the FRP strips. Recently, Alhadid (2011) studied
experimentally the flexural behavior of steel beams strengthened with mechanically
fastened FRP (MF-FRP) laminates (Fig. 1.1). The study revealed that MF-FRP leads to
ductile response of the strengthened system provided that adequate number and strength
of anchoring fasteners are used. The driving force behind the current research study stems
from the need to gain better understanding of the mechanical behavior of steel beams
strengthened with MF-FRP laminates. Finite element analysis and closed-form analytical

solution are employed in the current investigation.

In this introductory chapter, the problem statement is presented first, followed by

the objective of the current study, the scope of the conducted work and the adopted



CHAPTER 1

INTRODUCTION

Retrofitting and strengthening of steel structures have gained significant
importance due to the highly increasing number of deteriorated steel structures in many
places around the globe. For example, about 143,889 highway bridges have been
classified as structural deficient or functionally obsolete within highway bridge network
in the USA as of December 2011. This represents about 24% of the total inventory of
highway bridges. About 48% of these bridges have steel as the main carrying structural
element (FHWA, Bridge Programs, National Bridge Inventory NBI1 2012). Therefore, an
efficient, practical and cost-effective rehabilitation technique is needed to assist in

mitigating such deficiency.

The conventional methods of retrofitting or strengthening existing steel structures
by replacing steel members or attaching external steel plates are usually time-consuming.
In addition, this method requires lifting heavy steel items that are corrodible and difficult
to fix. Many of the drawbacks of the conventional retrofitting systems can be overcome
through the use of Fiber Reinforced Polymers (FRP) due to their high strength-to-weight
ratio. Furthermore, FRP materials are corrosion resistant, which makes them more

durable especially when environmental deterioration is a concern.



behavior of the steel-FRP system was shown provided that adequate anchorage is

implemented.

The promising results obtained by Alhadid (2011), suggests more investigation
about the efficiency of MF-FRP strengthening technique. As a contribution to fulfill this
need, a three-dimensional (3D) nonlinear finite element simulation is employed to gain
more in-depth understanding of the behavior of the steel-FRP assembly. An analytical
model is also derived to investigate the elastic flexural behavior of steel beams

strengthened with MF-FRP laminates.

1.2  Objectives and Scope of the Study

The main objective of this research is to examine the mechanical behavior of steel
beams strengthened with MF-FRP laminates. A three dimensional (3D) nonlinear finite
element model is developed and used to carry out this study. The developed finite
element model is first validated against the available experimental results reported by
Alhadid (2011). Then, the validated finite element model is employed to perform a
numerical investigation consisting of two phases. The first phase investigates the
mechanical behavior of the composite steel-FRP beams in the context of the experimental
study conducted earlier by Alhadid (2011). This phase studies different issues including
the interfacial shear force distribution in anchoring steel fasteners, the stress distribution
and spread of yielding in the steel section, and the stress distribution in the FRP
laminates. Additionally, the second phase investigates the effect of various strengthening

parameters on the mechanical behavior of the steel-FRP composite beams such as the



solution methodology. Finally, the structure of the thesis is described followed by the

contribution of this study to the area of rehabilitation of steel structures.

1.1 Problem Statement

Recently, following the successful use of FRP in strengthening reinforced
concrete structures, researchers started to investigate the effectiveness of this material in
strengthening steel structures. Although this approach was initially rejected by many
researchers due to the low stiffness of FRP materials compared to steel, it was revived
when high-modulus Fiber Reinforced Polymers (FRP) were successfully produced and
became available commercially. The elastic modulus of such FRPs approaches and even,
in sometimes, exceeds the elastic modulus of structural steel. Relevant research was
directed to strengthening steel beams using externally bonded fiber reinforced polymer
(EB-FRP). The research conducted in this area revealed a significant improvement in the
load-carrying capacity of the strengthened steel beams. However, it was also indicated by
many researchers that the steel beams strengthened with EB-FRP exhibited premature
brittle failure mode due to the debonding of the FRP strips. The promising results of
using Mechanically Fastened FRP (MF-FRP) strips in enhancing the flexural capacity of
reinforced concrete beams with maintaining the ductile behavior of those beams have
established a potential interest in achieving a successful and efficient strengthening
scheme when utilizing the MF-FRP laminates to strengthen steel beams. Alhadid (2011)
studied experimentally the effectiveness of strengthening steel beams with MF-FRP. A

significant improvement in the flexural capacity was revealed. Additionally, a ductile



the main design parameters on the stiffness and load-carrying capacity of steel-FRP

composite beams.

Meanwhile, the analytical approach is utilized to calculate the elastic deflection of
simply supported steel-FRP composite beams loaded by a mid-span point load. The
derived analytical model takes into consideration the partial composite action associated
with the relative steel-FRP interfacial slip. The model is used to predict the first yielding
load at the compression flange of the simply supported steel-FRP composite beam. The
obtained analytical results are also validated by comparison with relevant finite element

predictions.

1.4 Organization of the Thesis

The current research thesis consists of six chapters. In this section, a brief

description of the contents of each chapter is presented.

In Chapter 1, the problem statement is discussed, followed by presentation of the
objectives of the research, scope of the numerical and analytical studies and the
methodologies adopted in executing the research. Finally the organization of the report

chapters is presented.

Chapter 2 provides an overview of the literature review of previously published
research work in the area of strengthening of reinforced concrete and steel beams. The
chapter discusses experimental, analytical and numerical research related to strengthening

of both reinforced concrete and steel beams using EB-FRP and MF-FRP schemes.



steel section dimensions, length and thickness of the FRP laminates, and connection

configuration.

Furthermore, a closed-form analytical model is also developed to predict the
elastic behavior of the steel-FRP composite beams taking into consideration the slip at
the steel-FRP interface. The analytical phase of the study utilizes the partial action
analytical model developed by Girhammar and Gopu (1993). The results obtained from
the analytical study are validated against corresponding finite element predictions. Then,
the analytical model is utilized to evaluate the deflection, and the load that initiates

yielding in the compression flange of the steel beams steel-FRP.

1.3 Methodology and Approach

The current study includes implementation of numerical and analytical modeling
approaches. The numerical approach involves the use of the general purpose finite
element software (ANSYS, release 13) to build a detailed 3D nonlinear displacement-
controlled finite element model for simply supported I-shaped steel beams strengthened
with MF-FRP laminates. The finite element model takes into account both the material
and geometrical nonlinearities, and accounts for the relative slip at the steel-FRP
interface. The load-deflection results of the simulated beams are validated with their
experimental counterparts. The validated finite element model is utilized for in-depth
investigation of the distribution of stresses and forces in the different components of the

steel-FRP composite system. A parametric study is conducted to investigate the effect of



Finally, Chapter 6 presents conclusions regarding the outcomes of the numerical
and analytical research work. In addition, recommendations regarding future research are

provided.

1.5 Study Contribution

The outcomes of the current study contribute to the field of rehabilitation of steel
structures by enriching the knowledge and understanding of the mechanical behavior of
steel beams strengthened with mechanically fastened FRP laminates. The parametric
analyses that address a wide range of parameters is expected to help designers in
producing safe and economic strengthening schemes. The analytical model is also useful
for simple and accurate control of the system deflection and the calculation of the load
that initiates yielding in the steel section. The recommendations of the study are expected
to help in developing design provisions for mechanically fastened strengthening systems

for steel beams.



Chapter 3 focuses on the development of the finite element model and its
verification. The chapter provides a brief background about the finite element modeling
technique. Detailed description of the 3D finite element model is also presented.
Verification of the accuracy of the developed finite element model by comparison with

relevant experimental results is presented at the end of the chapter.

Chapter 4 discusses the detailed numerical investigation of the mechanical
behavior of the strengthened steel beams. A brief description of previous experimental
research in strengthening steel beams with MF-FRP is presented. A parametric study of
the mechanical behavior of the steel-FRP composite beams is provided along with
detailed presentation and discussion of the corresponding distribution of forces and
stresses. The effect of various design parameters on the load capacity and stiffness of

steel-FRP composite beams is also presented and discussed.

Chapter 5 reports on the analytical solution of the differential equations governing
the flexural behavior of the elastic steel-FRP composite beams. The chapter starts with a
brief background about the partial interaction theory of composite beams. The solution of
the differential equations governing the behavior of steel beams strengthened with MF-
FRP laminates partially covering the bottom flange of the beam is presented. The
analytical model is then used to calculate the deflection and the load at which first
yielding of the steel section occurs. The analytical model is also used to find the
distribution of the shear forces developed in the steel fasteners. The chapter concludes
with a comparison between the analytical results and the corresponding finite element

predictions.



beams is outlined. Finally, research investigations on strengthening of steel beams with

FRP laminates are discussed.

2.2 Externally Bonded FRP for Strengthening of RC Beams

Externally bonded FRP system has been used to strengthen concrete structures in
many places around the world since mid-1980s. The first structural engineering
application of the externally bonded FRP system for flexural strengthening of reinforced
concrete bridges was carried out in Switzerland in 1987 [CRC (2002)]. Since 1982,
carbon fiber reinforced epoxy resin composites have been employed at the Swiss Federal
Laboratories for Materials Testing and Research (EMPA) for the post-strengthening of
RC beams where seventy flexural beams, having spans between 2.0 and 7.0 meters, have
been tested in one of their experimental studies. Later in 1993, and based on large scale
research projects undertaken in USA and in Canada in the area of repair/strengthening of
RC beams using FRP, the applicability of such material in construction has been

confirmed [Meier (1995)].

Rahimi and Hutchinson (2001) studied the structural behavior of RC beams
strengthened with externally bonded plates made of three different materials; namely
Carbon Fiber Reinforced Polymers (CFRP), Glass Fiber Reinforced Polymers (GFRP),
and steel. Around thirty one beams were experimentally loaded in four-point bending
while being simply supported over a span of 2100 mm. The test variables included the
amount of internal steel reinforcement bars and also the type and amount of external

reinforcement (i.e., CFRP, GFRP, or steel plates). The beams were 2300 mm long, 200
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Extending the life span of existing steel structures represents a major challenge
for civil engineers. It is well known that corrosion of steel structures reduces the effective
cross-sectional area of the steel members, and consequently causes elevated stresses at
the corroded areas. Moreover, the increase in population also participates in increasing
the service loads on steel structures such as bridges. Therefore, the need for economical,
fast, and reliable techniques in repairing and retrofitting of steel structures reflects the
importance of using fiber reinforced polymers (FRP) as a strengthening material with
high strength-to-weight ratio and corrosion resistivity. Over the last two decades, there
has been significant growth in the experimental and theoretical research work studying
the mechanical behavior of steel-FRP composite beams, and the effect of different

parameters on their behavior.

In this chapter, the experimental, analytical and numerical research studies that
have been carried out to investigate the behavior of steel and reinforced concrete (RC)
beams strengthened with FRP are outlined. Firstly, research studies on strengthening of
reinforced concrete beams with extermally bonded FRP strips are presented. Then,

research work on the use of mechanically fastened FRP to strengthen reinforced concrete



observed four modes of failures; flexural failure, ripping of concrete cover, shear failure,
and hybrid mode of shear failure and ripping of concrete cover. It was found that the
before brittle failure, the composite action of the strengthened beam could be divided into
three distinct zones based on the distribution of the strain along the CFRP plate. The
distressed zone was identified at the end of the plate, the bond development zone where
strains increased linearly, and the fully composite zone at the midspan of the beam. An
analytical model was developed to predict the ripping failure load based on the composite
action theory in combination with the strain limit. A simple formulation to predict the

bond development length was also presented.

Buyle-Bodin et al. (2002) used finite element method (FEM) to study the
flexural behavior of the RC beams strengthened with externally bonded CFRP laminates.
They investigated two parameters; the number of CFRP layers and the influence of initial
damage. An experimental study was carried out to validate the nonlinear FE model,
where seven prismatic 150x300 mm RC beams with span of 2800 mm were tested in
four-point bending setup. Six of the RC beams were strengthen by one or more externally
bonded CFRP laminates. Each CFRP laminate was 50 mm wide and 1.2 mm thick and
had a tensile strength of 2400 MPa and modulus of elasticity of 150 GPa. One of the
beams was used as the control beam, while two beams were strengthened with one layer
of CFRP and two beams were strengthened with two layers of CFRP. The other two
beams were first loaded to a percentage of the ultimate load measured for the control
beam before applying the CFRP laminates; one of them with one layer and the other one
with two layers. The FE model was prepared using the French Code CASTEM-2000

developed by the French Nuclear Research Center. The FE model is a 2D plane stress
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mm wide and 150 mm deep. The externally bonded plates were 1930 mm long. The
thickness of the CFRP laminates varied from 0.4 mm (2-ply) to 1.2 mm (6-ply). while the
chosen thickness for GFRP was 1.8 mm (12-ply). It was noted that the strength of beams
strengthened with composite plates were substantially increased. The ultimate load-
carrying capacity of the beams increased by about 230% over their non-strengthened
counterparts. The concrete beams that had been preloaded up to 80% of its ultimate load
before bonding had an equivalent performance to the other beams. This indicates the
effectiveness of this repair technique in practical implementation. The amount of
improvement in the strength of the considered beams is influenced by the amount and
strength of the composite plates. Rahimi and Hutchinson (2001) also developed a two-
dimensional (2D) nonlinear model using the Finite Element Analysis System LUSAS.
The smeared crack concept was implemented to predict the propagation of cracks in the

RC beam. The finite element (FE) model was validated against the experimental results.

Nguyen et al. (2001) examined the performance of RC beams with externally
bonded CFRP plates. They studied the effect of plate length, the reinforcement steel ratio
and the thickness of concrete cover on the behavior of the beams with more emphasis on
the brittle failure mode of concrete ripping. A total of 10 RC beams of 120x150 mm
cross-section and 1500 mm length were tested with nine beams strengthened with CFRP
laminates. The RC beams were overdesigned in shear to prevent shear failure. The CFRP
laminates had an ultimate tensile strength of 3140 MPa, and an elastic modulus of 181
GPa, while the adhesive has an elastic modulus of 12.8 GPa. Strain gauges were attached
to the concrete surface, steel bars and along the CFRP plates. The beams were tested in

four-point bending after two weeks of attaching the CFRP laminates. The researchers
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anchorage bond is provided [Bamers Ra, e al. (1999)]. A number of researchers have
proposed analytical models to analyze debonding in structural members strengthened
with externally bonded reinforcements. They followed approaches that can be classified
as strength or fracture. The strength approach involves the calculation of stress
distribution along the interfacial connection in the strengthened members based on elastic
material properties [Reperts (1989), EI-Mihilmy (2001)]. On the other hand, the fracture
models utilize the elastic and fracture material properties. Hamoush et al. (1990) used
linear elastic fracture mechanism and finite element method to model debonding in steel
plated concrete beams. Buyukozturk er al. (2004) has suggested that proper
characterization of debonding problems and their inclusion in the design code is essential
for common use of the technique. Research in the area of externally bonded CFRP has
revealed that this technique can't utilize the full tensile strength of FRP materials due to

their premature debonding [ACIl committee 440 (2002)].

Abdel Baky et al. (2007) used FEM to simulate the flexural and interfacial
behavior of RC beams strengthened with externally bonded CFRP laminates. The
nonlinear FE model was developed using the ADINA (2004) and was capable of
predicting the various failure modes, including debonding of the CFRP laminate at plate
end and at intermediate cracks. The concrete was assigned a nonlinear stress-strain
relationship, while the steel was modeled as bilinear elastic-plastic material with a
tangent modulus in the strain hardening regime of 1% of the elastic modulus. The FRP
was assumed to behave elastically in a linear manner up to failure. Two models
(nonlinear and bilinear models) for the concrete-CFRP interfacial connection were used

as proposed by Lu et al. (2005). The FE model was validated against experimental data
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model in which 1.0 mm thick bond elements were used to model the glue between the
CFRP laminate and the concrete. The FE model was capable to account for opening and
closure of crack in the case of cyclic loading. The beams strengthened with 1 layer of
CFRP (1.2 mm thick) have gained 51 to 58% improvement in the load-carrying capacity
over the control beam, while the beams strengthened with 2 layers of CFRP (2.4 mm
thick) have gained 73 to 77% improvement. The repaired beams show increase in the
ultimate load-carrying capacity in the same range of strengthened beams, but the
improvement in stiffness was reduced. All the strengthened beams exhibit brittle failure
mode by horizontal crack in the concrete cover. A good correlation was found between
the FE model and the experimental results, where the maximum difference between the

FE and the experimental results was 12%.

Buyukozturk er al. (2004) conducted a review of the progress achieved in the area
of debonding problem in RC members strengthened using FRP composites. According to
the researcher, the majority of the debonding failures reported in the literature took place
in concrete substrate. However, depending on the concrete material and geometric
properties, other possible failure mechanisms for the RC structures are concrete crushing
before yielding of the reinforced steel, steel yielding followed by FRP rupture, steel
yielding followed by concrete crushing, and FRP debonding. Debonding failure behavior
of strengthened beams was found to be highly dependent on the amount of steel
reinforcements and the amount of external FRP reinforcement [Garden et al. (1997),
Maalej et al. (2001)]. Moreover, Saadatmanesh et al. (1990) showed that inappropriate
choice of bonding material caused premature debonding in the retrofitted member.

Debonding problem may become significant under fatigue loading unless adequate
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Sayed-Ahmed et al. (2009) conducted an intensive review on the CFRP-Concrete
bond strength. The review showed that Bizindavyi et al. (1999) and Chajes et al. (1996)
had reported that the bond is significantly influenced by the surface preparation and
quality of concrete. The surface preparation was achieved by roughening the surface and
exposing small or medium size aggregate. According to Spadea et al. (1998), the degree
and type of external anchorage was found to be important in maintaining the composite
behavior. Bakay (2003) showed that for traditional RC beams strengthened with
externally bonded CFRP strips with no additional anchorage, composite action halted at
about 85% of the ultimate load of the beam. Meanwhile, for beams with additional
anchorage, composite behavior was maintained up to almost 99% of the ultimate load.
The review also showed that according to experimental studies by Chen et al. (2001),
Udea er al. (2003), Yuan et al. (2004) and Lue et al. (2005), the major factors affecting
bond-slip and composite action between the CFRP and concrete were the concrete
compressive strength, effective bond length, CFRP laminate axial stiffness, CFRP to
concrete width ratio, adhesive axial stiffness and adhesive compressive stiffness. In
addition, the research carried out by Shahawy er al. (1996), Arduini et al. (1997), Maalej
etal. (2001), Rahimi et al. (2001), Sayed-Ahmad et al. (2004), Lu er al. (2005), Hosny et
al. (2006) and Esfahani et al. (2007) revealed that the failure mode of RC beams
strengthened with externally bonded FRP can be separated in two categories based on the
duration of composite action between the materials. When the composite action is
maintained until the ultimate load is reached, failure can occur in one of three modes
based on the reinforcement ratio and the shear strength of the beam. Those failure modes

are the concrete crushing prior-to or following yielding of steel reinforcement, tensile
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for 25 specimens tested by Brena er al. (2003), the comparison showed a good
agreement. Numerical simulation of Abdel Baky e al. (2007) revealed that the maximum
interfacial shear stress is dependent on the steel reinforcement ratio. With an increase in
the steel reinforcement ratio from 0.46 to 3.3%. the maximum shear stress at the same
load level was reduced by 60%. It was also found that it is useful to use intermediate

anchorage along the FRP strengthened beams to mitigate debonding.

