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ABSTRACT

Strengthening of reinforced concrete beams with carbon fiber reinforced
polymer (CFRP) is one of the most used strengthening techniques recently. It
offers an attractive solution to enhance shear and flexural capacities of RC
beams.

Behavior in shear and flexure of reinforced concrete beams externally
strengthened with CFRP is highly affected by the way in which these
composites are bonded to the beam.

The main objective of this research is to analyze strengthening of RC beams
with CFRP using non-linear finite element models. The research made use of
the commercial finite element modeling software (ANSYS) to prepare the finite
element models and to study the influence of the important parameters on the
overall response of strengthened RC beams in shear and flexure, in order to
achieve the optimum utilization of such strengthening technique, in terms of
load bearing capacity and possible deflection values. These parameters are:
effect of number of CFRP layers, effect of CFRP layer length, and effect of CFRP
layer inclination.

The analysis of results proved that the general behavior of the FE models shows
a good agreement with corresponding experimental investigations results, and
that ANSYS is capable of producing results in good agreement with previously
published experimental test results.

The parametric study has proved that increasing the number of CFRP layers
bonded to the beam soffit increases the stiffness of the beam, increases its
flexural capacity, and decreases mid-span deflection at failure. Further,
decreasing the length of the CFRP layer bonded to the beam soffit decreases the
ultimate load of the beam with a slight increase in mid-span deflection at
failure. Length of CFRP fabric when reaches 50% of beam span length, the
increase in ultimate strength of the beam becomes worthless.

Moreover, it has proved that shear strengthening of RC beams with CFRP
fabric inclined at an angle of 90° to the beam axis is more efficient than
strengthening with CFRP fabric inclined at an angle of 45°. Further,
strengthening the RC beams with one layer of U-wrap CFRP fabric inclined at
an angle of 45° with an additional layer of CFRP fabric on both sides of the web
inclined at an angle of 0° is more efficient than strengthening with one layer of
U-wrap CFRP fabric inclined at an angle of 90° with an additional layer of
CFRP fabric on both sides of the web inclined at an angle of 0°.
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CHAPTER 1
INTRODUCTION

1.1 General

Strengthening with fiber reinforced polymer (FRP) is one of most used
strengthening techniques of reinforced concrete beams due to a number of
advantages, such as excellent strength to self-weight ratio, high tensile strength,
large fatigue resistance capacity, and high durability, (Jayajothi, 2013, Camata,
2007).

Reinforced concrete (RC) beams with carbon and glass fiber-reinforced polymer
(CFRP and GFRP) composites offer an attractive solution to enhance shear and
flexural capacities and ductility, as well as altering the mode of rupture,
(Vijayakumar, 2012, Chansawat, 2009).

Investigation of the behavior of FRP retrofitted reinforced concrete structures
has in the last decade become a very important research field. In terms of
experimental application, several studies were performed to study the behavior
of retrofitted beams and how various parameters influence its behavior,
(Basappa, 2013, Santhakumar, 2004).

While experimental methods of investigation are extremely useful in obtaining
information about the composite behavior of FRP and reinforced concrete, the
use of numerical models helps in developing a good understanding of the
behavior at lower costs, (Elyasian, 2006, Supaviriyakit, 2004).

In this research, non-linear finite element analysis models for strengthening of
reinforced concrete beams with carbon fiber reinforced polymers (CFRP) have
been presented. The research made use of the commercial Finite Element
modeling software (ANSYS) to study the effects of some parameters that are
important in the response of the strengthened concrete beams in shear and
flexure.

1.2 Problem Statement

Behavior in shear and flexure of reinforced concrete beams strengthened
externally with carbon fiber reinforced polymers (CFRP) is highly affected by
the way in which these composites are applied (bonded) to the beam,
(Vijayakumar, 2012, Chansawat, 2009, Santhakumar, 2004).

In this research, the influence of some important parameters on the overall
response of the strengthened RC beams has been investigated, in order to
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achieve the optimum utilization of such strengthening technique, in terms of
load bearing capacity and possible deflection values.

1.3 Research Aim and Objectives

The aim of this research is to develop nonlinear finite element models of
reinforced concrete beams externally strengthened with carbon fiber reinforced
polymers (CFRP) using the commercial finite element modeling software
(ANSYS); in order to investigate the effect of different parameters on the
behavior of these beams.

Objectives of this research are to:

1- Identify the suitable consecutive element types available in ANSYS
library that are capable of modeling the behavior of RC beams externally
strengthened with CFRP. (Concrete, steel reinforcement bars, interface
between concrete and steel, loading plates, supporting plates, CFRP
fabrics, and interface between concrete and CFRP fabrics).

2- Develop non-linear three dimensional finite element models to simulate
the behavior of simply supported reinforced concrete beams externally
strengthened in flexure and shear with CFRP.

3- Verify the finite element models by comparing results obtained from the
models with results obtained from experimental tests available in the
literature.

4- Conduct a parametric study using the verified model to evaluate the
effect of different parameters on the behavior of strengthened beams.