Kotynia er al. (2008) studied experimentally and numerically the flexural
behavior of the RC beams strengthened with various extermally bonded CFRP
configurations. The objective of the experimental study was to delay the intermediate
crack debonding and to increase both the load-carrying capacity and the CFRP utilization
ratio. Ten rectangular RC beams with span of 4200 mm and 150x300 mm cross-section
were tested in four point bending setup. According to Kotynia, all the beams failed by
intermediate debonding crack between the CFRP strip and concrete. It was found that
attaching two layers of CFRP sheets with an extra U-shaped laminate along the soffit of
the beam produced the most effective enhancement in the flexural capacity. The width of
the CFRP strip was shown to have an influence in the debonding behavior. The
debonding was noticed few millimeters in the concrete cover in the case of narrow strips,
while in the case of wide strips, the debonding was along the intemal bottom steel
reinforcements. A nonlinear bond stress-slip model was adopted in a 3D nonlinear FE
model to characterize the interfacial elements between the FRP and concrete. The FE

model showed a good agreement with the experimental results.
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externally bonded FRP laminates. Lamanna er al. (2001) found that the use of multiple
small fasteners, as opposed to large diameter bolts, distributes the load equally over the
composite strip and doesn’t cause premature failure due to excessive stress concentration
at the holes in the composite strip. The test specimens were divided into two target
concrete design strengths; namely 21 and 42 MPa concrete. The beams were 1220 mm
long and had a cross-section of 153x153 mm. For the 21 MPa group, all the beams failed
due to crushing in the concrete at the compression zone. The increase in the yield
moment over the control (unstrengthened) beam ranged from 19 to 37%. On the other
hand, some beams in the 42 MPa group failed by shear in the steel fasteners, initiating at
the edge of FRP-concrete connection. The associated increase in the yield moment over
the control beam ranged from 8 to 18%. The beams exhibited initial cracking during
fastening in the case of high charge or large diameter fasteners used to attach the FRP
laminates. The investigators clarified that those cracks are related to the edge distance

from the concrete free surface which was increased in larger beams.

Lamanna et al. (2002) conducted an extension of his previous work [Lamanna er
al. (2001)]. They tested nine RC beams of T cross-section with cross-sectional
dimensions of 1524 mm, 203 mm, 305 mm and 762 mm for flange width, flange height,
web width and total height, respectively. They reported that increasing the thickness of
the mechanically fastened FRP strip resulted in significant improvement in the yield and
ultimate moment capacities. The beam strengthened with one strip showed an increase of
8.0 % in yield moment and 14.4 % in the bending moment at a mid-span deflection of
63.5 mm (2.5 in.). The beam strengthened with two strips showed an increase of 11.7 %

in yield moment, and an increase of 27.2 % in the ultimate moment. Lamanna et al.
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rupture of the CFRP, and shear failure of the concrete beam. However, wheén the
composite action is not maintained until the ultimate load is reached, premature failure

resulting from debonding of FRP occurs.

2.3 Mechanically Fastened FRP for Strengthening of RC Beams

As shown earlier, many researchers reported that strengthening ot RC beams with
externally bonded FRP laminates requires difficult surtace preparation to provide
adequate bond strength between the FRP laminates and concrete substrate. Furthermore,
it was found by many researchers that RC beams strengthened with externally bonded
FRP laminates encountered brittle failure mode due to the debonding of the FRP
laminate. The study by Bonnaci and Maalej (2001) showed that up to 69% of the
surveyed RC beams externally bonded with FRP failed by debonding of the FRP strips.
An alternative technique to strengthen the reinforced concrete beams is the mechanically
fastened system, where the FRP laminate is attached to the soffit of the RC beam using
fasteners. In this section, the main research reported in the literature about the

mechanically fastened FRP in strengthening RC beams in flexure is outlined.

Lamanna er al. (2001) have used off-the-shelf powder-actuated fasteners to attach
pultruded FRP strips to the soffit of RC beams. Those RC beams strengthened with
mechanically fastened fiber reinforced polymers (MF-FRP) gained 65 to 75% increase in
the load-carrying capacity of similar beams strengthened using externally bonded FRP
laminates. However, the fastening method is extremely rapid and the failure modes of the

beams strengthened by the MF method were more ductile than those strengthened with
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An analytical model to predict the mechanical behavior of RC beams
strengthened using MF-FRP strips was discussed by Bank er al. (2007). The model
utilized the strain compatibility, equilibrium and constitutive relations of the materials. It
was capable of predicting the ultimate strength and failure modes of RC beams
strengthened by MF-FRP. The procedure proposed by Bank et al. (2007) was used to
proportion strengthening systems for large-scale beams (7300 mm long and cross-section
510x150 mm) which were tested and their results were used to verify the analytical
model. The analytical model showed a good agreement with the experimental results

where the percentage errors ranged from 6.5% to 22.6%

More research on the influence of fasteners’ arrangement pattern and spacing on
the flexural performance of the MF RC beams was conducted by Martin et al. (2008). Six
RC beams with 3350 mm span and square cross-section with side length of 304.8 mm
were tested in four-point loading setup. The FRP laminates used in the experiment were
fabricated of both carbon and glass fibers in veinylester resin. A significant improvement
in the ultimate capacity of the strengthened beams was obtained by 12% to 39% increase
over the control beam (i.e., unstrengthened beam) with a negligible loss in their ductility.
It was also found that the distribution pattern of the fasteners has an influence on the

flexural performance of the MF-FRP concrete beams with same number of fasteners.

Lee et al. (2009) proposed a method to estimate the nominal moment capacity of
RC beams strengthened with MF-FRP system pointing the significance of nail rotation
associated with flexural cracking, and based on a strain reduction factor of 24%. The

proposed method was verified with experimental study conducted on twelve small-size
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(2002) developed an analytical model to predict the response of strengthened RC beams.
The model was capable of predicting the results with a 7% maximum percentage error

relative to the experimental outcomes.

Lammana et al. (2004) studied the effects of three different strip moduli, different
fastener lengths and layouts, and the effect of predrilling on the flexural capacity of RC
beams strengthened with MF-FRP laminates. Fifteen RC beams, 3658 mm long, with a
cross-section of 304.8x304.8 mm were tested in three-point loading. The measured
concrete compressive strength at 28 days was 28 MPa. The unstrengthened beams were
designed in accordance with ACI 318-99 (ACI, 1999) to behave in a ductile fashion.
Primary tension steel was provided by two #8 grade 60 deformed bars with a
reinforcement ratio of 1.56%. Shear reinforcements were provided in the form of closed
stirrups of #4 grade 60 deformed bars spaced at 102 mm. The moduli of the FRP strips
were 5.6, 26.3, and 57.0 GPa and a cross-sectional dimension of 102x3.2 mm. The
fastening system used was a Hilti DX A4l powder-actuated fastening system. Increases
in yield and ultimate moments of up to 21.6 and 20.1%, respectively, were achieved. In
case of long fasteners used in conjunction with predrilled holes, the strengthened beams
showed ductility similar to the control beams. The failure mode of most of the beams was
a typical ultimate failure mode of a RC flexural member; concrete crushing in the top of
the beam except for the beams without predrilling, with high strip modulus tended to fail
by strip detachment. Predrilling pilot holes reduces the amount of visible initial cracking
and allows greater penetration of the fasteners, resulting in a better overall strength and
ductility. Three of the beams were strengthened with MF-FRP strips showed strength

comparable to the beams strengthened with bonded FRP strips.

19



ductility. For better utilization of the FRP strip strength, the researcher suggested to

extend the length of FRP strip to a sufficient development length.

A numerical approach developed by Nardone e al. (201 1) was used to predict the
fundamental behavior of RC beams strengthened by MF-FRP in terms of ultimate and
serviceability limit states. The model accounts for the equilibrium, compatibility,
constitutive relationships, and the slip between the FRP and concrete. Knowing the load-
slip relationship of the fasteners is essential in order to apply the proposed model. The
results obtained by the iterative solution were compared with those of experimental
results found in the literature showing a good agreement. The model is also capable of
predicting three modes of failure for the reinforced concrete beams strengthened with

MEF-FRP strips; namely, bearing failure, net tension failure, and concrete crushing.

2.4 Externally Bonded FRP for Strengthening of Steel Beams

Following the successful use of externally bonded FRP laminates in strengthening
reinforced concrete beams, researchers started applying the same techniques to steel
beams. Sen et al. (2001) conducted an experimental study to explore the applicability of
using CFRP laminates in retrofitting steel bridge members. The experimental work
included testing six composite steel wide flange beams (W8x24) made of grade A36 steel
with span of 6100 mm. The top flange of each beam was attached to a 114x710 mm
reinforced concrete slab connected by 36 shear connectors. The specimens were loaded in
four-point loading setup until they become severely distressed. After that the CFRP

laminates with different thicknesses were bonded to the bottom flange of the beams. The
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MF-FRP beams and two control unstrengthened beams. A previous analytical model
developed by [Lammana (2002), Bank er al. (2004), Bank er al. (2007)] agreed with the
experimental results in terms of load capacity. However, the model predicted mid-span

deflections were not in agreement with the experimental results.

Lee et al. (2009) aimed to improve the prediction of the flexural behavior of RC
beams strengthened by MF-FRP. They took into account the slip between the FRP and
concrete caused by bearing in the FRP and rotation of the fasteners. A pull-off test was
conducted to investigate the behavior of the FRP concrete connection. The dominant
failure mode of the tested RC beam strengthened by MF-FRP, was yielding of the
primary steel reinforcement followed by concrete crushing with progressive delamination

of FRP strip. It was found that the fasteners acted as crack initiators.

Ebead (2011) used a hybrid MF-FRP laminates in strengthening RC beams in
addition to a normal MF-FRP system. The hybrid system differs from the normal MF-
FRP system by the epoxy that had been injected in the holes in order to enhance the
attachment of the laminate and to prevent the probable corrosion that might affect the
fasteners. Twenty one beams were tested in four-point loading setup. The beams had a
clear span of 2250 mm and rectangular cross-section of 250 depth and 150 mm width.
The beams were strengthened with different lengths of FRP strips, and the fasteners were
placed in different distribution patterns. The specimens strengthened with hybrid MF-
FRP system gained a higher ultimate flexural capacity than their counterparts

strengthened with the traditional MF-FRP system. However, they experienced less
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El Damatty et al (2003a) studied the flexural performance of I-shaped steel
beams strengthened with GFRP laminates externally bonded to their flanges. The study
included the test of three W150x37 steel beams, one control beam and two rehabilitated
beams with a span of 2800 mm. The yield stress and modulus of elasticity of the steel
beams were 363 MPa and 200 GPa, respectively. The GFRP laminates were 2400 mm
long, 19 mm thick, and 154 wide. The values of 206.85 MPa for tensile strength and 17.2
GPa for modulus of elasticity were obtained from a tensile test conducted for the GFRP
laminates. Methacrylate adhesive systems (A0420) was used to attach the GFRP
laminates to the bottom and top flanges of the steel beams. According to El Damatty et
al. (2003b), the average values of the linear continuous springs simulating the shear and
peel stiffness of the adhesive per unit area were equal to 21.79 N/mm? and 2.26 N/mm’,
respectively. The experimental results revealed an increase of 17%, 23% and 78% in the
initial stiffness, yield moment and ultimate moment of the rehabilitated beams over the
control beam, respectively. The rehabilitated beams failed by a tensile rupture in the
GFRP laminates, while no failure was observed at the interface between the GFRP and
the steel interface, which indicates a good performance of the adhesive. The researchers
also developed a closed form analytical model that can predict the yield moment capacity
of the rehabilitated steel beam. The model also provides an estimate of the stress induced
in the adhesive, the steel, and the GFRP laminates within the range of elastic behavior.
The study also included the use of the finite element software ANSYS to simulate the
rehabilitated beam numerically. The three dimensional FE model was developed using
eight node solid elements to simulate the steel section and GFRP laminates, while the

adhesive was simulated using three dimensional continuous spring elements located at
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main contribution of CFRP laminates was noticed at the post-yielding stage due to the
low modulus of elasticity of the CFRP relative to that of the steel material. The beams
retrofitted with thicker CFRP laminates gained higher stiffness and experienced less
deflection. The researchers suggested using steel bolts to assist in transferring the load

especially with thicker CFRP laminates.

Analytical and numerical procedures were developed by Deng et al. (2004) to
calculate the stresses in steel beams strengthened with externally bonded CFRP
laminates. The material was assumed to be linear elastic and shear deformations were
neglected. The closed-form solution for the governing differential equations was
presented, where the interfacial stresses in the steel composite beams could be evaluated.
The finite element modeling technique was used to calculate the stresses in the steel
composite beams for the case of CFRP plates with a tapered end. The FE model was used
to conduct a parametric study to investigate the effect of different parameters on the
mechanical behavior of the beams; namely tapered-end CFRP, length of taper, thickness
of CFRP, thickness and modulus of adhesive, and the elastic modulus of CFRP plates.
The parametric study showed that the maximum shear and normal stresses in the
adhesive layer at the free end of adhesively bonded plates decrease as the thickness of the
adhesive increases. The decrease in the elastic modulus of the CFRP plate reduces the
maximum shear stress, but has little influence on the nonmnal stress. The maximum shear
and normal stresses decrease as the thickness of the end of the taper decreases and the

length of the taper increases.
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used were 6.4 mm thick and 38.1 mm in width. The ultimate capacity of the tested girders
was increased by 17% to 25% over the predicted capacities of the unstrengthened
specimens. Additionally, Liu er al. (2001) studied the efficiency of CFRP laminates in
strengthening artificially notched steel girders. The study revealed an increase of 45% to
60% in the inelastic load capacities. Furthermore, Tavakkolizadeh er al. (2003a)
examined eight S5x10 steel beams with 1300 mm span. The specimens were notched in
the tension flange at different depths. Different CFRP lengths were used for the different
notches depths. The results indicated a significant increase in the ultimate load-carrying
capacity. The beams with deep notches exhibited significant deflection compared to those
with shallow notches. In another study, Edberg er al. (1996) examined the effectiveness
of four different schemes of attaching the FRP laminates to the tension flange of W8xI10
steel beams of 1372 mm span. The FRP laminates were applied over the central 1219 mm
of each beam. The first scheme consisted of a 4.6 mm thick CFRP plate, bonded directly
to the tension flange, where the second reinforcement scheme utilized a similar CFRP
plate, but was attached to an aluminum honeycomb structure to position the CFRP plate
further away from the steel section to increase the moment of inertia of the section. In the
third scheme, a foam core was attached to the tension flange, followed by wrapping the
whole assembly by a GFRP sheet. The fourth scheme utilized a GFRP pultruded channel,
which was both adhesively bonded and mechanically connected to the tension flange with
self-tapping screws. The specimens were tested in four-point bending setup. The increase
in stiffness was 20%, 30%, 1 1% and 23% for the schemes from one to four, respectively.
while the increase in the strength was 42%, 71%, 41%, and 37% for the same schemes.

Tavakkolizadeh et al. (2003b) conducted an experimental study on three steel-concrete
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the interface between the steel and the GFRP. The comparison between the experimental,

numerical and analytical showed an excellent agreement.

El Damatty er al. (2005) studied the use of Glass Fiber Reinforced Polymers in
enhancing the flexural capacity of steel bridges. A detailed nonlinear numerical model
was developed for the bridge before and after attaching GFRP sheets to the bottom flange
of its steel girders. The analysis of nonlinear moving load was conducted to determine the
critical truck locations that led to maximum GFRP axial stresses, and maximum adhesive
shear and peel stresses. The bridge steel girders had a span of 24.85 m. The girders
height, web thickness, flange width, and flange thickness were 910 mm, 12 mm, 307 mm,
and 20 mm, respectively. An increase in the truck weight carrying capacity of the girders
of about 25% was achieved using this retrofitting scheme without suffering from

premature failure in the concrete, GFRP or adhesive.

An extensive review on retrofitting steel beams using externally bonded FRP
laminates was conducted by Shaat er al. (2004). The review showed that researchers
discussed the different approaches used to examine the feasibility and efficiency of
retrofit of steel girders; namely, repair of naturally deteriorated steel girders, repair of an
artificially notched girder, strengthening of an intact section to increase the flexural
strength and stiffness, and retrofit of steel girders in composite action with a concrete
deck. The review showed that Gillespie er al. (1996) investigated the performance of four
full-scale beams removed from a deteriorated steel bridge. The four corroded bridge
girders were 9754 mm in length, 610 mm deep, and had a flange width of 229 mm. The

tension flanges were retrofitted with one layer of CFRP laminates, where the CFRP strips
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steel beams with span of 1800 mm strengthened with different lengths of CFRP laminates
were tested in four-point loading setup. The CFRP laminates were 50 mm wide and 1.4
mm thick. Extra steel plates were welded to the compression flanges of the beams to
prevent failure due to compressive yielding. Increasing the CFRP laminates length
resulted in a significant increase in the flexural capacity of the strengthened beams.
However, the failure mode of the beams of longer laminates was due laminate rupture at
mid-span. Meanwhile, the beams strengthened with shorter laminates failed due to

debonding of the CFRP laminates.

The static behavior of the H-shaped steel beams strengthened with CFRP
laminates was studied experimentally, analytically and numerically by Colombi et al.
(2006). Three identical 2500 mm long HEA 140 steel beams were strengthened by
attaching one or two layers of CFRP strips to the bottom flange of the steel beams using
two different epoxy adhesives (Sikadur 30 and Sikadur 330). One more beam was tested
as a control beam to provide reference results. The CFRP strips had a length of 2000 mm,
width of 60 mm, thickness of 1.4 mm, and a Young’s modulus of 200 GPa. The beams
were tested in three-point bending setup. At 20 mm mid-span deflection, the revealed
results showed an increase in the strength of about 10% and 23% for beams strengthened
with one layer and two layers, respectively. On the other hand, no significant difference
was observed between the two types of adhesive. Two different analytical models were
used to predict strains in the CFRP strips. The first model involves a strength approach to
evaluate the interfacial and adherent stress distributions and is based on the assumption of
elastic material behavior. The second one uses the standard transformed section method

to evaluate the stress in the CFRP strips. A finite element model was developed using the
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composite girders using W355x13.5 steel beams with a 75 mm thick by 910 mm wide
concrete slab. The CFRP laminates were 75 mm wide 1.27 mm thick and were applied in
different number of layers. The results indicated increase in the ultimate load—carrying
capacity of 44%, 51%, and 76% for the beams retrofitted with one, three, and five layers

of CFRP, respectively.

The failure modes controlling the response of steel beams retrofitted with
externally bonded FRP laminates were summarized by Buyukozturk er al. (2003). The
possible failure modes are top flange buckling in compression, web buckling in shear,
FRP rupture and FRP debonding. The researchers empathized the need to consider all

possible failure modes in the design process.

High modulus CFRP laminates were used by Schnerch (2005) to strengthen
composite steel-concrete bridge girders. The research first investigated the efficiency of
bond adhesive by testing small-scale beams strengthened with CFRP using different
types of adhesive. The optimal adhesive was then selected to be used in large-scale steel-
concrete girders. The influence of using CFRP laminates with intermediate and high
modulus was investigated by testing the large-scale beams. The results revealed that the
high modulus CFRP was more efficient in increasing the stiffness and the ultimate
strength of the strengthened beams by a percentage increase of 36% and 45%,
respectively, over the control beam. The investigation showed also that prestressing the

CFRP laminates improved the performance of the strengthened beams.

Lenwari et al. (2005) investigated the flexural behavior of rolled steel beams

strengthened with partial-length, externally bonded CFRP laminates. Seven W100x17.2
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modulus of elasticity, and strain-hardening ratio of the steel beams were 400 MPa, 200
GPa, and 0.01 respectively. The tensile strength, compressive strength, and modulus of
elasticity of the FRP sheets were 135 MPa, 165 MPa, and 12.4 GPa, respectively. The
experimental results were used in verifying the accuracy of the analytical model which
was able to predict the peel and shear behavior of the adhesive material. An excellent
agreement was shown between the experimental measurements and the results obtained
from the analytical model. It was indicated that the tensile stress in the GFRP strip
increased from zero at the GFRP edge to the maximum value at the mid-span. The

adhesive peel stress reached 37% of its expected capacity.