1.4 Methodology

The following methodology was followed in this research to achieve the
research objectives:

a- Review of available literature related to the research subject: A review for
available literature for the finite element modeling and experimental works
related to external strengthening of reinforced concrete beams with Carbon
Fiber-Reinforced Polymers (CFRP) was conducted.

b- Development of the Finite Element models using ANSYS: Non-linear three
dimensional finite element models were developed to simulate the behavior of
simply supported reinforced concrete beams externally strengthened with
Carbon Fiber-Reinforced Polymers (CFRP), using the commercial finite element
modeling software (ANSYS). Unstrengthened flexure control beam,
strengthened flexure beam, unstrengthened shear control beam, and
strengthened shear beam were modeled. This step included the following tasks:
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a- Modeling of properties of concrete, steel reinforcement bars, interface
between concrete and steel, loading plates, supporting plates, CFRP
fabrics, and interface between concrete and CFRP fabrics.

b- Preparing the model geometry and selection of element types based on
the real materials properties and the element types available in ANSYS.

c- Determination of boundary conditions that were used in the model.

d- Fixing of analysis assumptions (where needed).

e- Carrying out the nonlinear analysis.

f- Getting the analysis results.

c- Models Verification: Finite element models were calibrated with
experimental results available in the literature based on the following criteria:
Load — mid span deflection curves.

Loads and deflection at failure.

Maximum stresses in CFRP fabric.

a
b

C

d- Maximum strains in CFRDP fabric

d- Performing a Parametric Study: After verification of Finite Element models,
a parametric study was performed using ANSYS to evaluate the effect of the
following parameters on the behavior of strengthened beam:s:

a- Effect of number of CFRP layers.

b- Effect of CFRP length.

c- Effect of CFRP inclination.

e- Conclusion and Recommendations: Results and recommendations of this
research were presented.

1.5 Contents of the Thesis

This thesis consists of six chapters: Chapter 1: Introduction, Chapter 2:
Strengthening of RC Beams with CFRP, Chapter 3: Mechanical Behavior and
Finite Element Modeling of Materials, Chapter 4: Building of ANSYS Finite
Element Models, Chapter 5: Verification of ANSYS Finite Element Models and
Parametric Study, and Chapter 6: Conclusions and Recommendations
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CHAPTER 2
STRENGTHENING OF RC BEAMS WITH CFRP

2.1 Introduction

In this chapter, a background about Fiber Reinforced Polymers FRP
(constituents, advantages, disadvantages, types) is presented. Typical
applications of CFRP for external flexural and shear strengthening of RC
beams, installation techniques of CFRP in strengthening applications, and
finally, literature works about FE analysis of RC beams strengthened with
CFRP using ANSYS are be presented.

2.2 Constituents of Fiber Reinforced Polymers

FRP materials are composed of high strength fibers embedded in a polymer
matrix. The fibers, which have very small diameters and are generally
considered continuous, provide the strength and stiffness of the composite,
while the matrix, which has comparatively poor mechanical properties,
separates and disperses the fibers. The primary function of the matrix is to
transfer loads to the fibers through shear stresses that develop at the fiber-
matrix interface, although it is also important for environmental protection of
the fibers. Figure (2-1) illustrates the basic material components that are
combined to create an FRP composite, [Kaw, 2006].

e D QLT
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Fig. (2-1): Constituents of Fiber Reinforced Polymers Materials, [Kaw, 2006].

2.3 Advantages and Disadvantages of Fiber Reinforced Polymers

FRP materials for use in concrete strengthening applications have a number of
key advantages over conventional reinforcing steel. Some of the most important
advantages include [CSC.TR-No55, 2000]:
1. Do not corrode electrochemically, and have demonstrated excellent
durability in a number of harsh environmental conditions.
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2. Have extremely high strength-to weight ratios (typically weigh less than
one fifth the weight of steel, with tensile strengths that can be as much as
8 to 10 times as high).

3. Their installation is easy and simple with no need for temporary
support.

4. Have low thermal conductivity.

FRP materials also have a number of potential disadvantages [CSC.TR-No55,
2000]:
1. The relatively high cost of the materials.
2. The risk of fire, vandalism or accidental damage, unless the
strengthening is protected.
3. The relatively low elastic modulus of FRPs as compared with steel.

2.4 Types of FRP Materials Used in Construction Applications

Many different types of fibers are available for use. In construction
applications, the three most commonly used fiber types are: Glass, Carbon, and
Aramid, [ACI 440R, 2007, Kaw, 2006, ISIS-EC-2, 2006].

2.4.1 Glass Fibers

Glass fibers are the most inexpensive, and consequently the most commonly
used, fibers in structural engineering applications. Glass fibers are
characterized by their high strength, moderate modulus of elasticity and
density, and by their low thermal conductivity.

Glass fibers are often chosen for structural applications that are not weight
critical (glass FRPs are heavier than carbon or aramid) and that can tolerate the
larger deflections resulting from the comparatively low elastic modulus of the
glass fibers. Glass fibers are often used in the manufacture of FRP reinforcing
bars, pultruded FRP structural sections, FRP wraps for seismic upgrade, and
filament wound FRP tubes.

2.4.2 Carbon Fibers

Several classes of carbon fibers are available, differentiated based on their
elastic moduli. Although considerably more expensive than glass fibers, carbon
fibers are beginning to see widespread use in structural FRP wraps for repair
and strengthening of reinforced concrete beams, columns, and slabs.

Their steadily increasing use can be attributed to their steadily decreasing cost,

their high elastic moduli and available strengths, their low density (low
weight), and their outstanding resistance to thermal, chemical, and
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environmental effects. Carbon fibers are an ideal choice for structures which are
weight and/or deflection sensitive.

2.4.3 Aramid Fibers

Aramid fibers are characterized by high strength, moderate elastic modulus,
and low density. In addition, FRPs manufactured from aramid fibers have low
compressive and shear strengths as a consequence of the unique anisotropic
properties of the fibers. Aramid fibers are also susceptible to degradation from
exposure to ultraviolet radiation and/or moisture.

Figure (2-2) shows various FRP products currently used for reinforcement or
rehabilitation of concrete structures.

Fig. (2-2): FRP Products Currently Used for Reinforcement or Rehabilitation of
Concrete Structures, [ISIS-EC-2, 2006].

2.5 FRP Applications for External Strengthening of RC Beams

2.5.1 Flexural Strengthening

In this application, FRP materials are bonded to the tension and/or side faces of
a concrete beam to provide additional tensile reinforcement and to increase the
strength of the member in bending (Fig. 2-3). The fibers are oriented along the
longitudinal axis of the beam, [CSC.TR-No55, 2000, ISIS-EC-4, 2004].
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Fig. (2-3): Typical Flexural Strengthening of a Reinforced Concrete T-beam Using
Externally Bonded FRP Reinforcement, [CSC.TR-No055, 2000].

Figure (2-4) provides an actual application of the use of externally-bonded FRPs
in flexural strengthening applications.

s

Fig. (2-4): Two-Way Flexural Strengthening of a Reinforced Concrete Slab Using
Carbon FRP Strips, [ISIS-EC-4, 2004].

2.5.2 Shear Strengthening

In this application, FRP materials are bonded to the side faces of a concrete
beam to provide shear reinforcement which supplements that provided by the
internal steel stirrups (Fig. 2-5). The fibers are oriented perpendicular to the
longitudinal axis of the beam, [CSC.TR-No55, 2000, ISIS-EC-4, 2004].

Figure (2-6) provides an actual application of the use of externally-bonded FRPs
in shear strengthening applications.

2.6 Installation Techniques of FRP in Strengthening Applications

Several methods are currently available to bond FRP materials to concrete
members. The two most common methods involve the use of adhesively
bonded pre-cured laminates or laid-up fabric systems, [CSC.TR-No55, 2000,
ISIS-EC-6, 2006].
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2.6.1 Pre-cured Laminates and Strip Systems

A layer of mixed adhesive, typically 1 mm to 3 mm thick, is applied to both the
substrate (over the area to be bonded) and the FRP strip. The FRP is then
carefully placed in position on the concrete member and is pressed against its
surface using a hard rubber roller to achieve a void-free bond line with a
thickness of between 2 mm and 3 mm, (Fig.2-7).

>| |« A€ B <
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(©) Elevation Seclnee Elevation Section D-D

Elevation Section E-E

()
Fig. (2-5): Typical Shear Strengthening Schemes of a Reinforced Concrete T-Beam
Using Externally Bonded FRP Reinforcement, [CSC.TR-No55, 2000].

Fig. (2-6): Shear Strengthening of a Reinforced Concrete Bridge Girder Using CFRP
Sheets, [ISIS-EC-2, 2006].
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Fig. (2-7): Pressing a Carbon FRP Strip into Adhesive, [ISIS-EC-6, 2006].

2.6.2 Fabric Systems

Two different methods are available for the application of FRP fabric
strengthening systems for concrete, namely wet lay-up and dry lay-up. These
two techniques are similar, however, and consist of the following steps:

1. A low viscosity epoxy primer is applied to the concrete, using a standard
paint roller, to seal and strengthen the concrete surface and to provide
the optimal surface for bonding to the FRP material. (Fig.2-8)

Fig. (2-8): Application of Epoxy Primer, [ISIS-EC-6, 2006].
2. The surface of the concrete is leveled, where necessary, with a squeegee

or trowel using non-sag epoxy putty. Any minor voids or surface
irregularities should be leveled, (Fig.2-9).
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Fig. (2-9): Application of Epoxy Putty, [ISIS-EC-6, 2006].

3. A layer of mixed epoxy resin saturant is applied to the surface of the
concrete member using a brush, roller, or trowel, (Fig.2-10).

i
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Fig. (2-10): Application of Epoxy Saturant Layer, [ISIS-EC-6, 2006].

4. The FRP material is bonded to the surface of the concrete using the wet
or dry lay up technique:

e Wet Lay-up — The fiber fabric is saturated with resin before being
bonded to the concrete. The saturated FRP sheet is then placed
onto the surface of the concrete and smoothed out by hand or
using a squeegee to ensure intimate contact.

e Dry Lay-up — Unsaturated (dry) fiber fabric is placed into the
initial layer of saturant applied to the surface of the member. The

10
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Fig. (2-11): Impregnating of CFRP Fabric with Epoxy, [ISIS-EC-6, 2006].
5. A second layer of saturant is applied with a roller over top of the fiber
fabric.