Benachour et al. (2008) studied the shear and normal interfacial stress in simply
supported beams strengthened with bonded prestressed composite laminates analytically.
The linear elastic analytical model was able to adapt different loading schemes; uniform
distributed load, arbitrary positioned single point load, and two symmetric point loads.
The model did not account for slippage between the steel and FRP laminate as a perfect
bond was assumed. Increasing percentage of fiber aligned in the beam's longitudinal
direction resulted in increasing the effective modulus of the externally prestressed bonded
FRP plate. It was found that laminates with higher elastic modulus produce a lower
concentration of stress at the edge of steel-FRP interfacial connection. Using more
flexible adhesives resulted in a more uniform distribution of interfacial stress and reduced
the value of maximum critical interfacial stress at the ends of the laminate. The study
recommended using mechanical anchorage devices at the end of prestressed laminates in
order to avoid premature failure of the strengthening scheme and ensure sufficient

anchorage capacity at the ends of the laminates.
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general purpose FE software ABAQUS to evaluate the stresses in the strengthened
beams. The beam was modeled using standard two nodes beam elements while the
adhesive layers and the CFRP siwrips were modeled by standard eight nodes plane stress

elements. The results of both analytical and FE models showed good agreement with the

experimental outcomes.

An experimental study to investigate the effectiveness of ultra-high modulus and
high modulus pre-preg CFRP in strengthening artificially degraded rectangular hollow
steel sections was carried out by Photiou (2006). Four beams were upgraded, two
utilizing U-shaped pre-preg FRP units, which extended up the vertical sides of the beam
to the neutral axis height, whereas the other two beams used a flat pre-preg FRP plate
bonded té the tension flange of the beams. For each of the geometrical shapes either an
ultra-high modulus or a high modulus CFRP was used. The beams of were tested under
four-point loading setup. The results showed that the beams strengthened with ultra-high
modulus pre-preg CFRP experienced a brittle failure mode due to fiber breakage, while
the beams strengthened with high modulus pre-preg CFRP failed in a ductile mode. The
results showed also that the use of u-shaped pre-preg CFRP prevented the debonding at

high loading values.

Youssef (2006) developed an analytical model to predict the linear and non-linear
behavior of steel beam strengthened with extermally bonded GFRP sheets. Simply
supported W150x37 steel beams, strengthened by bonded 19 mm GFRP sheets to the top
and bottom flanges were tested in four-point loading setup. The beams had a length of

2800 mm while the GFRP sheet was 2400 mm long and 152 mm wide. The yield stress,
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An intensive review on the strengthening of steel structures with externally
bonded FRP composites was conducted by Teng er al. (2012). The researchers classified
the structural use of FRP with steel in two categories. The first category is the bond-
critical applications, where the interfacial shear stress transfer function of the adhesive
layer that bonds the steel and the FRP together is crucial to the performance of the
structure. The externally bonded FRP for flexural strengthening of steel beams is part of
this category. The second category is the contact-critical applications, where the steel and
FRP should remain in contact to ensure the effective interfacial normal stress transfer. An
example of the second category is the confinement of concrete-filled steel tubular with
FRP jackets. Accordingly, the investigation revealed that the possible interfacial failure
mode-s in the steel beams strengthened with externally bonded FRP are the failure within
the adhesive layer (i.e. cohesion failure), and failure at the material interfaces (adhesion
failure) between the adhesive and steel or between the adhesive and FRP. The debonding
failure modes for a simply supported steel beam strengthened in flexure with externally
bonded FRP are the intermediate debonding and plate-end debonding. The intermediate
debonding occurs away from the FRP plate ends and at a defect or at a location where
high interfacial shear stress arise due to local yielding of steel section. While the end-
plate debonding mode occurs when the debonding initiates at the FRP plate end due to
high interfacial shear stress and peeling stress. The researchers raised several issues
which didn’t receive sufficient investigations and should be given attention in future
research like the durability of the bonding adhesive, fire resistance of FRP-strengthened
structures, strengthening of steel structures against blast and impact loading, and the use

of external FRP reinforcement for both strengthening and corrosion resistance.
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Saleem et al. (2010) developed a nonlinear 3D FE model, using the general
purpose finite element program ABAQUS, to investigate the mode of failure and tlexural
behavior of both steel and steel—concrete composite beams strengthened by different
lengths of CFRP plates. The developed 3D FE model accounted for the geometric and
material nonlinearities. An eight-node brick element was employed to model the concrete
slab, steel beam, adhesive layer, and CFRP plate. The FE results were validated against a
previous experimental study. The researchers concluded that the growth of intermediate
debonding leading to a complete debonding failure was prevented by splices near the
supports of the beam. Reverse tapered splice plate ends did not suffer from the peak shear
stress as the traditional one. So, this geometry has a higher resistance to debonding

failure.

Recently the effect of CFRP laminate length on the mechanical behavior of
continuous steel beams was investigated numerically by Kadhim (2011). The finite
element analysis was carried out using the general purpose finite element software
ANSYS. The results obtained from the 3D FE analysis were validated against results
from a previous experimental work. Brick elements were used to simulate the steel beam,
while shell elements were used to simulate the CFRP laminates. The steel material was
assigned a bilinear stress-strain relation, while the CFRP was modeled as a linear elastic
material. The 3D FE model was employed to five small-scale beams similar to those
tested experimentally by Jun (2007). The Finite element analysis showed that when the
length of CFRP laminate reached 40% of span length in sagging region and 60% of beam
length in hanging region, insignificant increase in the ultimate load-carrying capacity

occurs.
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post-yield modulus of steel. More details about the outcomes of Alhadid’s study are

presented, wherever applicable, in Chapters 3 and 4.

2.6 Conclusions

According to the preceding literature review related to strengthening reinforced
concrete, steel and composite beams using FRP materials, it can be seen that there is only
one experimental research study that investigated strengthening of steel beams with
mechanically fastened FRP (MF-FRP). However, some researchers [eg. Edberg er al.
(1996)] used steel fasteners to -prevent debonding of FRP laminates externally bonded to
the tension- flange of the steel beams. The experimental work done by Alhadid (2011) on
the mechanical behavior of steel beams strengthened with mechanically fastened FRP
laminates was limited to investigate few parameters related to the considered length and
thickness of FRP laminates experimentally. Therefore, the need to understand more about
the characteristics of the MF-FRP system in strengthening steel beams was the driving

force behind this current study.
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2.5 Mechanically Fastened FRP for Strengthening of Steel Beams

To the author’s knowledge in 2013, the first attempt for using mechanically
fastened fiber reinforced polymer strips in strengthening steel beams was carried out by
Alhadid (2011). The study investigated the performance of 24 mechanically fastened
steel-FRP connections experimentally. A non-linear load-slip relationship Wwas
established based on the experimental findings. The interfacial load-slip relationship was
incorporated in a 3D FE analysis to examine the influence of various design parameters
on the connection behavior. Additionally, Alhadid tested eight beams strengthened with
FRP laminates of different lengths and thicknesses. The FRP laminates lengths were
1200, 1800 and 22Q0 mm, the beams where strengthened with one and two layers of FRP
laminates. The typical FRP laminate was 100 mm wide and 3.175 mm thick. Three steel
beams (with no FRP) were also tested and used as control specimens. The base steel
section in all of these beams was UB 203x102x23 with total length of 3000 mm and span
of 2750 mm. The strengthened beams exhibited ductile failure mode accompanied by
bearing in the FRP laminate when sufficient number of fasteners were used. On the
contrary, the strengthened beams with insufficient fasteners failed in a brittle manner by
sudden shear failure in the fasteners. The experimental results also revealed that
increasing the thickness and length of FRP results in a slight improvement in the yield
moment (i.e., moment at first yield in the steel section) but a significant enhancement in
the ultimate flexural capacity of the strengthened beams. The investigation showed that
the contribution of the FRP laminates becomes noticeable after the initiation of yielding

of the bottom steel flange where the elastic modulus of the FRP becomes higher than the
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beams. Then, the FE model of the composite beams is validated against the experimental

results reported in the research work by Alhadid (201 1).

3.2 Finite Element Method Background

The Finite Element Analysis (FEA) is a mathematical technique used to find
approximate numerical solutions for partial differential equations over complicated
domains. Solving complex elasticity problems was the driving force behind establishing
the FEA in civil, mechanical, and aeronautical engineering. Alexander Hrennikoft (1941)
and Richard Courant (1942) have used mesh discretization of a continuous domain into a
set of discrete s;Jb-domains, usually called elements [Pelosi, G. (2007)]. In 1947 Olgierd
Zienkiewicz gathered their work into what is called the Finite Element Method of today
[Stein E. (2009)]. The development of the computational capabilities of computers by the
early 1960s has empowered the applications of the FEM in the different engineering

applications.

The Finite Element Method has been used successfully to study the elastic and
inelastic behavior of various structural elements. Typically, the FEM starts with the
discretization of the considered structure through creating the FE mesh where each
element is connected to the adjacent elements through nodes. The solution of the partial
deferential equations that govern the stress-deformation relationship is approximated at
the element level. The deformation field is then approximated by piecewise deformation
functions along each element (typically called shape functions). Boundary conditions are

typically applied at the mesh nodes to represent forces and supports. A set of
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CHAPTER 3

FINITE ELEMENT MODELING OF
COMPOSITE STEEL-FRP BEAMS

3.1 Introduction

As discussed earlier, one of the objectives of this study is to investigate the
mechanical behavior of composite steel-FRP beams. In this regard, two approaches may
be followed; namely experimental and numerical. The experimental approach, where
small-scale (or full-scalé) prototypes of the beams under consideration are built and
tested up to failure or excessive deflection, would result in more realistic representation
of the beam behavior. However, this approach is costly and can only be adopted for a
limited number of specimens. Therefore, numerical simulation would be a more
affordable and risk-free approach especially if a parametric study is required to show the
effects of the different geometrical and/or material parameters on the behavior of the

considered beams.

The Finite Element Method (FEM) is a well-established numerical simulation
technique that has been extensively used by many researchers in the area of stress
analysis. The following sections report on the implementation of the FEM in studying
the mechanical behavior of composite steel-FRP beams under flexural stresses. Firstly, a
brief background about the FEM is provided followed by a description of the developed

FE model, material properties and boundary conditions of the composite steel-FRP
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stresses are required. In other words, this simple type of analysis does not require

incremental application of the loads.

3.2.2 Non-linear Elasto-Plastic Finite Element Analysis

Two of the major sources of non-linearity in solids and structures are considered
in the current study. The first source is the geometrical non-linearity where significant
change in geometry of the solid or structure during applying the load increments is
experienced. The second source arises from elasto-plastic material non-linearity where
stress is non-proportional to strain and the material experiences yielding and plastic
deformations. In non-linear finite element analysis, the stiffness matrix [K] is no longer
constant as it becon—1es dependent on both the geometry and the stress level in the
solid/structure at the instant of load increment application. Therefore, the non-linear
stiffness matrix [K7] relates the incremental loads to the corresponding incremental

deformations as in the following equation

{dF} =[K;){du} 3.3)

3.2.3 Newton-Raphson Procedure for Incremental Load Application

The Newton-Raphson procedure is often used for the solution of non-linear
problems. In this iterative procedure, the load is applied in increments through the

application of the following constraint condition to the finite element goverming equation

{dF}:{FnH}—{Fn} (34)

where n is the index of the load increment.
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simultaneous linear equations are developed and used as an approximation of the solution
of the partial differential equations of equilibrium. These equations relate the change in
nodal forces {dF} to the change in nodal displacements {du} through a matrix called the

stiffness matrix of the structure [K]. This can be written as:
{dF}=[K]{du} 3.1

The structural stiffness matrix (K] is dependent on the geometry of the deformed
structure and the stress and strain histories of the elements during incrementing the load
to reach its final value. If load is applied in increments, Eqn. 3.1can be used to obtain the
corresponding increments of deformations. These incremental deformations are used to
obtain incremental strains which in turn define the corresponding incremental stresses
through the proper material constitutive relationships. Total deformations, strains, and
stresses may be obtained by summing their incremental counterparts as the applied load

advances in a predefined loading scenario.

3.2.1 Linear Elastic Finite Element Analysis

This simple type of analysis applies to structures with linear elastic materials that
undergo insignificant change in their initial geometry after deformation (i.e., small
deformations). In this particular case, the stiffness matrix [ K] becomes constant [Kg] and

Eqn. 3.1 may be written as:
U =K {u} (3.2)

This equation implies that the deformations are proportional to the total applied

loads. As such, the loads can be applied with their full values at which deformations and
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stiffness matrix [K7];. The total incremental deformation {u,,} at the end of iteration ( /)

is expressed as

=t
o} =t b+ Aty =t }+ 3 6w, ) 3.5)
VEL
where {u,} is the total deformation vector at the end of the n" load increment.

The iterative procedure continues until the convergence of the equilibrium
condition is achieved (i.e., norm of the residual forces | {R;}|| approaches a negligible

value) which is termed “Force Convergence Criterion” and is expressed as

"{R. }"/"d{F}” < Tolerance 3.6)

or, norm of the iterative deformation ||6{#,}|| becomes negligible which is referred to as
“Displacement Convergence Criterion” and is given by

|6 e, /lafu, Y| < Tolerance 3.7
The Tolerance is typically assigned a small value (e.g., 0.001) that is sufficiently near to

zero [Gerald et al. (2003), Mathews and Kurtis (2004)].

Despite the rapid quadratic convergence of the Newton-Raphson procedure, it can
be time consuming and inconvenient in some particular situations. This is due to the fact
that the tangent stiffness matrix [K7] has to be calculated and factorized at each iteration.
One way to avoid this problem is to formulate the tangent stiffness matrix only at the first
one or two iterations (the Modified Newton-Raphson Method) while it is kept constant
over the rest of the iterations. This would save computing time, but will slow down the
convergence rate and more iterations may be required. Another drawback of both the

Newton-Raphson method and its modified version is that they fail once a behavior
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Figure 3.1: Newton-Raphson Iterative Procedure

Figure 3.1 illustrates the incremental load and associated iterative equilibrium
solution approach. In this solution procedure, the stiffness matrix [K7] (called tangent
stiffness matrix) is fully calculated at the start of each iteration and termed (K7], , where i
is the iteration index. The solution starts with the calculation of the tangent stiffness
matrix at the end of the previous load increment (termed [K7],). This tangent stiffness
matrix along with the load increment d{F} are used to obtain first iterative solution for
the deformations &{x;} which can be used to obtain the iterative strains and stresses. The
convergence or equilibrium of the first iterative solution is checked by assessing the
difference between the integration of the total internal stresses over the volume and the
overall external loads (not incremental ones). This difference is termed residual forces
and denoted by {R,} where the subscript refers to the iteration index. The negative values

of residual force vector, in turn, are applied to the system again with a new tangent
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Figure 3.2: Typical Geometry of Composite Steel-FRP Beam

As indicated in Fig. 3.2, the depth of the beam is directed along the Y-axis while
its span coincides with the Z-axis. The beam geometry is characterized by its span L (i.e.,
distance between supports), flange width b, flange thickness ¢, web height h,, and web
thickness t,,. The FRP laminates geometry is characterized by the length Lgp, thickness t5,
and width bg,. The pitch size (longitudinal distance between fasteners) is denoted as P.
The beam is simply supported at its left and right ends. Stiffener plates with thickness
are used at both ends of the beam to avoid web crippling due to concentrated reaction
forces. Similar stiffeners are also used at (and around) the point of application of the mid-

span concentrated load as shown in Fig. 3.2.

3.3.1 Description of the Finite Element Model

A three dimensional (3D) finite element model is developed using ANSYS (2011)

to simulate the behavior o f composite steel-FRP beams. The following sections provide
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exhibiting a peak load is encountered. Thus the peak load is underestimated because a
numerical, rather than structural, instability occurs. At this time, it is crucial to resort to
another technique that works for peak load cases. The Arc-Length Control Method

emerges as a convenient alternative for these cases [Crisfield (1981)].

In the current study the Newton-Raphson method will be used, as the structural
system will be displacement-controlled, where the displacement increments will be
applied at the mid span of the composite beams. This will help to overcome the instability

issue encountered by Newton-Raphson at the peak load.

3.3 Finite Element Model of Composite Steel-FRP Beams

The Finite Element Method is used to model full-scale simply supported
composite steel-FRP beams bent about their major flexural axis under the effect of a
concentrated mid-span load. The FE model is expected to simulate the flexural behavior
of the considered beams, predict the ultimate load capacities, and capture any local or
global buckling modes. The general-purpose finite element software ANSYS (2011) is
utilized to perform the FE simulation. The nonlinearity considered in the finite element

analysis is due to both geometrical and material nonlinearities.

Figure 3.2 shows the geometry of a typical composite steel-FRP beam considered
in the current study. The geometry is defined using a global Cartesian coordinate system

with its origin located at the bottom of the steel cross section at the mid-span of the beam.
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Fiber Reinforced Polymer (FRP):

The FRP used in the current study is manufactured by STRONGWELL®. This
kind of FRP can be drilled without significantly affecting the mechanical properties of
the laminate. This is due to the fact that such laminates include carbon tows that are
sandwiched between layers of fiberglass mats and bonded together by a highly corrosion
resistant veinylester resin. This combination of materials improves the bearing properties
of the laminates that is mainly provided by the glass mat (GFRP mat) that surrounds the

carbon fibers.

The FRP was modeled as a linear elastic material with different matenial
characteristics in the various working directions. The elastic moduli, shear moduli and
Poisson’s ratio values are shown in Table 3.1 (Kachlakev and McCurry, 2000) for a

composite FRP plate with its longitudinal fibers directed in the Z-direction.

Table 3.1: Summary of Material Properties for FRP Composites

Elastic Eaissals Shear
Direction Modulus Ratio Modulus
(MPa) (MPa)
Out-of plane of laminate E.= 4800 vy, =03 Gy = 1967
in-plane of laminate and L to fibre
- E, =4800 Moz 020 G =3270
direction
in-plane of laminate and parallel
to fibre direction E.=62190 == 0.8 Gy = 3270

Load-Slip Relationship of Fasteners:

As reported by Alhadid (2011), the load-slip relationship, shown in Fig. 3.4,

corresponds to a particular case of the interfacial behavior of steel-FRP connection,
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details about the material models, types of elements, loads, and boundary conditions used

in the FE model.

33.1.1 Material Models

Steel:

The steel material is known to exhibit an elasto-plastic stress-strain relationship.
Figure 3.3 shows the typical uniaxial multi-linear stress-strain relationship defined by the
steel’s elastic Young’s modulus E, tangential modulus £, yield stress F), and ultimate
stress F,. In this study, E, is assumed to be 0.03£ and Poisson’s ratio v to be equal to 0.3.
For the case of elastic steel material (i.e., no_yielding), only £ and v are required to be

defined.

(o)
A 3 4
|
|
|
1 2 : I
o . 1 :
| | |
| | |
| | |
|
E l l’
| | |
1! I |
| | |
| | |
- 4 3 g
E=(F,/E) €= 0.01361 €= (0.01361 + (F,-F,)/E)

Figure 3.3: Material Model Used to Simulate the Mechanical Properties of the Steel

43



3.3.2 Types of Elements

An 8-node solid element, SOLID4S, is used to model both the steel beam and
FRP laminates. The element is defined by eight nodes each having three translational
degrees of freedom in the x, y, and z directions. The general geometry and node locations
for this element are shown in Fig. 3.5. The element is able to model large deformations

and large strain in addition to material nonlinearities defined earlier for the steel material.

Figure 3.5: SOLIDA4S, 3-D structural Solid Element as Defined in (ANSYS 2011)

Three COMBIN39
Spring Elements

Figure 3.6: Fasteners and Spring Elements in X, Y, and Z Directions
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where the SAFESTRIP FRP laminate has a thickness of 3.175 mm and the steel fastener
diameter is 6-mm. The relationship is initially linear until it reaches a value of about 7.5
kN, after which small parts of the GFRP mats around the fastener holes start to rupture
associated with significant increase in the slip with slight increase in the load. This
response is characterized by noticeable bending in the fasteners in addition to significant
bearing deformations at the bolt holes. Beyond slip of about 9-mm, the load values start
to pick up again with remarkable peeling of the GFRP mats associated with folding of the
washers. Once the peak load is reached at about 13-mm slip, gradual excessive bearing
damage takes place leading, finally, to progressive tearing out of the FRP laminates. This

damage results in failure of the connection associated with reduction in its load carrying

capacity.