6. The process can be repeated for multiple layers of FRP.

Figure (2-12) shows the various layers of materials in a typical lay-up
application of an externally-bonded FRP strengthening system.

Protective coating

2nd resin coating

Fibre fabric
1st resin coating

Leveling putty

Primer

Concrete substrate

Fig. (2-12): Layers of Materials in a Typical Lay-up Application of an Externally-
Bonded FRP System, [CSC.TR-No55, 2000].
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2.7 Previous Works in the FE Modeling of RC Beams Strengthened
with CFRP

Santhakumar et al. [2004] worked on "Analysis of Retrofitted Reinforced
Concrete Shear Beams using Carbon Fiber Composites”. They presented a
numerical study to simulate the behavior of retrofitted reinforced concrete
shear beams. The study was carried out on the unretrofitted RC beam
designated as control beam and RC beams retrofitted using carbon fiber
reinforced plastic (CFRP) composites with +45° and 90° fiber orientations. The
effect of retrofitting on uncracked and precracked beams was studied too. The
finite elements adopted by ANSYS were used in this study. The load deflection
plots obtained from numerical study showed good agreement with the
experimental plots reported by Tom Norris, et al.

Amer et al. [2009] worked on '"Finite Element Analysis of RC Beams
Strengthened with CFRP in Flexure". They performed numerical analysis using
ANSYS to simulate reinforced concrete beams strengthened by CFRP applied at
the bottom of these beams. Nonlinear material behavior was simulated using
appropriate constitutive models. The results showed that the general behavior
of the finite element models represented by the load-deflection curves at mid-
span showed good agreement with the test data from the previous researches.
Also the crack patterns at the failure loads from the finite element models
corresponded well with the observed failure modes of the experimental beams.

Amer et al. [2009] worked on "Finite Element Modeling of Reinforced Concrete
Beams Strengthened with FRP Laminates”. They presented an analysis model
for reinforced concrete beams externally reinforced with fiber reinforced
polymer (FRP) laminates using ANSYS. The finite element models were
developed using a smeared cracking approach for concrete and 3D layered
elements for the FRP composites. The results obtained from the ANSYS finite
element analysis were compared with the experimental data for six beams with
different conditions from researches (all beams are deficient shear
reinforcement). The comparisons were made for load-deflection curves at mid-
span; and failure load. The accuracy of the finite element models is assessed by
comparison with the experimental results, which were to be in good agreement.
The load-deflection curves from the finite element analysis agreed well with the
experimental results in the linear range, but the finite elements results were
slightly stiffer than that from the experimental results. He concluded that the
addition of FRP reinforcement to the control beam shifted the behavior of the
control beams from shear failure near the ends of the beam to flexure failure at
the mid-span.

12
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Abbas [2010] worked on "Non-linear Analysis of RC Beams Strengthened with
Steel and CFRP Plates". He conducted a 3D nonlinear finite element analysis of
reinforced concrete beams strengthened with bonding steel or carbon-fiber
reinforcement plates using ANSYS and a smeared crack approach for concrete,
to obtain the response of the strengthened beams with steel and CFPR plates in
terms of applied load -deflection, tension force distribution in the strengthening
plates along the reinforced concrete beams, and bond force distribution in the
beam with CFRP plate and beam with steel plate. It was found the general
behavior of the finite element models represented by the load-deflection plots
at mid-span showed good agreement with the experimental results and other
available numerical results. The average strength for beams strengthened with
steel plate showed larger increasing than the average strength for the beams
strengthened with CFRP plates and the failure in all cases was due to
debonding of plates.

Fathelbab et al. [2011] worked on "Finite Element Modeling of Strengthened
Simple Beams using FRP Techniques'. They studied analytically the
strengthening of a simple reinforced concrete T-beams due to excessive uniform
loads in flexure, shear and a combination of flexure and shear, using externally
bonded FRP sheets technique. ANSYS was used to perform a structural linear
and non-linear analysis for several models using several schemes of FRP sheets.
A parametric study was performed for a lot of strengthened beams. FE models
studied a main parameter of different schemes of FRP sheets in flexure, shear
and combination flexure/shear. Comparing the results with a control beam
model — simple reinforced concrete beam without strengthening — it was
concluded that the strengthening of beam in both flexure and shear gives a
higher ultimate load capacity, delays the failure and prevents debonding failure
up to a level at which debonding occurs in both longitudinal and wrapped
jackets CFRP sheets

Jayajothi et al. [2013] worked on "Finite Element Analysis of FRP Strengthened
RC Beams using ANSYS". They presented a nonlinear finite element analysis to
simulate the behavior of failure modes of Reinforced Concrete beams
strengthened in flexure and shear by Fiber Reinforced Polymer laminates. Four
beams were modeled in FEM software using ANSYS. In those four beams, two
beams were control beams without FRP and other two beams were Carbon
Fiber Reinforced Polymer (CFRP) strengthened beams. The load deflection
plots obtained from numerical studies show good agreement with the
experimental results. There was a difference in behavior between the RC beams
strengthened with and without CFRP layers. The crack patterns obtained in
FEA in the beams were also presented. The ultimate load carrying capacity of
all the strengthened beams was higher when compared to the control beams

13
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and CFRP fabric properly bonded to the tension face of RC beams can enhance
the flexural strength substantially.