12000

10000 i~
8000 / \\

6000 //

4000 /

2000 /

0 2 4 6 8 10 12 14 16
Slip (mm)

Load (N)

Figure 3.4: Load-Slip Relationship as Obtained Through Experimental Results [Alhadid

(2011)]
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RS

Figure 3.7: 4-Node Structural Shell Element, SHELLI81, as Given by ANSYS (2011)

3.3.3 Boundary Conditions and Load Application

Figure 3.8 shows the general geometry of the composite steel-FRP beam with its
applied boundary conditions. The beam is subjected to a mid-span point load and
supported on rollers at its left and right ends. Accordingly, vertical displacements U, and
lateral displacement U, are restrained at the bottom nodes of the cross section at both
supported ends. Besides, the displacements in the longitudinal direction U, are restrained
at the all nodes of the cross section at the mid span to enforce the symmetry condition in
the Z-direction. The stiffeners installed at both ends and at the mid span of the beam are
part of the geometrical model as presented in Fig. 3.8. The stiffeners are used to eliminate
the local buckling that may occur due to the stress concentration at some points on the
cross-sections at the beam ends and at the loading point. To ensure that the beam will
have no lateral torsional buckling (LTB) the top flange is braced in the lateral direction
(i.e., Uy = 0) at two points along the beam (one point is 355 mm away from mid-span in

the Z-direction and the other point at the same distance from the mid-span on the
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In the adopted strengthening technique, mechanical fasteners are used to connect
the FRP laminate to the bottom flange of the steel beam. In the developed FE model,
multi-linear spring elements COMBIN 39 are used to simulate the action of fasteners. This
element is defined by two (preferably coincident) node points and a generalized force-
deflection relationship. Three spring elements are typically used to simulate the behavior
of the real fastener in the three directions of action X, Y and Z as shown in Fig. 3.6. The
idealized load-slip relationship for the spring element in the Z direction was identified
experimentally by Alhadid (2011) as depicted in Fig. 3.4. The spring in the Y direction
(the vertical interaction with the steel cross section) is assigned a significantly high
fastener stiffness value (50,000 N/mm) in both tension and compression such that no
overlapping occurs between the FRP laminate and the Steel flange. Meanwhile, the
spring acting in the transverse direction although is not contributing in carrying any

loads, it is assumed to have same properties as the element in the Z direction.

The 4-node shell elements SHELLI8I are used to simulate the stiffeners at the
locations of high stress concentration at the end supports and at the loading point at the
mid span. Element SHELLI8!I is suitable for analyzing thin to moderately-thick shell
structures. It is a four-node element with six degrees of freedom at each node;
translations in the X, Y, and Z directions, and rotations about the X, Y, and Z-axes as

shown in Fig. 3.7.
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Figure 3.9: Typical Cross-Sectional View of the Mesh of the Composite Steel-FRP
Beam

A convergence study is carried out to verify the adequacy of the selected element
sizes. Figure 3.10 shows sample results of the convergence study in which the element
sizes are changed according to the limitations mentioned above. The applied mid-span
load at an arbitrary deflection value at the mid-span (120 mm in this case) are plotted for
several various size configurations. Accordingly the final elements sizes are selected such
that the increase in the number of elements does not result in change in the results. A
typical mesh configuration is shown in Fig. 3.11 for a British universal beam UB
203x102x23 with the following dimensions (in mm): L= 2750, = 9.3, by= 101.8, 1, =

5.4, hy = 184.6, ts,=3.175, by, = 100.
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opposite direction). Meanwhile, the rest of the nodes are left unrestrained against any

kind of deformation.

Roller support

u, u, =0

Figure 3.8: Boundary Condition for a Typical Composite Steel-FRP Beam

3.3.4 Element sizes and Meshing Considerations

As it was mentioned before, the steel beam cross section is modeled by solid
elements (SOLID45). The side length of the element in the X and Y directions is selected
not to exceed twice the thickness of the web as shown in the cross-sectional view of the
composite steel-FRP beam presented in Fig. 3.9. The maximum length of the element in
the Z direction is set to be four times the side length in the other two directions. The
selected sizes for the elements are selected to ensure convergence of the solution within a

reasonable execution time.
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3.4 Validation of the Finite Element Model

To verify the performance of the developed three dimensional finite element
model described in the previous sections, the model is employed to simulate the elasto-
plastic behavior of composite steel-FRP beams under mid-span concentrated loads that
have been studied experimentally by Alhadid (2011). The obtained mid-span load-
deflection results from the FE analysis of the considered beams are compared to the

experimental outcomes to validate the accuracy of the proposed model.

The experimental study investigated the enhancement in the load-carrying
capacity of steel beams strengthened with FRP laminates, with different lengths and
thicknesses, that are anchored to the bottom flange. The 3D FE model incorporates all the
geometrical details and material models as described by Alhadid (2011) in his study. The
material properties of the FRP are summarized in Table 3.1. The steel material properties
are F, = 335 MPa, F, = 429 MPa. The cross-section of all the beams tested is
UB203x102x23. Five 12-mm thick stiffeners are welded to the steel beam at mid-span.
The load-slip relationship of a 6-mm diameter fastener in a 3.175-mm thick FRP laminate
is given in Fig. 3.4. Since bearing deforinations around the holes in the FRP laminate
control the load-slip behavior [Alhadid (2011)], the loads in the load-slip relationship

shown in Fig. 3.4 are scaled by ({5, / 3.175 mm) for laminate thicknesses other than

3.175-mm.

Figure 3.2 shows a typical steel beam used by Alhadid (2011) with the following
dimensions (in mm): L= 2750, = 9.3, ;= 101.8, t,= 5.4, h,= 184.6, bsp= 100. Alhadid

tested a group of eigth UB203x102x23 beams; three control steel beams (i.e., without
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Figure 3.10: Results of Convergence Study, Mid-Span Load at 120 mm Mid-Span

Figure 3.11: Typical Mesh Configuration for Composite Steel-FRP Beams

Deflection Versus Number of Elements for Different Mesh Sizes

(UB203x102x23, L = 2750 mm, fg, = 3.175 mm, bpp= 100 mm)

51



model is capable of simulating the latter failure mode only (as defined by the load-slip

relationship of the fastener in Fig. 3.4).

160
140 I\ Y
120 .
> 100 Point of ultimate load
= Point of yield load
(o 80 5
<
o
— 60 A
40 A e )
¢ Control_Exp. = Control_FE
20
0 v T T T

0 20 40 60 80 100 120 140 160 180 200 220 240 260
Deflection (mm)

Figure 3.12: The Load-Deflection Curves of the Control Beam Specimen
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Figure 3.13: The Load-Deflection Curves of the 1200S Specimen
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FRP) and five composite steel-FRP beams. The main differences between the tested
beams are the FRP length (Lgy) and thickness (455). The beams are labeled as xxxxS or
xxxxD where “xxxx” stands for the length of FRP in mm, “S™ indicates a single layer of
FRP (i.e., ts, = 3.175 mm), and “D" refers to double layers of FRP (i.e., {5, = 6.35 mm).

Table 3.2 shows the different beams used in the validation study along with their

corresponding parameters.

Table 3.2: Basic Parameters of the Different Beams Used in the Validation Study

Beam Designation
# FRP Length | Number of | FRP Thickness
Experimental Finite (mm) FRP Layers tfp (mm)
Element

1 Control Control_FE - -- -

2 12008 1200S_FE 1200 1 3.175

3 1200D 1200D_FE 1200 2 6.35

4 1800S 1800S_FE 1800 1 3.175

5 22008 2200S FE 2200 1 3.175

6 2200D 2200D_FE 2200 2 6.35

The experimental mid-span load-deflection results are reported in Fig. 3.12 to
Fig. 3.17 as dots while the FE predictions are shown as solid lines. A simple look at these
figures show the excellent agreement between the numerical and experimental results
except for the 1200D specimen as presented in Fig. 3.14. It is important to note that
Alhadid (2011) reported that the failure mode of specimen 1200D was due to shear
failure in the fasteners while all the other specimens failed due to bearing in FRP
laminates around the fasteners holes. The deviation between the experimental results and

numerical predictions of this particular specimen is attributed to the fact that the FE
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Figure 3.16: The Load-Deflection Curves of the 2200D Specimen
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Figure 3.14: The Load-Deflection Curves of the 1200D Specimen
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3.5 Conclusions

This chapter reports on finite element modeling of composite steel-FRP beams.
The finite element predictions for several composite steel-FRP beams are compared to
their experimental counterparts. All comparisons show excellent agreements with the FE
results for behavior of composite beams dominated by bearing failure at the steel-FRP
interface. This validates the accuracy of the developed finite element model and confirms
its reliability to be used in performing in-depth elasto-plastic flexural studies reported in

Chapter 4.
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Table 3.3 shows a summary of the comparison between the FE predictions and the

experimental results. The yielding and ultimate loads are both reported and the

percentage error is calculated. It is clear that the FE results show an excellent agreement

with the experimental measurements with a maximum error not exceeding 2.6%. This

conclusion does not however apply to the 1200D specimen as its response is dominated

by shear failure in the fasteners which is not incorporated in the adopted finite element

model.

Table 3.3: Comparison Between the FE Model and The Experimental Results of Steel-

FRP Beams

-
&
¥
3
§

B B

1800S 165.33 168.0 1.6% 111.0 112.0 0.9%
2200S 168.50 172.0 2.0% 114.0 117.0 2.6%
2200D 185.18 188.0 1.5% 118.0 120.0 1.7%

* % A = (Exp. — FE)/(FE)%.

** Yielding load is estimated at the point of significant change in the load-deflection

slope as shown in Fig. 3.12.

57

-




is always realized in real life applications. In order to understand the improvement of the
mechanical behavior of traditional steel beams when strengthened with FRP laminates, it
is essential to estimate the internal shear forces induced in the fasteners and the
corresponding relative slip at the steel-FRP interface. The work presented in this chapter
aims at the understanding of the mechanical behavior of partial composite steel-FRP

beams under the effect of mid-span point load.

4.1.1 Fully Composite Beams

The classical Euler—Bemoulli elastic beam theory assumes that “any plane cross-
section remains plane after deformation” (i.e., no relative slip occurs between layers of
the cross-section). This assumption simplifies the prediction of the mechanicz;l behavior
of any elastic composite beam which is termed as fully-composite. In this case, the shear
force generated in any fastener connecting the components of a typical elastic fully-

composite steel-FRP beam (Fig. 4.1) can be estimated as:

Vs
Fja:lmerzrpsz (4.1)
where
Flastener: shear force in the fastener

1. longitudinal shear flow between the steel beam and FRP laminate

V: shear force in the composite beam’s cross-section
S: first moment of area of the steel beam cross-section about the centroid axis of the

transformed steel-FRP section shown in Fig 4.2. Transforming the FRP area to its
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CHAPTER 4

MECHANICAL BEHAVIOR AND PARAMETRIC
STUDY OF STEEL-FRP BEAMS

4.1 Introduction

In a typical mechanically fastened steel-FRP composite beam system, the
fasteners connect different longitudinal components of the system to ensure that the
different layers at any cross-section work together to withstand bending moments and
shear forces developed in the beam due to the applied loads. The fasteners in this type of
composite beams carry the shear forces that develop at the interface between steel beam
and FRP laminate. Therefore, it is anticipated that the mechanical behavior of such beams
depends mainly on the magnitude of the shear forces induced in the fasteners. In other
words, the degree of composite action (i.e., amount of strain compatibility between the
connected steel flange and FRP laminates at the location of the fasteners) is influenced by
the shear forces in the fasteners. If no relative slip exists between the steel and FRP at the
interface, the steel-FRP system is said to have full-composite action otherwise partial-
composite action exists where relative slip, small or large, occurs at the steel-FRP

interface.

Although a steel-FRP beam with full-composite action is the target of any
designer because of its higher strength and stiffness, there is no guarantee to achieve it

within practical and economical design constraints. Therefore, a partial composite system

59



Steel Beam Steel Beam

X FRP Trgzsformed FRP
Transformed Area= (E,,/E)) A,
(a) Original Cross-Section (b) Transformed Cross-Section

Figure 4.2: Original and Transformed Steel-FRP Cross-Section

If the equilibrium of the steel beam is studied separately from the FRP laminate
(Fig. 4.3), it is obvious that the shear forces developed in the fasteners create a bending
moment in the steel beam that counteracts the bending moment due to applied load. In
other words, the bending moment carried by the steel beam becomes less than the
bending moment due to the applied load. The difference between the formerly mentioned
bending moment values is carried internally by the developed compression in steel beam
and tension in the FRP laminate. This is the main source of the strengthening effect when

FRP laminate is fastened to the steel beam (Fig. 4.3).

[t is also important to note that the ratio between the elastic modulus of FRP (i.e.,
Efp) and the modulus of steel (i.e., E) affects the contribution of the FRP to the load-
carrying capacity of the composite beam. If the FRP modulus is significantly less than
that of the steel, the FRP laminate is not expected to contribute significantly in carrying
the loads until the extreme fibers of the steel section starts to yield. In such a case,
negligible additional resistance is provided by the yielded bottom steel flange while the
FRP laminate, which is still elastic, becomes more efficient in carrying the tensile

stresses. On the other hand, significant contribution of the FRP could be attained, even
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equivalent steel area is achieved by multiplying the area of FRP by the ratio of its
elastic modulus Eg, relative to the elastic modulus of steel, E; (i.e.. Esp/ Ey).
I: moment of inertia of the transformed steel-FRP cross-section

p: pitch of the fasteners (spacing between fasteners)

Equation 4.1 shows that the shear force Fiusener in any fastener is proportional to
the shear force V developed in the fully-composite beam at the location of the fastener
under consideration. Therefore, the distribution of the shear forces in the fasteners
typically matches that of the shearing force along the beam. For example, in the case of
fully composite steel-FRP beam under three-point loading scheme, the shear forces in all

the fasteners are constant in magnitude and their directions are as shown in Fig. 4.1.

Load
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3 3 1 it I 3 1 s

e /
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Figure 4.1: Shear Forces in Fasteners of a Typical Steel-FRP Composite Beam
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4.1.2 Partially Composite Beams

The estimation of the shear forces in the fasteners of a partially composite steel-
FRP beam is typically the key to an efficient structural design of such beams. These shear
forces are typically related to the interfacial slip between the steel and the FRP at the
fasteners. Figure 4.4 shows the longitudinal deformations u; and s, in both the steel and
the FRP at the fastener locations, respectively. The slip is defined by the difference
between these two longitudinal translations (i.e., slip = us — ugp). Figure 4.5 shows the

slip as obtained in the experimental work of Alhadid (2011).

To simulate the slip between the steel and the FRP in a typical elastic partially
composite beam, the fasteners are typically approximated by elastic springs of constant
stiffness magnitude [Karam (1992), Elsayed et al. (2005), Achillides er al. (2006),
Punmia et al. (2007), Girhammar and Pan (2007)]. Such spring stiffness depends on
many factors including the stiffness of both the steel bottom flange and the FRP laminate,
amount of bearing deformation per unit shear load at the fastener hole, and fastener type

and diameter Alhadid (2011).
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before yielding of the steel section (i.e., when steel is still elastic), if the elastic modulus
of the FRP is close-to or higher than that of the steel section. An example of that is the
case of ultra-high modulus FRP with tensile modulus of 440 GPa or more, which is much

higher than the typical steel’s modulus of about 200 GPa.

Bending Moment in Steel Beam Total Bending Moment in
due to Applied l.oad and Shear Steel-FRP Beam
Forces in Fasteners dut to Applied Load

—
—_— —
- - oo (-
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Figure 4.3: Bending Moments in Steel-FRP beam, Steel Beam, and FRP Laminate
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Figure 4.5: Physical Definition of the Slip in a Typical Steel-FRP Connection
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of the points at the bottom flange, increases as the x-coordinate increases towards the

support.

Meanwhile, the deformations in the FRP laminate, us,, at the locations of the
fasteners are directly proportional to the shear forces transmitted from the steel beam to
the FRP laminate through the fasteners. For the steel-FRP beam shown in Fig. 4.4 (steel-

FRP beam under three-point loading) , the deformation at the i" fastener is defined by:

=t

1

#,, St—J_=HO F i (4.4)
E/’n A/'p Vel

where x; is the x-coordinate of the fh fastener measured from mid-span, F; is the shear

force in the jlh fastener, Egyp is the Young’s modulus of the FRP material, and Agp is the

cross-sectional area of the FRP laminate.

4.1.3 Distribution of the Shear Forces in Fasteners

As discussed before, a main task in analyzing any steel-FRP composite beam is to
assess the distribution of the shear forces in the connecting fasteners. Although this task
is essential, it is still difficult to achieve as it needs sophisticated calculations through
digital computers and the use of special software (e.g., ANSYS which uses the Finite
Element Method). Two extreme cases, where the calculation of such distribution is
relatively simple, are worth the discussion to help in understanding the general behavior
of the steel-FRP composite beams. The first case corresponds to a full composite action
where the stiffness of the equivalent springs of the fasteners is very high (or theoretically

infinity). In this case, the distribution of the fasteners’ shear forces follows the same
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Figure 4.6 shows a simple spring model that is presented to help in identifying the
factors that affect the distribution of shear forces in the fasteners. It is clear that the shear
force in each spring will develop due to the slip (or relative longitudinal movement)
between two points; one on the bottom steel flange (point A) and the other on the FRP
laminate (point B) as presented in Fig. 4.6. It is imperative that the longitudinal
movement of the point on the steel flange is directly proportional to the counterclockwise
rotation, &, of the steel beam (or slope of the deformed beam relative to its initial
unreformed geometry) at that point as presented in Fig. 4.7. In other words, the
longitudinal movement of point (A) on the steel is defined by (84 / 2), where H is the
total height of the steel section. For example, the slope of a simply supported elastic

beam under symmetrical three-point loading shown in Fig. 4.7, is defined by:

6= o (I—i) at the zone defined by (0 < x < L/2) (4.2)
4E]1 I
il t th t(i L/2) 4.3
= at the support (i.e., x = .
v =6 E] pp X (4.3)

where E is the Young’s modulus of the beam’s material, / is the cross-sectional moment
of inertia, and L is the span of the beam. For the case of steel-FRP composite beam, the
value of the term “E I is a function of the degree of composite action (or the stiffness of
the fastener spring). For the case of fully composite action, the term “E I is obtained
from the transformed section (based on Fig. 4.2) while for the case of no composite
action, this term is calculated for the steel cross-section only (i.e., ignoring the FRP).

Equation 4.2 shows that the beam’s slope, and consequently the longitudinal translations
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As discussed in Chapter 3, the FE model developed for this study is intended to
simulate thc flexural behavior of the steel-FRP composite beams. Therefore, steel
stiffeners are added at the locations of stress concentration (i.e., at mid-span load and
supports) to prevent local buckling. Additionally, lateral supports are employed at two
locations along the span of the beams to prevent lateral torsional buckling. With these
constraints, it is ensured that the mechanical behavior of any beam is dominated by its
flexural behavior. As shown earlier by experimental research studies on flexural behavior
steel and RC beams strengthened by mechanically fastened FRP [Alhadid (2011),
Nardone et al. (2011), Ebead (2011), and Lee et al. (2009)] four dominant failure modes
have been observed. These are (1) bearing in fastener holes in the FRP laminate, (2) shear
failure in the fasteners, (3) tensile rupture in the FRP, and (4) flexural failure in the
original beam (crushing in the RC beam or yielding in the steel beam). The FE model is
capable of modeling the effect of bearing in fastener holes (embedded in the load-slip
model as discussed earlier in Chapter 3, Fig. 3.4) and yielding in the cross-section of the
steel beam (embedded in the elasto-plastic behavior of the steel material). The remaining
two failure modes are identified by monitoring the longitudinal stresses in the FRP
laminate and the shear force in each fastener at each loading step. Once these stresses or
forces reach their maximum limiting values, failure of the composite beam is assumed
and the analysis is terminated. More details about this issue is introduced within the

context of the work presented in this chapter.
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distribution of the beam’s shear force diagram, as discussed earlier in section 4.1.1. The
other extreme case is when there is negligible or no composite action (i.e., when the
spring stiffness is very small or theoretically zero). In such case, the fasteners’ shear
forces become very small with a distribution that increases as the fastener location moves
towards the support. The general case of partially composite beams lies between these
two extreme cases and therefore, the distribution of the fasteners’ shear forces is expected

to be increasing nonlinearly towards the support.