Umesh et al. [2013] worked on "Modeling of CFRP strengthened RCC beam
using the nonlinear finite element method". They performed a 3D nonlinear
finite element analysis using ANSYS to predict the flexural cracking behavior of
CFRP strengthened RCC beams. The behavior RC beam with and without
hangers was compared with experimental results. Later, the crack patterns for
the various area of steel reinforcement were simulated to judge the failure
pattern of RC beam with hanger bars. A parametric study was made for various
lengths of CFRP used for post strengthening of the flexural capacity of RCC
beam with and without hanger bars.

In the present study, three dimensional nonlinear finite element models of
reinforced concrete beams externally strengthened with carbon fiber reinforced
polymers (CFRP) are developed using the commercial finite element modeling
software (ANSYS), and then, a parametric study with different CFRP
strengthening schemes are performed; in order to study the effect of these
schemes on the overall response of RC strengthened beams in flexure and
shear.

14
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CHAPTER 3
MECHANICAL BEHAVIOR AND FINITE ELEMENT
MODELING OF MATERIALS

3.1 Introduction

In this chapter, the mechanical behavior and finite element modeling basics of
different related materials as concrete, steel reinforcement, and carbon fiber
reinforced polymer (CFRP) are presented. Further, failure criteria and
modeling approaches for each material are introduced.

3.2 Concrete
3.2.1 Mechanical Behavior of Concrete
3.2.1.1 Uniaxial Compressive Stress

Concrete exhibits many micro-cracks during loading due to different stiffness
of aggregates and mortar, which significantly affects its mechanical behavior. It
shows a linear elastic behavior up to 30-40% of its compressive strength (feu)
and beyond that, bond cracks are formed. Then until stresses about 70-90% of
the compressive strength, micro-cracks opens and join to the bond cracks which
makes continuous cracks. After reaching the peak stress (f«), strain softening
which depends on the size of specimen and the strength of the concrete occurs.
As shown in Fig. (3-1), the softening part of the stress-strain curve for long
specimens are sharper than for short specimens which is due to deformation
localization in some regions during unloading of other parts, [Chong, 2004,
Kaufmann, 1998, Kostovos 1995].

Uniaxial stress
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Fig. (3-1): Uniaxial Compressive Behavior of Concrete, [Chong, 2004].
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3.2.1.2 Uniaxial Tensile Stress

Concrete exhibits a linear response in uniaxial tension up to stresses about 60-
80% of the tensile strength when micro-cracks form and then concrete behaves
softer and highly non-linear. As shown in Fig. (3-2), beyond the tensile strength,
the tensile stress does not suddenly drop to zero due to the quasi brittle nature
of concrete. On the contrary, in the weakest regions damage initiates during
unloading of the other parts. Due to interlocking of aggregates, stress can be
transferred in the fracture zone across the crack opening direction, until a
complete crack is formed which cannot transfer any stress and then complete
tensile failure occurs. The concrete during this process undergoes tension
softening, [Chong, 2004, Kaufmann, 1998, Kostovos 1995].
Oy
A I

Fracture process zone

Fig. (3-2): Uniaxial Tensile Behavior of Concrete, [Chong, 2004].

3.2.2 Finite Element Modeling of Concrete

The uniaxial stress-strain behavior of concrete in compression is shown in
Figure (3-3).Various mathematical models are available to approximate this
nonlinear behavior namely: linearly elastic-perfectly plastic model, inelastic-
perfectly plastic, Hognestad, and piecewise linear model. In the present study a
modified Hognestad mathematical model (Fig. 3-4) has been used for the
approximation of the stress-strain behavior of concrete, [MacGregor, 1997,
Kostovos 1995].

1. Initial tangent modulus of elasticity increases with an increase in
compressive strength. So, the elastic modulus (Ec) is given by (ACI 8.5.1):

Ec=4700 \/Z (3-1)

Where fc is compressive strength of concrete at 28 days in MPa. The stress-

strain relation initially must satisfy the Hooke’s law.
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Fig. (3-3): Uniaxial Stress-Strain Behavior of Concrete, [Basappa et al., 2013]

Stress

o Strain
Fig. (3-4): Modified Hognestad Model, [Basappa et al., 2013]

2. The strain at maximum stress increases as the compressive strength

increases:
(3-2)

=2fC

E
c

€o

3. The raising portion of the stress strain curve resembles a parabola with vertex

at the maximum stress:
(3-3)

- Ece

2
1+ i
€o

Where, (f) is stress for a value of strain in stress-strain relationship of concrete.
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The stress-strain behavior of concrete under tension includes raising part and
descending part. The raising part is slightly curved, approximated either as
straight lines or parabola. The descending part drops rapidly with increased
elongation after the maximum stress is crossed.

3.2.3 Finite Element Modeling of Cracks in Concrete

To accurately evaluate the structural behavior of concrete structures, the FE
method should be coupled with precise representation of concrete cracking. For
modeling of concrete cracking, the two major methods are the discrete crack
approach and the smeared crack approach.

3.2.3.1 Discrete Crack Model

This model is based on propagation of discontinuities in the structure with
either an inter-element crack approach or an intra-element crack approach. The
inter-element crack approach, as shown in Figure (3-5-a), means modeling of
cracks by disjunction of element edges. This approach has two drawbacks;
crack path is limited because it has to follow the predefined boundaries of inter-
elements and also, when cracks open, separated nodes make extra degree of
freedom, which increases the computation time and cost and decreases the
efficiency.

In the intra-element crack approach the cracks can propagate through the finite
elements, as shown in Figure (3-5-b). This approach has two available types.
First type is embedded discontinuity model which early was used for strain
localization problems like shear band in metal and then developed for cohesive
material like concrete, and the second type based on partition-of-unity concept
which uses discontinuous shape function and with adding degrees of freedom
in nodes represents the displacement appears across the crack. The discrete
crack method is useful in structures which suffer large localized cracking but in
other cases the smeared crack method is more efficient, [Zihai, 2009, Chong,
2004, Kostovos 1995].
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Fig. (3-5): Discrete Crack Model: (a) Inter-element Crack Approach,
(b) Intra-element Crack Approach, [Hamedani et al., 2012].
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3.2.3.2 Smeared Crack Model

Smeared crack method assumes cracks smeared in a certain volume of the
material, as shown in Figure (3-6), which reduces the average material stiffness
in the direction of the major principal stresses. The advantage of this method is
that when cracks are developed and propagated, it does not need a new mesh
which simplifies numerical implementation.

Nevertheless, this model has its deficiencies especially for localized cracking. In
fracture problems, the smeared crack model localizes the cracks into a single
row of elements, which causes mesh sensitivity and leads to inappropriate
results beyond the ultimate tensile strength. In addition, the smeared crack
approach predicts the cracks propagation in alignment with mesh direction due
to its mesh directional bias, [Zihai, 2009, Chong, 2004, Kostovos 1995,].

Fig. (3-6): Smeared Crack Model. [Hamedani et al., 2012].

3.2.4 Finite Element Failure Criteria of Concrete

The criterion for failure of concrete due to a multiaxial stress state can be
expressed in the form [Willam and Warnke, 1974]. If Equation (3-4) is satisfied,
the material will crack or crush.
F _s>0
f
C
Where:
F = a function of the principal stress state (0Oxp, Oyp, Ozp)
S = failure surface expressed in terms of principal stresses and five input
parameters fi, ., fo, f1 and fa.
f. = uniaxial crushing strength.
Oxp, Oyp, Ozp = principal stresses in principal directions.

(3-4)

A total of five input strength parameters are needed to define the failure
surface as well as an ambient hydrostatic stress state. These are:

fe :Ultimate uniaxial tensile strength

f. :Ultimate uniaxial compressive strength

fo :Ultimate biaxial compressive strength

on? :Ambient hydrostatic stress state

19

www.manaraa.com



fi: Ultimate compressive strength for a state of biaxial compression
superimposed on hydrostatic stress state on?

f2: Ultimate compressive strength for a state of uniaxial compression
superimposed on hydrostatic stress state.

However, the failure surface can be specified with a minimum of two constants,
fe and fc. The other three constants default to [Willam and Warnke, 1974]:

fcb=1'2 fc (3-5)
f,=1.45 fc (3-6)
f,=1725 fc (3-7)

However, these default values are valid only for stress states where the
following condition is satisfied:

0| 3£, (3-8)
(3-9)

_1
Gh_g(GXPJrGyPJFGZP)

Figure (3-7) represents the 3- D failure surface for states of stress that are biaxial
or nearly biaxial. If the most significant nonzero principal stresses are in the ox
and oyp directions, the three surfaces presented are for oz slightly greater than
zero, Oz equal to zero, and oz slightly less than zero. Although the three
surfaces, shown as projections on the ox - oyp plane, are nearly equivalent and
the 3-D failure surface is continuous, the mode of material failure is a function
of the sign of 0. For example, if ox and oyp are both negative and oz is slightly
positive, cracking would be predicted in a direction perpendicular to the oz
direction. However, if oz is zero or slightly negative the material is assumed to
crush, [ANSYS, 2014].

%yp

ft

fe ‘EC_KE'/,/—‘ Cracking

oxp
ft

Cracking

/ azp > 0 (Cracking or Crushing)

azp = 0 (Crushing)

azp < 0 (Crushing)

Figure (3-7): 3D failure Surface for Concrete, [ANSYS 2014].
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In ANSYS, a concrete element cracks when the principal tensile stress in any
direction lies outside the failure surface. After cracking, the elastic modulus of
the concrete element is set to zero in the direction parallel to the principal
tensile stress direction. Crushing occurs when all principal stresses are
compressive and lie outside the failure surface; subsequently, the elastic

modulus is set to zero in all directions and the element effectively disappears,
[ANSYS, 2014].

3.3 Steel Reinforcement
3.3.1 Mechanical Behavior of Steel Reinforcement

Figure (3-8) shows a typical stress-strain relationship for reinforcing steel. Steel
is initially linear-elastic for stress less than the initial yield stress. At ultimate
tensile strain, the reinforcement begins to neck and strength is reduced. At a
maximum strain, the steel reinforcement fractures and load capacity is lost.
This steel response may be defined by a few material parameters. These include
the elastic modulus (Es), the yield strength (fy), the strain at which peak strength
is achieved (&u), the peak strength (fu), the strain at which fracture occurs (emax),
and the capacity prior to steel fracture (fs), [ASTM A615].