4.2 Finite Element Analysis of Partially Composite Steel-FRP Beams

A numerical study using the Finite Element Method (FEM) is carried out to
explore the effects of the different geometrical and/or material parameters on the
behavior of the considered partial composite beams. The numerical study is composed of
two phases. The first phase is conducted in the context of the experimental study
performed by Alhadid (2011) to shed more light into the experimental results and explain
them in view of the FE results. Besides, other steel-FRP beams with different fastener’

stiffness and FRP lengths are considered.

The second phase considers three hypothetical case studies of simply supported
partially composite steel-FRP beams having span of 7.0 m each. The beams are assumed
to have different cross-sections dimensions which are intentionally selected to provide
the very close plastic modulus Z to represent three equally possible flexural designs for

the same applied bending moment.
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Table 4.1 shows a summary of the tested beams along with the different characteristics

related to the FRP laminates and the fasteners used. The load-deflection curves of the

considered beams have been already shown in Chapter 3.

Table 4.1: Main Experimental Outcomes of Alhadid (201 1) Experimental Study

Specimen FRP FRP Experimental Results Yield | Ultimate
ID* / No of | thickness | length P, M, P, M, load load
Specimens (mm)** (mm) (kN) | (kN.m) | (kN) | (kN.m) increase | increase
Control / 3 N/A 110.0 75.6 144.0 99.0 N/A N/A
2200S /2 3.175 2200 117.0 80.4 172.0 118.3 6.4% 19.4%
1800S /2 3.175 1800 112.0 77.0 168.0 115.5 1.8% 16.7%
1200S /2 3.175 1200 112.0 77.0 160.0 110.0 1.8% 11.1%
2200D/ 1 6.350 2200 120.0 82.5 188.0 129.3 9.1% 30.6%
1200D / 1 6.350 1200 114.0 78.4 146.0 100.4 3.6% 1.4%
* S refers to single FRP laminate while D refers to double FRP laminate
** The thickness of each FRP layer is 3.175 mm
Fixed
Side
Steel
Plate Bolts
Spacing S
Sheared Edge
Distance Sh
FRP v
g‘za‘;

(a) Steel-FRP Short Connection

Moving
Side

(b) Steel-FRP Long Connection

Figure 4.8: Typical Specimens for Testing Direct Shear in Steel-FRP Connections [After

Alhadid (2011)]
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4.3 Parametric Study — Phase |

4.3.1 Brief Description of Alhadid’s Experimental Study

Recently, Alhadid (2001) conducted an experimental study that aimed at
exploring the flexural behavior of I-shaped steel beams strengthened with mechanically
fastened FRP laminates. The study included two main phases. The first phase of
Alhadid’s study targeted testing various configurations of lap steel-FRP connections in
direct shear setups (Fig. 4.8) whose experimental load-slip results were used to develop a
mathematical model capable of describing the interfacial load-slip behavior of the steel-
FRP connections. In the second phase, eight steel I-shaped beams strengthened with
mechanically fastened FRP laminates of different lengths and thicknesses (Fig. 4.9) were
tested in 3-point loading setup (i.e., with mid-span load). In addition, three steel beams
(with no FRP) have been tested and used as control specimens. The same steel section,
UB 203x102x23, was used in all of the tested beams with total length of 3000 mm and
simply supported span of 2750 mm. Strain gages were used to measure the strain at
different locations of the steel section and the FRP laminates, while a linear variable
displacement transducer (LVDT) was used to measure the deflection at the mid-span of
the beams where the point load is applied. Steel stiffeners, 12 mm thick, were welded to
each beam around the mid-span and at the supports to prevent local buckling, while
lateral supports were used at two points along the span to prevent the lateral torsional
buckling. The experimental mid-span load-deflection results were used to describe and
compare the behavior of the different steel-FRP beams with different FRP laminate

lengths, thicknesses and fasteners’ arrangement.
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insufficient number of fasteners started with some bearing deformations in the FRP

and then failed in a brittle manner by sudden shear failure in the fasteners.

Increasing the thickness and length of FRP laminates resulted in a slight
improvement in the yield moment (i.e., moment at first yield in the steel section) in
the range of 1.8% to 9.1%. Meanwhile, the results showed significant enhancement
in the ultimate flexural capacity of the strengthened beams (between 11.1% to

30.6%).

The addition of the fastened FRP laminates at the bottom flange of the steel beam

delays yielding of the steel bottom flange relative to yielding of the upper flange.

The contribution of the FRP laminate becomes noticeable after the initiation of
yielding of the bottom steel flange at which point the elastic stress-strain modulus of

the FRP becomes higher than the post-yield modulus of steel.

Although the experimental approach in studying the mechanical behavior of the

composite Steel-FRP beams would be more realistic, unfortunately, it is more expensive

and can be only adopted for a limited number of cases or specimens. This means that

only few parameters can be investigated. In addition, experimental measurements are

limited to deflections and strains at specific locations, which may not be sufficient to

fully understand the mechanical behavior of the considered beams. On the contrary, using

the finite element method enables estimating quantities that are difficult or impossible to

measure experimentally such as the stress distribution in the FRP laminate and forces in

the fasteners. The finite element model developed for this purpose was discussed and
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i

Roller s:uppon

Figure 4.9: Typical Steel-FRP Specimen for 3-Point Loading Setup [After Alhadid

(2011)]

The main observations of Alhadid’s experimental study are summarized as follows:

e  When a sufficient number of fasteners was used, the strengthened beams exhibited
ductile failure mode accompanied by bearing deformations at the fasteners holes in

the FRP laminate. On the contrary, the response of the strengthened beams with
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Figure 4.10: Material Model Used to Simulate Uniaxial Stress-Strain Behavior of Steel

[After Alhadid (2011)]

FRP Material

The FRP was modeled as a linear elastic material with different characteristics in
the different working directions (i.e., along axes X, Y, and Z shown in Fig. 4.9). The
elastic modulus, shear modulus and Poisson’s ratio values are provided in Table 4.2

[Kachlakev and McCurry (2000)].

Table 4.2: Material Properties of the FRP Laminates [After Alhadid (2011)]

Elastic Modulus | Poisson’s Shear Modulus
(MPa) Ratio (MPa)
E,=4800 vy =03 Gy = 1967
E,=4800 Vi = 0.22 Gy = 3270
E.=62190 vy, = 0.22 G,; = 3270
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validated against the main experimental results obtained by Alhadid (2011) as presented
in Chapter 3. For completeness and clarity of each chapter, the model will be briefly

described in the following section.

4.3.2 Description of the Finite Element Model

The three-dimensional (3D) finite element modeling of the steel-FRP beams is
conducted using the general purpose finite element software package ANSYS (2011).
The mechanical properties of the materials used in the model are selected in accordance
with the real material properties reported by Alhadid (2011). Different types of finite
elements, and suitable boundary conditions are used to accurately simulate the

mechanical behavior of the steel-FRP beams under consideration.

4.3.3 Material Properties

Steel Material

Figure 4.10 shows the material model adapted to simulate the real behavior of the
steel material. The steel material is assumed to be elasto-plastic with yield stress of F), =
335 MPa with a multi-linear isotropic hardening that has initial elastic Young’s modulus
E = 190,000 MPa, and strain hardening modulus E, = 0.03 E. These values have been

proposed earlier by Alhadid (2011) in his experimental study.
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Figure 4.11: Load-Slip Model of the 6-mm Diameter Fastener in 3.175-mm Thick FRP

Laminate [After Alhadid (2011)]
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Figure 4.12: 2-Node 3D Link (or Spring) Element COMBINE39 [ANSYS (2011)]

4.3.4 Type of Elements and Mesh Size

The 8-node solid element, SOLID45, in ANSYS (Fig. 4.13) is used to model both
the steel beam and FRP laminates. Each node in the element has three translational
degrees of freedom in the Cartesian X, Y, and Z directions. The element is capable of

modeling large deformations and large strains in addition to material nonlinearities.
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Fasteners Load-Slip Model

ANSYS’s multi-linear unidirectional link (or spring) element, COAMBIN39, is
used to simulate the nonlinear load-slip behavior of the fastener in the beam's
longitudinal direction (i.e., Z-direction). Figure 4.11 shows the load-slip relationship of a
typical 6-mm diameter fastener and FRP width and thickness of 100 mm and 3.175 mm,
respectively, as given by Alhadid (2011). The curve shows that the force carried by the
fastener depends on the relative slip between the steel and the FRP. This load-slip model
is implemented in the FE model in the Z-direction at the location of the fastener. This
element is defined by two coincident nodes (Fig. 4.12) and a Cartesian direction is added
as a property of the element. One of these two nodes should lie on the steel flange and the
other node is on the FRP laminate. It is important to note that the FE mesh of the lower
steel flange should not essentially match the FE mesh of the FRP laminate; but their

nodes at the location of the fasteners should exactly coincide in coordinates.

Another very stiff elastic spring is added along the Y-direction such that no
penetration takes place between the FRP laminate and the steel section. A similar stiff
elastic spring is also added along the transverse direction (i.e., X-direction) since it is not

contributing significantly in carrying any loads.
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4.3.S Element Sizes and FE Mesh

The steel-FRP cross-section was meshed by SOLID45 elements with side-length
in the X- and Y -directions that does not exceed twice the thickness of the web as shown
in Fig.4.15. The side-length of the element in the Z-direction is set to be less than four
times the element’s size in the other two directions (i.e., X- and Y-directions) (Fig. 4.16).
The final mentioned element sizes are realized after reaching a difference in the results

between any two consecutive mesh refinements that does not exceed 2%.

Figure 4.15: Typical Mesh of the Cross-Section of the Steel-FRP Beam

Figure 4.16: Typical Mesh Size in the Longitudinal Direction of the Steel-FRP Beam
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Figure 4.13: 8-Node 3D Structural Solid Element SOLID45 [ANSYS (2011)]

The 4-node 3D shell element, SHELLIS81, is used to simulate the stiffeners at the
location of high stress concentration at the supports and at the loading point at the mid
span. The shell element is suitable for analyzing thin to moderately-thick shell structures.
Each node has six degrees of freedom; translations in the X, Y, and Z-directions, and

rotations about the X, Y, and Z-axes as shown in Fig.(4.14).

Figure 4.14: 4-Node 3D Structural Shell Element SHELL 181 [ANSYS (2011)]
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Beams with various geometrical parameters are analyzed under mid-span
concentrated load. In spite of the symmetrical geometry and load of the problem, which
suggests modeling one half of the beam, a full model of the beam is required. This full
model is required to simulate the phenomena of warping of the cross-section around the

Z-axis and asymmetrical torsional buckling around the X-axis.

4.3.7 Comparison Between FE Results and Alhadid’s Experimental Findings

In the case of partially composite beam under consideration, the shear forces in a
fastener are directly related to the amount of slip between the bottom steel flange and
FRP laminate and on the fastener’s spring stiffness. In addition, the amount of slip
depends on the spring’s stiffness relative to the tensile stiffness of the FRP laminate and
steel flange. The FE model, described earlier in Chapter 3 and briefly in this chapter, is
used to analyze the different steel-FRP beams that has been tested by Alhadid (2011) and
listed in Table 4.1. The comparison between the experimental and numerically obtained
load-deflection behavior of such beams has been discussed in Chapter 3 in the context of
the verification of the FE model. It is shown that the FE model is capable of capturing the

mechanical behavior of such beams with very good accuracy.

The shear forces in the fasteners and the longitudinal tensile stresses in the FRP
laminate, which were not measured experimentally by Alhadid (2011), are the main

scope of the numerical study reported in this section.
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4.3.6 Boundary Conditions and Load Application

Figure 4.17 shows the general geometry of the composite Steel-FRP beam with its
applied boundary conditions. The beam is roller supported at its left and right ends. Since
the beam may be symmetrical or asymmetrical after deformation, the translations in the
longitudinal direction U. are restrained at the bottom nodes of the bottom steel flange at
the mid span. Stiffeners are added at both ends and close to the mid span of the beam to
eliminate the local buckling that may happen due to the stress concentration at the
loading and reaction points. To ensure that the beams will have no lateral torsional
buckling the beam was symmetrically braced in at different locations (i.e., U, = 0) along
the beam as shown in Fig. 4.17. Meanwhile, the rest of the nodes are left unrestrained

against any kind of deformation.

u, =0 (atdiscrete
locations)

oller support

u,=0

Roller support

Figure 4.17: Boundary Condition for a Typical Composite Steel-FRP Beam

(Symmetrical Lateral Supports are Shown for the Left-Side of the Beam Only)
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100,000 N/mm). The value of 2,678 N/mm represents the value of the fasteners” modulus

used by Alhadid (2011), while the other values represent different levels of the composite

actions where the value of 100,000 N/mm is assumed to represent the full composite

action. Under the effect of this particular mid-span load and for a fully composite steel-

FRP beam, the shear force in each fastener, calculated as per Eq. 4.1, is 903.3 N. Some

general observations for the elastic behavior of steel-FRP beams can be obtained from

Figs. 4.19 to 4.21 as follows:

Figures 4.19 and 4.20 reveal that zero relative slip occurs at the mid span, due to
symmetry, leading to very small shear forces in the nearby fasteners. This slip
increases gradually as a result of the increase in the slope of the deformed steel beam
and approaches its maximum value at the fasteners close to the edges of FRP

laminate. This trend has been observed for all the beams with different FRP lengths.

In Figs. 4.19 and 4.20, as the length of the FRP decreases (e.g., beam 1200S), and
consequently the number of fasteners decreases, the shear forces in the fasteners
increases, even above the value 903.3 N that corresponds to the fully composite case.
This is attributed to the need to distribute the maximum tensile force in the FRP at the
mid-span on the total number of fasteners. On the contrary, as the length of the FRP
increases (e.g. beam 2750S) , leading to a higher number of fasteners, the maximum
shear force in the fasteners near to the FRP edge approaches a constant value and the

distribution follows the shape of the beam's shear force diagram.

Comparing the distributions shown in Figs. 4.19 and 4.20. it is clear that increasing

the fastener stiffness from K=2,678 N/mm to 100,000 N/mm increases the shear
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Elastic Behavior:

At small mid-span loading, the fasteners and the steel and FRP materials behave
elastically. In this case, the fastener’s spring stiffness modulus, K, takes the value of
2,678 N/mm that follows the slope of the initial branch of the spring’s load-slip
relationship shown in Fig. 4.11. Several steel-FRP beams have been analyzed using the
FEM. The beams are denoted as 1200S, 1800S, 2200S, and 2750S where S refers to a
single FRP layer of 3.175-mm thick, and 1200, 1800, 2200 and 2750 refer to the different
lengths of the FRP laminate. Figure 4.18 shows a sample layout of the fasteners in beam
1200S, where the longitudinal pitch and edge distances are kept as 100-mm and 50-mm,

respectively.

Center of Beam

(eRigan) FRP Laminate Support
I 600 mm / 1 900 mm A
3 "
=
50 mm Bottom Steel Flange ! E
| Yo
! &
|
>0 100mm 375 i
oo "l
i
L 1500 mm =

Figure 4.18: Sample Bottom View of 1200S Beam Showing the Typical Fasteners’ Pitch

and Edge Distance

The results of the FE analyses are presented in Figs. 4.19 to 4.21. The figures
show the distribution of shear forces in the fasteners at the loading of 75.0 kN for
different FRP lengths (44%, 65%, 80% and 100% of the beam’s span) and different

fastener moduli (namely 2,678 N/mm, 5,000 N/mm, 10,000 N/mm, 20,000 N/mm and
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Figure 4.21: Forces in Fasteners of 2750S Steel-FRP Beam Under a Mid-span Load of

75.0 kN and Different Spring Moduli in (N/mm)

Figure 4.21 shows that for beam 2750S (i.e., FRP covers the full length of the steel
beam) and as the fastener stiffness increases, the maximum shear forces in the
fasteners increases and approaches the extreme value of 903.3 N that corresponds to
the case of the fully composite steel-FRP beam. In addition, the distribution tends to
follow the shape of the shear force diagram of the beam especially for high stiffness

of fasteners.

To assess the level of composite action of any partially composite steel-FRP beam, it
is reasonable to compare the sum of the developed shear forces in the fasteners
located in the half mid-span of the partial composite steel-FRP beam (e.g., K=2,678

N/mm) with their counterpart of the nearly full composite case (i.e., K=100,000
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forces in

the fasteners. especially for short FRP laminates. It is also clear that the

shear force in the edge fastener approaches 903.3N that corresponds to the full

composite beam case.

Load (kN)

Figure 4.19:

Load (kN)
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Figure 4.20: Forces in Fasteners for a Mid-span l.oad of 75.0 kN and Spring Modulus of

100,000 N/mm
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Figure 4.22: Level of Composite Action in Different Beams Due to a Mid-span Load of

75 kN

Elasto-Plastic Behavior

Figures 4.23a and 4.23b show contour plots of the Von Mises equivalent stresses
in the 1200S beam due to mid-span loads of 120 kN and 160 kN, respectively. The
figures show zones around the mid-span where the Von Mises stresses have reached the
limiting yield value. It can be noticed that the zone enlarges and extends towards the
support as the mid-span load increases from 120 kN to 160 kN. Figure 4.24 shows the
propagation of the plasticity in a the composite beam 2200D at different load levels. It is
clear that the plasticity in the top flange is more spread than the bottom flange due to the

addition of the FRP laminate.

To shed more light on the elasto-plastic behavior, FE analyses have been
conducted for composite steel-FRP beams with different lengths of the FRP laminate and

different pitch sizes between the fasteners. Unless otherwise noted, the default
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N/mm). Performing such simple comparison for the beam 1200S gives an index of

the level of composite action ¥com, Which is calculated as:

_sum of fasteners'shear forces for K = 2,678 N/mm
“™  sum of fasteners'shear forces for K = 100,000 N/mm

=35.4%

The low efficiency of the composite action is mainly due to the small value of the
elastic spring stiffness K relative to the elastic axial longitudinal stiffness of the steel

bottom flange (£s Apange / pitch) or that of the FRP laminate (Egsp Afp / pitch).

Figure 4.22 shows the effect of the fastener stiffness, K. on the composite action
index (¥comp). for steel-FRP beams with different FRP lengths: namely 1200S, 1800S,
22008, and 2750S. The figure shows that as the length of the FRP increases, the index
of composite action increases indicating higher efficiency of the FRP laminate,
especially at low fastener stiffness. As the fastener stiffness increases and becomes
very high (e.g., above 20,000 N/mm), the effect of the FRP length becomes less

significant.
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Figure 4.24: Yielded Zones at Different Loading Levels on the 2200D Composite Beam

Figure 4.25 shows the forces carried by fasteners in the different steel-FRP beams
at different mid-span load levels. Four levels of the mid-span load are considered; namely
load of 75 kN in the elastic behavior zone, load at first yield in the steel, load of 145 kN
in the post-yield zone, and peak or ultimate load. The figure shows that the distributions
of the fasteners™ shear forces in the elastic zone and at first yield are similar for each of
the considered beams with different FRP lengths. This indicates no significant change in
the mechanical behavior until the steel reaches its first yield. On the other hand, the
figure clearly shows that after first vield there is a significant increase and change in the

distribution pattern of the fasteners’ shear forces for all of the considered FRP lengths.
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geometrical parameters of the composite beams are defined by FRP laminate width of
100 mm, FRP thickness t5, of 3.175 mm. fastener diameter of 6 mm. fastener pitch P of
100 mm, and FRP length Lz, of 85% of the span. The default properties of the steel. FRP,

and fasteners are as given in Table 4.2 and Figs. 4.10 and 4.11, respectively.
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Figure 4.23: Contour Plots of Von Mises Stresses (in MPa) Due to a mid-Span Load

Acting on Beam 1200S
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Figure 4.26 shows the forces carried by fasteners in different steel-FRP beams at
different levels of the mid-span loads. The observed tend in the figure reflects the
increase in the fasteners® shear forces in the elastic range when the length of the FRP
laminate decreases significantly (e.g., case of composite beam 1200S compared to
2750S). The is mainly due to the fact that the tensile load developed in the FRP is

distributed over fewer fasteners. As the mid-span load increases, the longitudinal
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This increase starts from the mid-span and spreads towards the support. exactly similar to

the trend of spread of the plasticity.

As discussed earlier, the slip is the difference between the movement of the points
at the bottom steel flange relative to the points on the FRP laminate. It is important to
note that yielding of the steel and the formation of a plastic hinge at the mid-span
significantly increases the slope of the composite beam leading to a significant movement
of the steel points at the fasteners relative to the FRP points and consequently increase in

the slip and shear forces in the fasteners is realized.
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Figure 4.27 shows the experimental load-deflection results at mid-span of the
composite beam. Tracing the development of the numerical shear forces in the fasteners
indicates that failure of the edge fastener takes place when the induced shear force in the
fastener reaches the critical value of 10.6 kN. Figure 4.28 shows the distribution of the
shear forces in the steel fasteners at the experimental peak applied load of 152 kN. It can
be seen that at this particular applied load value, the shear force in the edge fastener
reaches the maximum shear capacity of the fastener (i.e., 10.6 kN). The shear failure of
the edge fastener leads to instantaneous redistribution of the shear forces among the
remaining fasteners resulting in a progressive shear failure of the fasteners and
consequently a complete collapse of the composite beam. Therefore, a mid-span load of
152 kN represents the maximum load the composite beam can carry before collapse.
This explains the premature experimental failure of the composite beam 1200D at an

applied load of 152 kN as shown in Fig. 4.27.
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Figure 4.27: Experimental Load-Deflection Curve of 1200D Composite Beam at Mid-

span [After Alhadid (2007)]
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movements of the steel points around the yielded zone (i.e., mid-span) and away towards

the supports are dominated by the increase in the slope of the composite beam due to the
formation of plastic a hinge at the mid-span and therefore the shear forces tend to become
constant for the fasteners located away from the mid-span (e.g., for the cases of 1800S
and 22008, Fig. 4.26¢). For long FRP laminates (e.g., for the case of 27508, Fig. 4.26¢),
the movement in the FRP becomes significant and the shear forces in the fasteners are

reduced.

It is important to note that the increase in the fasteners’ shear forces due to
yielding in steel may lead to a sudden shear failure in some of the fasteners resulting in a
subsequent redistribution of the tensile force in the FRP laminate on the remaining
fasteners. This may lead to progressive failure of the remaining fasteners leading to
sudden failure of the composite beams. Although the FE model used is not capable of
simulating such shear failure in the fasteners, the load at which the first fastener fails in

shear is still predictable.

To shed more light on such behavior, a FE analysis of the previously tested
composite beam 1200D is conducted where two layers of FRP are intentionally used to
allow for high shear forces in the fasteners. Similar to all beams tested by Alhadid
(2011), fasteners used in 1200D beam are M6x258 made of high tensile steel Class 8.8
according to DIN ISO 4017 (2011) with shear strength of 375 MPa (BSI 5950-1:2000).
The maximum shear force Fe,, that can be carried by one fastener is estimated as:

F, =(%J x 67 x 375=10.6kN (4.5)

N
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Figure 4.30 presents the normal stress distribution across the width of the FRP

laminate at the mid-span of the composite beam. The two peaks shown in the plot are due
to the stress concentration around the steel fasteners. It is important to note that these
peaks differ by about 4% from the average stress. The contour plot in Fig. 4.31 confirms

the same stress concentration at the location of the fasteners.
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Figure 4.29: Longitudinal Normal Stress Distribution in the FRP Laminate in the 1200D

Beam at a Mid-span Applied Load of 121 kN
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Figure 4.28: Distribution of Fasteners’ Numerical Shear Forces in 1200D beam at a Mid-

span Load of 152 kN

Stress distribution in the FRP laminate:

The FRP laminate was modeled as linear elastic material having an elastic
modulus of 62.19 GPa in its longitudinal direction. The typical distribution of the normal
stress along the longitudinal centerline of the FRP laminate in 1200D beam due to a mid-
span load of 121 kN (i.e., after first yield in steel) is shown in Fig. 4.29. The stress
distribution in the FRP laminate follows the same profile of the bending moment in the
composite beam regardless of the FRP thickness or length. The figure shows that, as

expected, the maximum stress occurs at the mid-span of the beam.
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the shear forces in the fasteners leading to an inevitable shear failure in the fasteners at an

applied load of 152 kN (Fig. 4.28).
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Figure 4.32: Maximum Longitudinal Stress in the FRP Laminate in the 1200D Beam at

Different Loading Stages

Stress distribution in the steel section:

The point load acting at the mid-span of the composite beam produces a
concentration of stresses around this region of the top flange. Therefore, a location away
by 100 mm from the mid-span is selected to display the normal strain distribution in the
steel cross-section of beam 2200D at different loading stages. Figure 4.33 shows that the
normal strain distribution is linear in the elastic range (i.e., when mid-span load is less
that first yield load of 112.5 kN). The strain distribution becomes nonlinear at load value
of 115.4 kN that exceeds the first yield load. This is mainly due to the geometrical non-
linearity introduced by the large mid-span deformation that significantly changes the

initial geometry of the beam. Figure 4.33 shows also that at a mid-span load of 115.4 kN
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Figure 4.31: Contour Plot of Stress in Z-direction in the FRP Laminate of 1200D Beam

at a Mid-span Load of 121 kN

As mentioned earlier, the drillable hybrid FRP laminates used by Alhadid (2011)
have an elastic modulus of (62.19 GPa) which is about one third of the elastic modulus of
the steel beam (190 GPa). Therefore, the contribution of the FRP laminate in improving
the load-carrying capacity of the strengthened beams is more apparent after the steel
section exhibits significant yielding in the bottom flange. Figure 4.32 shows the
maximum stress in the FRP laminate (in the mid-length of the FRP laminate) at different
loading stages in the 1200D beam. The vertical line corresponds to a load value of 112.5
kN at which the steel exhibits first yielding at the bottom flange in the mid-span. It is
obvious that a substantial increase in the normal stress carried by the FRP laminate takes

place directly after yielding of the steel section associated with a significant increase in
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4.4 Parametric Study — Phase 11

As indicated earlier, the first phase of the parametric study focused on studying
the effect of the fastener’s stiffness and the geometry of the FRP laminate on the
mechanical behavior of steel-FRP composite beams. In addition to the previously stated
aspects, the second phase targets studying the effect of geometrical and material
parameters of the steel cross-section and FRP laminate on the mechanical behavior and
response of composite beams. Those parameters include the height-to-span ratio of the
steel beam, the thickness of FRP laminate, the distribution of the steel fasteners, the
length of FRP relative to the span of the beam and the elastic modulus of the FRP
laminate. In this phase the same finite element and material models and boundary

conditions used earlier in the first phase are utilized.

4.4.1 Description of Steel Cross-Sections

Three steel beams with a span of 7000 mm and different cross-sections are
considered in the numerical study namely; W8x48, W10x39 and W14x30. These three
sections are selected such that they have very close elastic and plastic section moduli
values (i.e., Sxx and Z5) with less than 2% and 3% variation, respectively, which should
lead to having very close values of the mid-span loads at first and full yielding of the
steel cross-section. Table 4.3 shows the geometrical properties of the three cross-sections

while Fig. 4.34 presents the main parameters defining the geometry of the steel sections.
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the neutral axis is clearly shifted downward. This is expected due to noticeable increase

in the contribution of the FRP laminate in carrying the load after yielding of steel is

initiated as indicated in Fig. 4.32.
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yielding and extend to the strain hardening stage as per stress-strain relationship in Fig.

4.10.

Composite Beam

Control Beam

Mid-span Load

!
|
|
|
|
I
|
|
I
|
|
I
1120.0mm

—>
Mid-span Deflection

Figure 4.35: Measures Used in the Comparison Between the Mechanical Behaviors of

the Control and Composite Beams

The resulting loads at the 120 mm deflection and the initial slopes of the beams’
load-deflection curves at the mid-span, as defined in Fig. 4.35, are used as indices to
evaluate the influence of the considered parameters on the mechanical behavior of

composite steel-FRP beams. These indices are defined as

( Result — Result

composite control ) o

% improvement = S v
esu

(4.6)

control
where Result is either the initial slope of the load-deflection curve or the mid-span load at
deflection of 120 mm. The following sections consider the effect of each parameter at a

time while keeping the others parameters unchanged.
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Figure 4.34: General Cross-sectional Parameters of the Wide Flange 1-Sections

Table 4.3: Cross-sectional Geometrical Properties of Analyzed Steel Beams (AISC,
2005)

| e -Average S, | /| | Z, - Average Z,, |
Section ¢ b s A & = Sa Za (Average S..) | (Average Z )
(in) (in) (1n) (in’) (i) | (') | @) [ @ % %
W14x30( 13.8 6.73 | 0.385 2.59 0.27 291 42 47.3 1.02 0.84
W10x39( 9.92 7.99 0.53 423 0315 209 42.1 46.8 0.79 1.89
W8x48 | 85 8.11 0.685 5.56 0.4 184 43.2 49 1.81 2.73

The rest of the geometry is typically defined by FRP laminate width of 100 mm,
FRP thickness #, of 3.175 mm, fastener diameter of 6 mm, fastener pitch P of 100 mm
and FRP length Ly of 85% of the span, unless otherwise noted. The steel, FRP, and

fasteners properties are as defined in Table 4.2, Fig. 4.10, and Fig. 4.11, respectively.

The control steel beam and composite steel-FRP beams are subjected to
incremental mid-span downward displacement and the corresponding mid-span loads are
is found to be

determined. A maximum deflection of about (span / 60 = 120 mm),

enough to create normal stresses in the mid-span steel section that significantly exceed
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Figure 4.36: Percentage Increase in Mid-span Load, at 120 mm Deflection

4.4.3 FRP Thickness

As reported by Alhadid (2011), the steel-FRP interfacial behavior of the 3.175-
mm thick STRONGWELL FRP laminate and 6-mm diameter steel bolts, is mainly
controlled by bearing in the FRP laminates. In other words, the load-slip model presented
in Chapter 3 and in Fig. 4.11 for a single layer of FRP (thickness of 3.175-mm) can be

simply extended to other FRP thicknesses by scaling the load by (&5 / 3.175).

In order to examine the influence of FRP thickness on the load-carrying capacity
of the composite steel-FRP beams, two different FRP thicknesses are considered; namely
3.175 mm which corresponds to one layer of FRP and 6.35 mm that corresponds to two
FRP layers. The other parameters are kept fixed and the fastener pitch size of 50 mm is

used to avoid possible shear failure in the fasteners. Figure 4.37 shows the percentage
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4.4.2 Section Height

The strengthening effect of increasing the height of the steel cross-section (i.e.,
through using the three different cross-sections) is explored while keeping other
parameters unchanged. Figure 4.36 shows the improvement in the load-carrying capacity
of composite steel-FRP beams relative to the control beam at 120 mm mid-span
deflection for the three considered cross-sections. The improvement due to increasing the
steel section height is attributed to two main simultaneous effects. Firstly, the increased
longitudinal displacement of the bottom points in the steel flange at the fastener locations.
This increase is due to having almost the same beam slope & (since S; and Z, of the three
sections are very close) that is multiplied by a bigger half-height of the steel cross-section
(i.e., @h / 2) which leads to higher slip and consequently higher shear forces in the
fasteners. Secondly, the increased moment arm of the shear forces in the fasteners
amplifies their bending moments that counteract the effect of the applied mid-span load
(as shown earlier in Fig. 4.3). The two effects together significantly reduce the bending

moment carried by the steel section leading to a better strengthening effect.
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Figure 4.38 shows a trend for the initial slope of the load deflection curve which
is similar to the trend shown for the load-carrying capacity. This is mainly due to the
increase in the cross-sectional moment of inertia of the composite beam with thicker FRP

laminates.
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Figure 4.38: Percentage Increase in the Initial Slope of Load-Deflection Curve of

Composite Beams for One and Two Layers of FRP

4.4.4 Distribution of the Steel Fasteners

The effect of the fasteners™ pitch size (distance between fasteners) is examined in
this section. Fastener pitch sizes of 50 mm, 100 mm, 150 mm and 200 mm and FRP
thickness of 6.35 mm are considered while all the other parameters are kept fixed. Figure
4.39 shows the percentage increase in the load-carrying capacity over the control beam
for different pitch sizes at a mid-span deflection of 120 mm. In general, reducing pitch

size increases the load-carrying capacity of composite beams. This increase is more
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increase in the load-carrying capacity over the control beam for the case of one and two .

layers of FRP laminates. The figure shows that the contribution of the FRP laminates in ‘
increasing the load-carrying capacity is almost doubled when two layers of FRP are used.
This observation is in agreement with the outcomes of phase-I of the study and is mainly
due to the increase in the shear forces in the fasteners in the case of thicker FRP laminate 1
relative to the case of thinner FRP. This behavior is due to the increased slip resulting
from two factors; almost unchanged slope of the composite beam in the two cases and 1

decreased longitudinal movement of the thick (or stiff) FRP laminate at the fasteners

locations.
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Figure 4.40: Effect of Pitch Size on the Slope of Load-Deflection Curve of Composite

Beams

Figure 4.41 shows the distribution of the fasteners” shear forces for the pitch sizes
of 50, 100. 150 and 200 mm for the case of W14x30. It is clear that fewer fasteners (i.e.,
bigger pitch size), results in higher shear forces (maximum of 9.92 kN for pitch size of
200 mm and 6.0 kN for 50 mm) which may exceed, in some situations, the shear strength
of the fasteners leading to brittle shear failure. This indicates that the pitch sizes
considered do not affect the overall mechanical behavior significantly, but it, evidently,

affects the distribution of the shear forces in the fasteners.
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pronounced for deeper steel sections for the same reason discussed in section 4.4.2 (e.g.
13.5% increase relative to the control beam for W14x30 and pitch size of 50 mm).
Reducing the pitch size from 200 mm to 50 mm increases the improvement in the load-
carrying capacity by about 3.3% for the beam W 14x30. Meanwhile, the increase in the
capacity improvement becomes about 0.9% for W8x48. A small change (less that 1%) in
the improvement is noticed in the initial slope of the load deflection curve as shown in
Fig. 4.40 which is attributed to the negligible effect of changing the number of fasteners

on the interfacial slip and the cross-sectional inertia of the composite beam.
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Figure 4.39: Effect of Pitch Size on the Load-Carrying Capacity of Composite Beams
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4.4.5 FRP Length to Beam Span Ratio

The effect of the ratio between the length of the FRP laminate (L) and the span of
the beam (L) is investigated. Four values of (L;/ L) are considered; namely 0.25, 0.45,
0.65 and 0.85. The pitch size of 50 mm and the FRP thickness of 6.35 mm are used while
fixing all the other geometrical and material parameters of the composite beams. Figures
4.42 and 4.43 show the effect of (L;/ L) on the percentage improvement in the load-
carrying capacity and initial slope of the load-deflection curve of the composite steel-FRP
beams over the control beam, respectively. At (Ly/ L) = 0.25, Fig. 4.42 and 4.43 show a
rate of improvement that decreases as (L; / L) increases towards 0.85. In general,
increasing (Ls / L) over 0.65 does not introduce significant improvement in the
mechanical behavior although it distribute the tensile force in the FRP laminate on more

number of fasteners.
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assumed that the load-slip model of the steel fasteners (Fig. 4.11) will not change due to
the variation of modulus of elasticity of the FRP material. This assumption can be
justified in view of the fact that the steel-FRP slip depends mainly on the bearing
deformations in the GFRP layers with very slight dependency on the stiffness of the

sandwiched CFRP layer.

Figure 4.45 shows the improvement in the load-carrying capacity of the
composite steel-FRP beams over the control beams at mid-span deflection of 120 mm for
the two cases of low modulus (LM-FRP) and ultrahigh modulus (UHM-FRP) FRP
laminates. In the case of LM-FRP, the percentage increase in load-carrying capacity
ranges from 6% for the shallow section (W8x48) to 14% for the deep section (W14x30).
Meanwhile, this improvement ranges from 14% for W8x48 to 23% for W 14x30 in the
case of UHM-FRP. This is due to the significant increase in the fasteners’ shear forces at

UHM-FRP due to the small relative displacements in the FRP at the fastener locations.

The increase in the initial slope (i.e., in the elastic behavior) of the load-deflection
curves are depicted in Fig. 4.46. It is clear that while the LM-FRP has little contribution
(increasing the initial slope from 3% to 5% for sections W8x48 and W 14x30,
respectively) in increasing the elastic stiffness, the UHM-FRP provides considerably
higher stiffness (e.g., increasing the initial slope from 15% to 23% over the control beam
for sections W8x48 and W 14x30, respectively). The increase in the initial slope when
using UHM-FRP is mainly due to the increase in the overall stiffness of the composite

system.

112




The distributions of the fasteners’ shear forces, for the cases of (Ly/ L) = 0.25
through 0.85 at a mid-span deflection of 120 mm, are depicted in Fig. 4.44. The figure
shows that the shear forces for the case of short FRP laminate (i.e. (Ly/ L) = 0.25) are
higher than those of the case of long laminate (i.e. (Ls/ L) = 0.85). In general, increasing
the (Ls/ L) ratio results in reduction in the shear forces induced in the fasteners. Figure
4.44 implies that the shear forces in the fasteners located in the FRP zone extending
beyond (L;/ L = 0.65) decrease significantly. This observation, along with the outcomes
of Figs. 4.42 and 4.43, indicate an optimum length of the FRP laminate (L;/ L= 0.65)
after which any increase in the FRP length will not introduce any significant

improvement in the behavior.
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Figure 4.44: Effect Distribution of the Fasteners’ Shear Forces for (Ls/ L)=0.25 Through

0.85 at 120 mm Mid-span Deflection

4.4.6 Young’s Modulus of FRP Laminate

In this section, low and ultrahigh Young’s moduli of the FRP laminate are

considered while all other geometrical and material properties are kept unchanged. It is
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Figures 4.47, 4.48 and 4.49 show the load deflection curves of beams W 14x30,
W10x39 and W8x48, respectively, when strengthened with LM-FRP and UHM-FRP.
These figures confirm the observations described earlier as they imply that the beams

strengthened with UHM-FRP have gained significant increase in their stiffness and load-

carrying capacity compared to the LM-FRP.
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Figure 4.47: Response of the W 14x30 Beam Strengthened with LM-FRP and UHM-FRP
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4.5 Conclusions

Several composite steel-FRP beams have been investigated numerically where the

focus is put on understanding the mechanical behavior of the composite beams along

with estimating the capacity and stress distribution through the different components of

the composite system. The following items could be concluded from the numerical study:

&

The steel beams strengthened with mechanically fastened FRP laminates have a
ductile failure mode by bearing in the FRP at the location of fasteners if sufficient
number of steel fasteners and enough length of FRP are used. Insufficient number of
steel fasteners will result in unfavorable brittle failure due to shear rupture in the
fasteners.

The ratio between the elastic modulus of FRP and that of steel affects the
contribution of the FRP in the load-carrying capacity of the composite beam. If the
FRP modulus is significantly less than that of the steel, the FRP laminate does not
provide significant contribution in carrying the loads except after the steel section
exhibits significant yielding at the extreme fibers of the bottom flange. The
contribution of the FRP is expected to increase and become more significant even
before yielding of steel if the modulus of FRP is close or higher than that of the steel
section.