Stress .
A (tu, &u)

{ I"-- al'll:l\)

[

Strain

Fig. (3-8): Tensile Stress-strain Curve for Typical Reinforcing Steel Bar, [ASTM A615].

For general engineering applications, an elastic-plastic constitutive relationship,
either with or without strain hardening, is normally assumed for ductile
reinforcing steel, as shown in Figure (3-9). In an elastic hardening model it is
assumed that steel shows some hardening after it yields, [Supaviriyakit et al.,
2004]. An elastic-perfectly plastic model generally yields acceptable results for
the response prediction of RC members, [Neale et al., 2005].
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Strain hardening

Stress
A

Elastic perfectly plastic

£, Stri}in
Fig. (3-9): Idealized Stress-Strain Curve for Reinforcing Steel, [Supaviriyakit et al.,
2004]

3.3.2 Finite Element Modeling of Steel Reinforcement

Three distinct approaches are available to represent steel reinforcement in
reinforced concrete modeling, they are: smeared steel approach, embedded
steel approach and discrete steel approach, [Chong, 2004].

3.3.2.1 Smeared Steel Approach

In the smeared steel approach (Figure 3-10-a), reinforcing steel is assumed to be
smeared over concrete elements at a particular angle of orientation and is often
described by the reinforcement ratio. The total stiffness of a distributed
reinforced concrete finite element consists of the stiffness of the concrete and
the stiffness contributed by the smeared steel reinforcement. When the
reinforcement is assumed to be smeared, a full compatibility between steel and
concrete is naturally enforced. This type of formulation is useful for the analysis
of reinforced concrete structures with densely distributed reinforcement, since
the exact definition of every single reinforcing bar can be avoided.

3.3.2.2 Embedded Steel Approach

In the embedded steel approach (Figure 3-10-b), each reinforcing bar is
considered as an axial member incorporated into the concrete element by the
principle of virtual work. The displacements of the embedded steel are
consistent with the displacements of the concrete element. The major advantage
of the embedded steel formulation is that the reinforcing steel can be defined
arbitrarily regardless of the mesh shape and size of the base concrete element.
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3.3.2.3 Discrete Steel Approach

The discrete steel approach (Figure 3-10-c) is based on the use of separate
elements to represent the reinforcing steel. One-dimensional truss elements are
commonly adopted since reinforcing steel is usually assumed to carry axial
load only. Steel truss elements are overlayed onto the boundary of the concrete
elements by connecting the nodal points. This approach greatly facilitates the
inclusion of bond-slip effects between steel and concrete, which may be
achieved by inserting bond-slip elements between the concrete elements and
the steel truss elements. A major disadvantage of this approach is that the mesh
boundary of the concrete element must overlap the direction and location of the
steel reinforcement. In this study, the discrete steel approach was used, to
ensure the full connectivity between concrete and steel reinforcement nodes.

(a) (b) (c)

Fig. (3-10): Modeling of Reinforcement: (a) Smeared Steel Approach,
(b) Embedded Steel Approach, (c) Discrete Steel Approach, [Chong, 2004].

3.4 Fiber Reinforced Polymer (FRP)
3.4.1 Mechanical Behavior of FRP

FRP composite materials are not homogeneous. Their properties are dependent
on many factors, the most important of which are, [ISIS-EC-2, 2006]:
1. The relative proportions of fiber and matrix (volume fractions).
2. The mechanical properties of the constituent materials (fiber, matrix, and
any additives).
3. The orientation of the fibers within the matrix.
4. The method of manufacture

Figure (3-11) shows typical stress-strain curves for fibers, matrices, and the FRP
materials that result from the combination of fibers and matrix. Unidirectional
FRP materials are typically linear elastic up to failure, and do not exhibit the
yielding behavior that is displayed by conventional reinforcing steel. Figure (3-
12) illustrates the significant differences in the tensile behavior of FRPs as
compared with steel, [ISIS-EC-2, 2006].
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Fig. (3-11): Stress-Strain Relationships for FRP, [ISIS-EC-2, 2006].

4000 e
I Steel i
Tyfo SEH-51
MBrace CF 530
< MBrace AK 60
{ 3000 Hex 103C
= CarboDur S
% i CarboDur H
8 L Replark HM
= 2000
) |
o)
= |
% |
S 1000 |
0 I e
0.0 2.0 25

Strain [%)]

Fig. (3-12): Stress-Strain Plots for Various FRP Strengthening Systems, [ISIS-EC-2,
2006].