The I-shaped steel beams with larger cross-sectional height exhibit relatively high
contributions of the mechanically fastened FRP laminates in improving their flexural

capacities. This is attributed to the increase in developed resisting bending moment
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CHAPTER 5

ANALYTICAL ELASTIC SOLUTION FOR
THE RESPONSE OF COMPOSITE STEEL-FRP
SYSTEMS

S.1 Introduction

There are two main structural design philosophies in current engineering practice;
the Working Stress Design (WSD) and the Limit State Design (LSD). The WSD method
requires that stresses in any structural element, under normal service loads, to be less than
a maximum value defined by the material strength reduced by a factor of safety.
Additionally the deflections should not to exceed certain limit to ensure good service to
the occupants of the structure. On the other hand, the LSD method implies that any
structure should be designed to fulfill its intended purpose and ensure that certain limits
are not exceeded. Two main important limits are usually considered; namely the strength
and serviceability limit states. To satisfy the strength limit, the ultimate load-carrying
capacities of the structural elements at the state of impending collapse are analyzed and
compared to the effects of the expected extreme effects of the loads (i.e., at ultimate or
factored loads). The calculation of the nominal moment capacity is therefore essential for

the design of beams. Unfortunately, there is no available analytical method to evaluate
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in the steel beam due to the increased shear forces in the steel fasteners whose effect

is amplified by the increase in the section height.

Increasing the thickness of the FRP laminate significantly improves the load-
carrying capacity of the composite steel-FRP beams but at the same time increases
the shear forces in the fasteners.

For the considered pitch sizes (i.e., 200-mm < pitch < 50-mm), increasing the
number of steel fasteners, or reducing the pitch distance does not have significant
improvement on the load-carrying capacity of the steel-FRP beam.

Increasing the length of FRP laminate beyond (Ls/ L = 0.65) does not contribute
significantly in enhancing the load-carrying capacity of the composite beam.

In general, for a fixed pitch size any increase in the length of the FRP laminate
distributes the tensile force in the FRP on more fasteners. This may be required in
some cases to ensure ductile bearing failure (in the composite beam) and avoid
brittle shear failure in the fasteners.

The experimentally tested composite steel-FRP beams tend to fail by bearing at the
fasteners’ holes in the FRP laminate. At the bearing stage of the FRP laminate, the
longitudinal carbon fibers exhibit low normal stresses relative to the tensile strength
of the FRP laminate. In order to optimize the use of the FRP laminates in
strengthening steel beams it is recommended to device a way to increase the bearing

strength of the FRP laminate.
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5.2 Background

The analysis of composite- or more specifically the partially composite beam
requires the consideration of the interlayer contact and slip between its different
subcomponents. Girhammar and Pan (2007) have studied the mechanical behavior of a
composite beam with interlayer slip, made of two subcomponents (referred to as 1 for the
top subcomponent and 2 for the bottom subcomponent) made of two different materials
and connected by an adhesive layer that allows for interfacial shear and slip at the

interface between the top and bottom subcomponents (Fig. 5.1).

dx

Figure 5.1: Forces Acting on an Infinitesimal Segment of a Beam Made of Two

Different Subcomponents with Adhesive In-Between (After Girhammar and Pan, 2007)

Figure 5.1 shows an infinitesimal segment of the composite beam, of length dx,
loaded with a distributed transverse load g(x). The figure shows also the normal forces,
shear forces, and moments acting on each subcomponent (e.g., N;, ¥, and M, acting on

subcomponent 1 and N,, V>, and M, acting on subcomponent 2) in addition to their
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the nominal moment capacity of steel beams strengthened with mechanically fastened

FRP laminates.

It is worth pointing out that satisfactory strength performance at ultimate loads
does not guarantee satisfactory serviceability perfformance (e.g., acceptable deflection) at
normal service loads. Since the adopted strengthening technique used in this study is
characterized by a considerable reserve of strength in plastic region, this gives rise to
excessive deformation which may have undesirable impact on the serviceability
considerations. For a structural member such as a steel beam, the most important
serviceability condition is the beam deflection under service loads, where the steel beam
should not undergo excessive deflection. The deflection due to applied service loads is
typically computed under the assumption of linear elastic behavior [Punmia et al.

(2007)].

In this chapter a brief background about the partial interaction theory is firstly
presented. Afterwards, the governing equations for the non-composite and the partially
composite beam found in literature, are introduced and used to model the linear elastic
behavior of the composite steel-FRP beams under static loading. The solution for the
deflected shape is then presented followed by the prediction of the first yielding point of
the composite steel-FRP beams and the distribution of the shear forces developed in the
steel fasteners. Finally, the analytical results will be used to verify the FE model that was
developed in chapter 3 to simulate the linear elastic behavior of the composite steel-FRP

beams.
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EI_=EI + EA (5.5)
wherethe EA, =E A4 +E, A,,and EA, =(E, 4,) (E, 4,).
The general solution for Eqn. 5.2 is given by Girhammar and Gopu (1993) as:

w = a, sinh(a x) + a, cosh(a x) + a, x’ + a, x* + agx+ag +w, (5.6)

where a; to ag are constants that can be evaluated after applying the boundary conditions
of the composite steel-FRP beam. In addition, the term wy, represents the particular
solution of the differential equation which is a function of the distributed load g(x) and is

written as:

1 p El, d*q(s) o’ .
w_ = f {azt](.v)—E—%T:l[a(x—s)+?(x—3)’—smh[a(x—s)] ds (5.7)

where s is a dummy variable. The bending moment, shear force and axial force in the

partially composite steel-FRP beam, can be evaluated by:

~ £... 2. .
M=M,+M,+Nr= LS I = b LT | (5.8)
: a” dx dx” EI,
V- Elf dS\:' 3k d'"\:' - 1 ﬁ (5.9)
a® | dxc &’ EI, dx
F=N,+N,=0 (5.10)
where
B dw : EI, )\ d*w
N, =-N,=—=|- +a’|1-—= 5.11
1 2 azr { dx4 ( E]m] dxz ( )
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summations ¥ and M that represent the shear force and moment acting on the full

composite beam segment. The slip force V; is assumed to be uniform and is related to the
relative slip s through a linear elastic relationship having a slip modulus of K per unit

length. This relation can be written as:

V. =3 (5.1)

Girhammar and Pan (2007) have derived the govemning differential equation in

terms of the vertical downward displacement (or deflection) function w as follows:

d°w , d'w -a? 1 d’g
= e o o R e - e A (5.2)
dx’ dx BE El  dx*

o

where o’ is a parameter that expresses the degree of composite action between the top
and bottom subcomponents and is found to be proportional to the slip modulus K, and is

defined as:

: 2 E A +E, A, 2
! 1 ] ? ]:l\'( A, +E, 4, +) 53)

a” =K + + -
By A E, A, ElI, (E, A4) (E, 4,) El,

where E,, E,, A, and A4; are the Young’s moduli and cross-sectional areas of the top and
bottom beam subcomponents, respectively. In addition, r represents the distance between
the centroids of the cross-sections of the top and bottom subcomponents, and the term
EI, represents the flexural stiffness of the non-composite section (i.e., with no interfacial
shear V; between the two subcomponents) and is given by:

El,=E I +E,I, (5.4)
The term EJ _represents flexural stiffness of the fully composite section (i.e., with no

interlayer slip) and is defined as:
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and area) are denoted as Es, /5, and A; for the steel beam and Ej I; and A for the FRP

laminate, respectively. The differential equation goveming the behavior of each zone

along with the corresponding boundary conditions are discussed herein.

Center of Beam
X (mid-Fpan)

] )
: Zone A : Zone B
I I
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(a) Front View
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|
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1
|

L/?2 |

(b) Bottom View

Figure 5.2: The Zones of Different Governing Differential Equations in a Typical

Composite Steel-FRP Beam

Zone A

The govemning equation is the conventional Euler-Bemoulli beam equation defined by:
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5.3 Deflection of Composite Steel-FRP Beams

In this section the deflection of a simply supported composite steel-FRP beam,
subjected to a mid-span point load, is analyzed under the assumptions of linear elastic
behavior for the steel and FRP materials and small deformations scheme. In the first sub-
section, partial composite action theories developed by Girhammar and Pan (2007), in
addition to Euler—Bernoulli beam theory, are revisited to derive the mathematical model
of the beam’s deflection. Knowing that the considered beams in this study are slender
with isotropic material across the beam height, which makes the Euler—Bernoulli beam
theory applicable. An example of deflection calculation is presented for a sample
composite steel-FRP beam. Application of the analytical model is then explained in sub-

section 5.3.2.

5.3.1 Derivation of the Analytical Solution

Figure 5.2 shows a typical composite steel-FRP beam made of two
subcomponents namely; top steel I-shaped beam and bottom FRP laminate. The FRP
laminate is covering a central portion of the bottom flange of the beam with length L.
The beam can be subdivided into two different zones according to the mechanical
behavior; the steel beam zone A (i.e, with no FRP) and the composite steel-FRP zone B.
Due to the symmetry of the composite beam, only the left half is shown in Fig. 5.2.
According to the figure, zone A is defined by 0 < x < (L-Lg)/2 while zone B covers the
region defined by (L-Ly)/2 < x < L/2. The mechanical and geometrical properties of the

two different subcomponents (i.e., Young’s modulus, cross-sectional moment of inertia
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RS [~ DL 5.17
EA, EA, EH, o

in which:

K is the slip modulus

El,=E I.+E I, (5.18)
EA r’
EI_=EI, + 2 (5.19)
EA,
EA =E, A +E, A, (5.20)
EA,=(E, A) (E, 4,) (5.21)

For the case of composite steel-FRP beams where the discrete fasteners are used to
connect FRP laminates to the steel flange, as shown in Fig. 5.2, the corresponding
uniformly distributed slip modulus K may then be approximated as:

2Kfa!rentr
K = Tt (5.22)

where K is the elastic slip modulus of one fastener discussed earlier in Chapters 3

Jastener
and 4, and P is the pitch size representing the uniform longitudinal spacing between
fasteners as presented in Fig. 5.2. It should be noted that this modulus is multiplied by 2
since there are two longitudinal gauge lines of fasteners along zone B as shown in Fig.

5.2b.

Boundary conditions

Table 5.1 summarizes the boundary conditions used to obtain the eight constants

c) to cg in Eqns. (5.14 and (5.16. In Table 5.1 M, is the moment at the end of zone A (i.e.,
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-~
£

dw, M

R (5.12)
e

§°5

For the case of simply supported beam with a point load F at the mid-span, Eqn. 5.12

becomes:
7 I F x
il I (5.13)
dx” 2 EJI;
Therefore, the general solution of the differential Eqn. 5.13 is:
LA (5.14)
w, = X " 3
AT REI T

where w4 1s the deflection function in zone A and ¢, and c; are constants that can be

obtained after applying the boundary conditions pertaining to Zone A.

Zone B

In view of the differential equation proposed by Girhammar and Pan (2007) (i.e., Eqn.
5.2), the response of zone B is governed by the following homogenous differential

equation for the particular case of g(x)=0:

6 4
d®w , d'w

6 a 4
dx dx

=0 (5.195)
The general solution of Eqn. 5.15can be expressed as:
Wy = €3 sinh(a x) + ¢, cosh(@ x) +¢s x° + Ce X% +Cqx+ Cg (5.16)

where wpg is the deflection function in zone B, c¢3 to cg are constants that depend on the

boundary conditions and & the composite action parameter defined by
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NEARNCES DY EARNCEZ NEA LU= ARA IR

EI

o0

a a”

‘a\L-L ‘alL-L;) x
-0y + ac';cosh[Lj[L)]a ac, sinh[M]+%cs (1,— Lf)’

) (5.23¢)
% s L )
St LR AR T F
a cy cosh(%) +acy smh(% J + ECSL- +cgl+c, =0 (5.23%)
L ( El .. L(EI 6¢s | EI
¢ cosh(a =) —=Z | +c¢, sinh(a— 2 1+ 2 1=1 5.23
3 <JHJ , <JUJ[¢KHJ (5.2%)
= 5.23h
Ce — 5= -
> 12EI, ( )

There are eight unknowns c), ¢; ... cs, whose values may be obtained by solving the eight

equations (i.e., Eqn. 5.23) after being organized in a matrix form as follows:
[4lss {e)su = {Blia (5.24)

where matrix [A], vector {c}, and vector {B} are defined as:

128



atx =(L —Lp/2)and Mg is the moment at the beginning of zone B (i.e., at x = (L — Ly /

2), while &, is the normal force induced in the FRP laminate.

Table 5.1: Boundary Conditions for the Composite Steel-FRP Beam

Boundary
Condition Location Clmpqs?d Justification
4 ondition
] =0 wy=0.0 support (no vertical deflection)
2 x=(L-Ls)/2 W4 = WB continuity of displacement between zone A & B
dw, dwg i ;
3} x=(L-Ls)/2 = = e continuity of rotation between zone A & B
4 x=(L—-Ls)/2 My= Mg continuity of bending moment at zone'sjunctiohi_
S5 x=(L-Lp)/2 N =0 no normal force in the FRP at its edges
dwg : . .
6 x=L/2 —= =10 rotation at mid span is zero due to symmetry
dN . . .
7 x=L1/2 L_0 slope of normal force function at mid span is zero
dx due to symmetry
i
8 x=L/2 V= = value of shear force just before the mid span

Using the boundary conditions 1 to 8 shown in Table 5.1, the eight following equations

are obtained.

o=

a’e, sinh[——
A £)

alL-L;) o

L-L
_Cl{ = L J+ C3 sinh(

Al ~L,)

5 L-L,
‘c‘4COSh[—a( ~ /)

2

J +c, cosh( a(L ; o’ )
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}+ 3cs (L -L, )+ 2 =

Fle-1,)

4 EI,

) L-L,
J+Ci( L
X 2

96 EI,

2 3
L= L=l F(\L-L
(7/J (T’J L

Jx

(5.23a)

(5.23b)

(5.23c¢)



3
Fx L—L/

2E 1 - A0 dan(E 0<x<
L o 2 (5.25)
1 5 3 L-L, L
¢, sinh(ax) + ¢, cosh(ax) + c,x” + ¢ x” +¢,x + ¢4 - gxgE

5.3.2 Application of Analysis Procedure

The mathematical solution derived in the preceding sub-section is applied to a
simply supported composite steel-FRP beam with a span L=4.1 m. The beam cross
section is UB 203x102x23. The FRP laminate is of 100 mm wide and 3.175 thick. The
beam is subjected to a point load (F=30 kN) at the mid-span as shown in Fig. 5.3. The
FRP laminate covers part of the bottom flange with a length L,=2.7 m and is anchored to
thersteel flange by two parallel lines of 6 mm diameter fasteners spacing at a pitch size
P=100 mm. Table 5.2 summarizes the values of geometrical and material properties of

the considered steel-FRP composite beam.

Load F

l Slee'l/ Beam

11 f} p;
Fastener FRP Laminate
/)

Jrp

e
e

2

>
I

A

L

A
Y

Figure 5.3: Simply Supported Composite Steel-FRP Beam Subjected to Mid-span Point

Load
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a(L-L;) (a(L-L,)) I
0 0 a’smhl(——z——} a’ cosh L l XL-L,) 2
(L,—L) (a(L-L,)) ‘a(L-L,) L&) [ rr R |
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The deflection w at any point along the considered beam is evaluated as:
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al =7.059

The values of {c, ¢z ... cg} for this particular case are obtained by using MS-Excel to
solve Eqn. 5.24. The values of the constants {c), c3 ... cs}, having consistent units, are

reported below:

[ —0.00859 |
0
—0.146477
{C} il 0.1491] "

6.66x10"

5.914x107"2
—-0.00847
-0.1203

Using Egn. 5.25, the deflection functions are obtained as:

e 7x107°x’ —0.00859x 0<x<700
—0.146 sinh(0.00172x) + 0.149 cosh(0.00172x) + 6.66x10°x* + 5.91x10™?x> —0.0085x - 0.12 700 < x < 2050

The deflection versus distance from the left support to the mid-span of the
particular composite steel-FRP beam with the properties shown in Table 5.2 is presented
in Fig. 5.4. On the same figure, the deflection of steel beam with the same dimensions but
without the use of FRP laminate is also shown. It is clear that the addition of the FRP
laminate contributed to the decrease of the deflection although, as expected, it is not
significant because of the inconsiderable contribution of the FRP laminate to the gross
cross-sectional inertia of the composite steel-FRP beam. On the same figure, the
deflection of steel beams with the same dimensions but with two different fastener
stiffness (K) values of 500,000 and 500 N/mm are also shown. The high X value (500,000
N/mm) represents the full composite action where no slip occurs between the steel and

FRP laminate. This special case implies a reduction in the beam deflection as shown in
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Table 5.2: The Geometrical and Material Properties for the Composite Steel-FRP Beam

Parameter | Value Unit Description
/3% 190000 | N/mm? | Young’s modulus of steel
17 62000 | N/mm?®| Young’s modulus of FRP in the longitudinal direction
oy 300 N/mm? | Yield stress of steel
As 2889.24 mm’ | Cross sectional area of steel beam UB 203x102x23
o 3175 - gf?;sss;it]ic:;}?clka)rea of FRP laminate (100 mm wide and
A 20595941 | mm® | Moment of inertia of steel section around the major x- axis
Iy 266.7 mm* | Moment of inertia of FRP laminate about minor axis 0
ia 100 mm | Pitch size
4100 mm | Beam span
L, 2700 mm | Length of FRP laminate
r 103 mm | Distance between the centroids of the two subcomponents
Kifacierner 2700 N/mm | Slip modulus of the 6 mm diameter fastener
h 203 mm | Total height of steel cross-section
/3 30 kN [ Point load applied at the mid-span

Calculation Steps:

EA =E A +E A =569x10° N
EA,=E A .E A =108x10"° N’
El,=E I, +E, I, =391 x10? N.mm*

=4.11x 10 N.mm?®

EA r?
El_=FI,+—=~
2K
K=""8 —54 N/mm?
a=| K L+ Yot
EA, E A, A

J =0.00172 mm™
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Figure 5.5: Mid-span Deflection of Composite Steel-FRP Beam with Different K Values

Figure 5.5 shows the variation of the mid-span deflection for the considered
composite steel-FRP beam, with properties shown in Table 5.2, versus the different slip
modulus (X) values. It is clear that the use of stiffer steel fasteners leads to higher
reduction in beam deflection. The rate of reduction in beam deflection is relatively
remarkable for K values ranging between (0) and (5000) N/mm. The enhancement in
deflection values becomes much less apparent for slip modulus values higher than 5000

N/mm up to the full composite action status.

5.4 Yielding Load Prediction

The analytical solution developed in section 5.3 is extended to evaluate the load at
which yielding of the steel section (as part of the composite steel-FRP beam) starts. The

internal normal stress at the top fibers of the steel section is evaluated as:
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Fig. 5.4. Meanwhile, the beam with low K value (500 N/mm) experienced more

deflection than the composite steel-FRP beam having a K value of 2700 N/mm. This is
attributed to the higher interfacial slip between the steel and FRP laminate associated

with lower slip modulus values.

12
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E } —— Steel only (No FRP)
g |
S 6 | —a—K =500 (N/mm)
g 1 —e— K =2700 (N/mm)
4 %= K = 500000 (N/mm)_(Full
composite action)
2
0
0 400 800 1200 1600 2000

Distance from left support to the mid-span (mm)

Figure 5.4: The Deflection of Composite Steel-FRP Beams with Different Fastener

Stiffness (K) Values and Steel Beam Calculated Analytically
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expected to be induced at the top flange of the steel section. The normal stress at the top

flange is evaluated as:

M. h N,
=— 4

21, 4

5
5

where =203 mm, A,= 2889.24 mmz, Is= 20595941 mm4, and the yielding stress of the

steel equals to 300 N/mm?’.

M,(203) . N M, N,

S

= = +
2(20595941) 2889.24  202915.7 2889.24

Knowing that both M, and N; are functions of the applied load F: (show them as function

of F)

M, =E,I, [ozzc3 sinh(ax) + a’c, cosh(ax) + 6¢,x + 206] (5.27)

s 2
ar

N, = He {-(a‘c, sinh(ax) +a*c, cosh(ax))+ a’(l = 5 0 ](azc, sinh(ax) + a’c, cosh(ax) + 6c,x +2¢,) | (5.28)

‘o

The yield load values that satisfies Eqn. 5.27 and Eqn. 5.28 is found to be 60 kN.

5.5 Shear Forces Distribution in the Fasteners

Referring to Eqn.5.11, the slip force Vs at a distance x from the left support of the

composite steel-FRP beam can be evaluated as the following:

., dN, EI d’w 5 El, \d Sw
V.= =—=|-———F+a’|1- - (5.29)
dx a'r| dx El_)dx

Knowing the slip modulus K and using Eqn. 5.1, the slip s is:
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e = (5.26)
where
M =E I d"w

¢ E d?
N,=E1°° _dw+a2 (- I, w
dx* EI, ) &

In these equations M; is the moment in the steel beam, 4 is the overall height of the steel
section, /s is the moment of inertia of the steel cross-section, /V; is the nornal force acting
at the centroid of the steel section (which is of equal magnitude and opposite direction to
the normal force N, carried by the FRP laminate), 4; is the cross-sectional area of the
steel beam. w is the deflection function given by Eqn.5.25, Fl, and El, are bending
stiffness parameters as provided by Eqns. 5.18 and 5.19, respectively. Given that both M;
and N; are function of the applied load F, the load value that results in a specific stress
value g, can be evaluated. It should be noted that the proposed procedure should not be
used to predict stress values beyond the yield point since the adopted deflection function

is valid within the elastic response range only.

5.4.1 Illustrative Example

Composite system analyzed in section 5.3.2 is considered to evaluate the load
value F), which will initiate yielding of the steel section. Table 5.2 and Fig. 5.3 show the

properties and configuration of the considered beam. The maximum stress value is
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The shear force developed in the steel fastener located at 150 mm from the mid-span is

calculated according to Eqn.5.31 As the following:

F stener = SK fagiemer = 0.0376* 2700 = 101.52 N = 0.102 kN

A similar procedure is used to calculate the shear forces in the other fasteners.

Figure 5.6 shows the distribution of shear forces in the fasteners at the loading of 30 kN.
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Figure 5.6: Shear Forces Carried by the Steel Fasteners at Mid-span Load of 30 kN

5.6 Comparison Between Analytical Results and FE Predictions

A three dimensional (3D) finite element modeling is conducted using the general
purpose finite element software package ANSYS to simulate the linear elastic behavior of
composite steel-FRP beams. The FE model has similar features to the one presented
earlier in Chapter 3 and Chapter 4 except for the material models of the steel and

fasteners. In this section these material models are briefly described and then the results
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For a composite steel-FRP beam with a pitch size P and a fastener elastic stiffness

Kjastener, the shear force carried by each fastener can be calculated as shown below:

Ffdh'«.‘ﬂt'l’ =8 A’Iuﬂener (53 ])

5.5.1 Tllustrative Example

The composite system analyzed in section 5.3.2 is considered to evaluate the
shear forces developed in the steel fasteners. Table 5.2 and Fig. 5.3 show the properties
and configuration of the considered beam. To evaluate the shear force carried by the steel
fastener at a distance 150 mm from the mid-span, the slip force at the same location is

first calculated using Eqn.5.31:
. . d’w L. EI, \d’w
V, 2—2 e @ | | ~——— -
a‘r| dx ~ EI, )dx

4.115x10" . g
4 =#IXT— —4.02x10"° +2.99x10°° 1—9133% 3.779x10° [=-2.03 N/mm
2.99x10° *103 4.115x10

To calculate the slip s, Eqns. 5.22 and 5.30 are used to calculate the stiffness modulus and

slip, respectively:

ZK[aslma' P 2 * 2700

K= =54 N/mnm?
P 100
s= Uyl ) 0.0376 mm
K 54
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The shear force developed in the steel fastener located at 150 mm from the mid-span is

calculated according to Eqn.5.31 As the following:

Frasiener = 5K fpiener = 0.0376 2700 = 101.52 N = 0.102 kN

A similar procedure is used to calculate the shear forces in the other fasteners.

Figure 5.6 shows the distribution of shear forces in the fasteners at the loading of 30 kN.
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5.6 Comparison Between Analytical Results and FE Predictions

A three dimensional (3D) finite element modeling is conducted using the general
purpose finite element software package ANSYS to simulate the linear elastic behavior of
composite steel-FRP beams. The FE model has similar features to the one presented
earlier in Chapter 3 and Chapter 4 except for the material models of the steel and

fasteners. In this section these material models are briefly described and then the results
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For a composite steel-FRP beam with a pitch size P and a fastener elastic stiffness

Kjastener, the shear force carried by each fastener can be calculated as shown below:

F e =5 K (5.31)

5.5.1 [lllustrative Example

The composite system analyzed in section 5.3.2 is considered to evaluate the
shear forces developed in the steel fasteners. Table 5.2 and Fig. 5.3 show the properties
and configuration of the considered beam. To evaluate the shear force carried by the steel
fastener at a distance 150 mm from the mid-span, the slip force at the same location is

first calculated using Eqn.5.31:
5 3
y = el By ol B\
a’r| dx El, ) dx

4. - : .
L)"O[_z;.ole 0" + 2.99x10*5(1 —B—me—lo)3.779x10'°} =-2.03 N/mm

7~ 2.99%10° *103 4.115x10"

To calculate the slip s, Eqns. 5.22 and 5.30 are used to calculate the stiffness modulus and

slip, respectively:

2K friemer 22700

5= =54 N/mn?
P 100
s:£=i'03:0.0376 mm
K 54
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Figure 5.7: Simplified Material Model for the Spring Element Used to Simulate the

Fasteners

5.6.2 Comparative Study

The FE model described in the preceding section is employed to evaluate the
linear elastic behavior with small deformations of composite steel-FRP beams under a
point mid-span load. The load-deflection behavior, the load at first yielding in the steel
cross-section, and the distribution of the shear forces developed in the steel fasteners are
obtained from the FE results and compared to the analytical values obtained based on the
procedures outlined in sections 5.3 and 5.4. Table 5.3 shows the basic material properties

and geometric configuration considered in the comparative study.

Beam deflection

The deflection at the mid-span of composite steel-FRP beam with different spans

and FRP lengths at different load stages are presented in Table 5.4. The table reports on
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of the FE model are verified against the analytical solution presented in the preceding

sections.

5.6.1 Material Models

All materials used in the FE model are assumed to be of linear elastic

characteristics. The simplified material models adopted in this chapter are listed herein:

Material Behavior of Steel Beam:

The steel material is assumed to have a linear elastic stress-strain relationship

characterized by an elastic Young’s modulus of £=190000 N/mm’® = 190 GPa.

Material Behavior of FRP Laminate

The FRP is modeled as a linear elastic material with different material
characteristics in the different working directions. The elastic modulus, shear modulus

and Poisson’s ratio values are given in Table 3.1.

Material Behavior of Steel Fasteners

As discussed earlier in Chapter3 and Chapter 4, each steel fastener is modeled
using a ANSYS spring element COMBIN39. The spring element stiffness in the Z-
direction (the longitudinal direction of interfacial slip between the steel beam and the
FRP laminate) is assigned a single value of Kjyasener = 2700 N/mm as shown in Fig. 5.7.

This value corresponds to the elastic fastener stiffness specified in Chapter 3.

139




Table 5.3: Material and Geometrical properties used in the Comparative Study

Parameter Value Unit Description
E, 190000 | N/mm? | Steel young’s modulus
Ex 4800 N/mm? | FRP young’s modulus in the transverse direction
E; NEBg 4800 N/mm? | FRP young’s modulus in the vertical direction
Eg 62000 | N/mm? | FRP young’s modulus in the longitudinal direction
Vhy 0.30 - FRP Poisson's ratio in xy plane
Vi | VA 0.22 - FRP Poisson's ratio in xz plane
Vhz 0.22 - FRP Poisson's ratio in yz plane
Gay 1967 N/mm? | FRP modulus of rigidity in xy plane
Gr | Ga 3270 N/mm? | FRP modulus of rigidity in xz plane
Gpe 3270 N/mm? | FRP modulus of rigidity in yz plane
o, 300 | N/mm? |Yield stress of steel
As 2889.24 mm? | The steel section cross sectional area
Ar 317.5 mm? | FRP laminate cross sectional area
I 20595941 | mm® | Moment of inertia of the steel section about its centroid
Iy 266.7 mm® | Moment of inertia of the FRP laminate about its centroid
R 100 mm | Pitch size
r 103.0875 mm | Distance between the centroids of the two subcomponents
Kfastener | 2678.57 | N/mm | Slip modulus of the steel fastener
h [ 203 mm | The height of the steel cross section
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composite steel-FRP beams with spans/FRP lengths of 8100/4100 mm, 6100/3700 mm,
and 4100/2700 mm. The deflections are shown for both the FE and analytical methods of

analysis.

The percentage errors for the different cases are also shown in Table 5.4. The
results show an excellent agreement between the FE model and the analytical solution.
The percentage error ranges from 0.31% for the long beam (8100 mm span) to 2.52% for
the short beam (4100 mm span). It is noticed that the longer the span, the less the
percentage error. That is due to the fact that, in contrary to the FE model, Girhammar and
Pan (2007) in the partial composite action theory, did not consider the effect of transverse
shear strains on the deflection. The contribution of the shear deformation to the deflection
at the mid-span of the beam is higher at smz;ller span-to-height ratios, and vanish at span-

to-height ratios more than 20 [Lowe, P. G. (1971)].
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Yielding point prediction

The first yield in the steel beam typically starts at the top subcomponent of the top
flange of the composite steel-FRP beam and the yield stress in steel is assumed to be o, =
300 N/mm?. In the FE model, the Von Mises stress at the top flange are obtained and at
any mid-span load then the load is scaled to produce a value for Von Mises stress that is
equal to g, = 300 N/mm?. The mid-span load at this stress level represents the load at first
yield F;.

Table 5.5 shows the comparison between the FE and the analytical solutions for
the three different cases described earlier in the preceding section. The FE results, the
results show a good agreement between the two models with percentage error ranges

from 0.47% for the 4100 mm span beam to 3.61% for the 8100 mm span beam.

Table 5.5: The Load Value (F,) Corresponds to First Yield in the Composite Steel-FRP

Beam Calculated Using FE Model and the Analytical Solution

8100 | 4100 | 31.56 | 3046 [ 3.61%

2 6100 3700 39.30 40.41 2.75%
3 4100 2700 60.29 60.01 0.47%

The shear force distribution in the fasteners

The distribution of the shear forces developed in the steel fasteners is obtained

analytically for some of Alhadid’s beams presented in Chapter 4. The analytical results
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Table 5.4: The Deflection Values Obtained from the FE Model and the Analytical Model

for the Composite Steel-FRP Beam

Mid-span deflection (mm)
Load - %E
KN FE Analytical o brror
model Solution
0.73 2.00 2.006 0.300%
1.47 4.00 4.012 0.300%
2.20 6.00 6.018 0.300%
5.14 14.00 14.043 0.307%
8.08 22.00 22.068 0.309%
9.54 26.00 26.08 0.308%
11.01 30.00 30.092 0.307%
Load Mid-span deﬂectlon- (mm) -
KN FE Analytical o brror
model Solution
1.709 2.00 1.991 0.450%
3.418 4.00 3.982 0.450%
8.544 10.00 9.956 0.440%
13.670 | 16.00 15.93 0.438%
18.797 | 22.00 21.904 0.436%
25.632 | 30.00 29.869 0.437%
Load Mid-span deflectlon' (mm) i
KN FE Analytical o rror
model solution
5.486 2.00 1.95 2.500%
10.971 4.00 3.899 2.525%
16.457 | 6.00 5.849 2.517%
21.942 | 8.00 7.799 2.513%
27.428 | 10.00 9.749 2.510%
32914 | 12.00 11.698 2.517%
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Figure 5.9: FE and Analytical Results for the Distribution of the Fasteners’ Shear Forces
in Three Different Beams Due to a Mid-span Point Load of 75 kN and Kzsener of 100,000
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are compared to the FE results for different fastener stiffness values (Kjasener). Figure 5.8
Shows the distribution of the fasteners’ shear forces in three different beams due to a
mid-span point load of 75 kN and Kjener Of 2,678 N/mm. Figure 5.9 shows the
distribution of shear forces in the steel fasteners at the same load but with a higher
stiffness value (Kfasener = 100,000 N/mm) which represents a case that is very close to that
of the fully composite steel-FRP beam. Figure 5.10 shows the distribution of shear forces
in the steel fasteners in the beam 2750S with different Kjgene, Values. The figures show
very good agreement between the FE and analytical results especially for long spans
(e.g., 27508S). For the cases of 1200S and 1800S, where Kpener is high, there is a small
difference which is attributed to the shear deformations being neglected in the partial

composite action theory considered by Girhammar and Pan (2007).
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Figure 5.8: FE and Analytical Results for the Distribution of the Fasteners’ Shear Forces
in Three Different Beams Due to a MID-span Point Load of 75 kN and Kjasener of 2,678

N/mm
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The research work presented in this thesis is devoted to studying the mechanical
behavior of I-shaped steel beams strengthened with mechanically fastened FRP
laminates. Both numerical and analytical techniques are employed to achieve this task.
Numerical analysis is used to explore the effects of the different geometrical and/or
material parameters on the composite behavior. Meanwhile, a closed form analytical
solution is derived to identify the linear elastic behavior of the considered composite
beams. The current chapter presents a brief summary of the conducted research, main
outcomes of both the numerical and analytical studies, and recommendations for future

research.

6.1 Summary and Conclusions of Numerical Analysis

A detailed three dimensional nonlinear finite element model is developed using
the software package ANSYS to conduct the numerical study. The FE model accounts for
both geometrical and material non-linearities and is intended to simulate the flexural
behavior of the steel-FRP composite beams. A linear elastic material is used for the FRP
laminate while a multi-linear elasto-plastic model is implemented for the steel material.
The load-slip model developed by Ahadid (2011) is used to model the nonlinear behavior

of the fasteners. To ensure that the behavior of simulated beams is dominated by overall
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5.7 Conclusions

The partial composite action theory was used to develop a linear elastic analytical
solution for the deflection of the simply supported composite steel-FRP beam subjected
to a mid-span point load. The developed model is used to predict the load value
corresponds to the first yielding in the top flange of composite steel-FRP beam. The
distribution of shear forces developed in the steel fasteners is also obtained analytically.
The results obtained from the linear elastic finite element model are compared to the
analytical solution results and a good agreement is observed. This ensures that both the
analytical and FE models are reliable for deflection calculation in the linear elastic

analysis of composite steel-FRP beams and similar composite beams.
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behavior of the fasteners controls significantly the mechanical behavior and ultimate
load-carrying capacity of the steel-FRP beam.

Regarding the behavior of composite beam before yielding of steel, the contribution
of the FRP becomes significant if the modulus of elasticity of FRP is close or higher
than that of the steel material.

In the elastic stage (i.e., at small mid-span loading and when the fasteners and steel
materials behave elastically), the distribution of the shear forces in the steel fasteners
starts with very small values in the vicinity of the mid-span where the beam slope is
zero due to symmetry. Then, fastener forces increase gradually as the fastener’s
location becomes closer to the supports. This is mainly derived by the increase in
the slope of the deformed steel beam.

In the elastic stage and as the fastener stiffness increases, the shear forces in the
fasteners increase; especially for short FRP laminates. For the case where FRP
covers most of the span of the steel beam, and as the fastener stiffness increases, the
maximum shear force in the fasteners increases and approaches the value that
corresponds to the case of a fully composite steel-FRP beam. In such a case, the
distribution tends to follow the distribution of the shear force diagram along the span
of the beam.

In the post-yielding stage, yielding followed by the formation of a plastic hinge at
the mid-span of the steel section leads to a considerable increase in the slope of the
composite beam leading to significant longitudinal movements of the steel points at

the fasteners relative to the FRP points. As a result the interfacial slip increases as
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flexural response, steel stiffeners are added at the locations of stress concentration (i.e., at
mid-span and supports) to prevent local buckling. Additionally, lateral supports are
employed at specific locations along the span of the beams to avoid premature failure by
lateral torsional buckling. Comparisons between the experimental mid-span load-
deflection curves of Alhadid (2011) and their numerical counterparts show a very good

agreement indicating the accuracy of the developed FE model.

The numerical study is composed of two phases. The first phase is conducted in
the context of the experimental study performed by Alhadid (2011) to shed more light on
the experimental outcomes and explain them in view of the FE results. In addition, other
steel-FRP beams having the same steel and FRP materials and cross-sections but with
different fastener stiffness and FRP lengths are also examined. fhe second phase of the
numerical study deals with three simply supported steel-FRP composite beams having
span of 7.0 m and similar steel and FRP materials but with different beam cross-sections.
These cross-sections, although different, are intentionally selected to provide similar
plastic moduli (i.e., Zx) to represent three equally possible flexural designs for the same
applied bending moments. The main outcomes of the numerical study, based on the

considered geometries and materials of the steel-FRP beams, are listed below:

¢ In the case of providing insufficient number of steel fasteners in a steel-FRP beam, it
will have unfavorable brittle failure due to shear rupture in the fasteners. On the
contrary, when adequate number of fasteners is used, the steel-FRP beams will
exhibit a ductile flexural mode of failure accompanied by significant bearing

deformations in the FRP at the fastener locations. In the latter case, the load-slip
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stiffness of the steel bottom flange (E; Agange / pitch) or that of the FRP laminate

(Errp Arrp / pitch).

6.2 Summary and Conclusions of Analytical Study

The partial composite action theory developed by Girhammar and Pan (2007) in
addition to Euler—Bemoulli beam theory is used to derive a linear elastic analytical
solution for the deflection of the simply supported partial composite steel-FRP beam
subjected to a point load at the mid-span. The analytical model accounts for the relative
slip between the steel and the FRP laminate at the fastener locations and is used to
evaluate the deflection of the beam. Moreover, the same model is used to predict the mid-
span load that corresponds to the first yielding in the top flange of composite beam. In
addition, the distribution of shear forces induced in the steel fasteners is also obtained
analytically. The results obtained from the linear elastic finite element model (as part of
the numerical phase of this research) are compared to the analytical counterparts and a
close agreement is found. This model is expected to help the designers in predicting the
elastic behavior of the composite steel-FRP beams by evaluating deflection, yielding load

and distribution of the interfacial shear forces in the fasteners.

6.3 Recommendations for Future Research

The positive experimental findings reported by Alhadid (2011) on the strengthening of

steel beams with mechanically fastened FRP laminates and the promising numerical and
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well as the shear forces in the fasteners. This increase starts from the mid-span and
spreads towards the supports in a manner similar to the spread of plasticity.

If the pitch size is kept fixed, the shear forces in the fasteners decrease as the length
of the FRP increases (or number of fasteners increases). This is attributed to
distributing the tensile force in the FRP on a more fasteners in the long FRP
laminate.

Increasing the height of the steel section in a composite steel-FRP beam, while
keeping S; and Z, almost unchanged, increases the load-carrying capacity of the
beam as a result of increasing the tension in the FRP laminate and shear forces in the
fasteners. That is due to the increase in the slip at the fastener locations.

Increasing the thickness of the FRP laminate significantly improves the load-
carrying capacity of composite steel-FRP beams. However, this increases the
interfacial slip and consequently increases the shears forces in the fasteners.
Increasing the number of steel fasteners, or reducing the pitch distance, increases
very slightly the load-carrying capacity of steel-FRP beams, while helping to avoid
the brittle shear failure in the fasteners.

As the length of the FRP laminate increases relative to the span of the beam, the
index of composite action increases indicating higher efficiency of the FRP
laminate; especially at low fastener stiffness. As the fastener stiffness increases the
effect of the length of the FRP becomes less significant. The low efficiency of the
composite action in the beams tested by Alhadid (2011) is mainly due to the small

value of the elastic spring stiffness K relative to the elastic axial longitudinal
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