FRP materials generally have much higher strengths than the yield strength of

steel, although they do not exhibit yield, and have strains at failure that are
much less. Table (3-1) gives typical properties of various types of FRP materials.
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Tensile Tensile Strain at
Fiber | Weight | Thickness Elastic .
FRP System Strength Failure
Type (g/m2) (mm) Modulus
(MPa) (%)
(GPa)
Fyfe Co.LLC
Tyfo SHE-51 Glass 930 1.3 575 26.1 2.2
Tyfo SCH-35 | Carbon - 0.89 991 78.6 1.3
Mitsubishi
Replark 20 Carbon 200 0.11 3400 230 1.5
Replark 30 Carbon 300 0.17 3400 230 1.5
Replark MM | Carbon - 0.17 2900 390 0.7
Replark KM Carbon 200 0.14 1900 640 0.3
Sika
Hex 100G Glass 913 1 600 26.1 2.2
Hex 103G Carbon 618 1 960 73.1 1.3
CarboDur S Carbon 2240 1.2-14 2800 165 1.7
CarboDur M | Carbon 2240 1.2 2400 210 1.2
CarboDur H Carbon 2240 1.2 1300 300 0.5
Degussa Building Systems

Mbrace EG900 | Glass 900 0.35 1517 72.4 2.1
Mbrace CF 530 | Carbon 300 0.17 3500 373 0.94
Mbrace AK 60 | Aramid 600 0.28 2000 120 1.6

Table (3-1): Typical Properties of FRP Materials, [ACI 440R, 2007]

3.4.2 Finite Element Modeling of FRP

As shown in Figure (3-13), the unidirectional lamina has three mutually
orthogonal planes of material properties (i.e., xy, xz, and yz planes). The xyz
coordinate axes are referred to as the principal material coordinates where the x
direction is the same as the fiber direction, and the y and z directions are
perpendicular to the x direction. It is a so-called orthotropic material, [Barbero,
2014, Kaw, 2006].

CFRP composites can be modeled either using isotropic linear elastic model or
orthotropic linear elastic model, [Camata et al., 2007, Hu et al., 2006]. In this
study, the properties of the CFRP composites were nearly the same in any
direction perpendicular to the fibers. Thus, the properties in the y direction
were the same as those in the z direction. Orthotropic linear elastic model for
CFRP composites was used throughout this study.
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Fig. (3-13): Schematic of FRP Composites, [Kaw, 2006].

3.4.3 Finite Element Failure Criteria of FRP

Failure criteria are used to assess the possibility of failure of a material. Doing
so allows the consideration of orthotropic materials, which might be much
weaker in one direction than another, (ANSYS, 2014).

Failure criteria are used to learn if a layer has failed due to the applied loads.
Many failure criteria are used in FE software packages for composite materials.
The most used criteria are: maximum strain failure criteria, maximum stress
failure criterion, Tsai-Wu failure criteria, and physical failure criteria, like:
Hashin fiber failure criterion, Hashin matrix failure criterion, Puck fiber failure
criterion, and Puck matrix failure criterion [Barbero, 2014, ANSYS, 2014].

In the present study, maximum strain failure criterion and maximum stress
failure criterion were used, based on the longitudinal tensile strength and
maximum strain of the used CFRP fabrics.
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CHAPTER 4
BUILDING OF ANSYS FINITE ELEMENT MODELS

4.1 Introduction

The finite element method is a numerical analysis technique for obtaining
approximate solutions to a wide variety of engineering problems. ANSYS is a
general purpose finite element modeling package for numerically solving a
wide variety of problems which include static/dynamic structural analysis
(both linear and nonlinear), heat transfer and fluid problems, as well as acoustic
and electro-magnetic problems. The external strengthening of reinforced
concrete beams with carbon fiber reinforced polymers (CFRP) had been
analyzed using finite element models in ANSYS 14. Many self-learning tutorials
and manuals were used as references in preparing the FE models using ANSYS,
like: Lawrence, (2012), Moaveni, (2008), Nakasone et al. (2006), Madenci et al.
(2006), and ANSYS manuals set.

Two different experimental investigations were used to model and verify the
strengthening of RC beams with CFRP using ANSYS. The first one was for
tlexure strengthening (Balamuralikrishnan et al., 2009), and the second one was
for shear strengthening (Alagusundaramoorthy et al., 2002).

4.2 Description of Experimental Beams

In this section the configuration and geometric details of flexure beam and
shear beam models are be presented. Each beam has a control beam model and
a strengthened beam model.

4.2.1 Flexure Beam

The experimental investigation of Balamuralikrishnan et al. [2009] was used to
simulate the flexure strengthening model in ANSYS. The details of control and
strengthened beam models are presented.

4.2.1.1 Flexure Control Beam

The beam is a simply supported beam with a total length of 3200 mm, and a
clear span of 3000 mm. The beam has a rectangular cross section with 125 mm
width and 250 mm height and a concrete cover of 25 mm was assumed. The
beam was subjected to two concentrated static loads, spaced 1000 mm.

Tension reinforcement of the beam is 2012 mm. Compression reinforcement of
the beam is 2010 mm. And shear reinforcement of the beam is 6 mm diameter
stirrups spaced at 150 mm, as shown in Figure (4-1).
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0.5P 0.5P
L 1000mm \
1050mm ﬁ 900mm m 1050mm O6mm@150mm
2010mm
g
&
Iy 2012mm
e
F 2900mm W 125mm
3100mm
3200mm
Longitudinal Section Cross Section

Fig. (4-1): Description of Flexure Control Beam Model, [Balamuralikrishnan et al., 2009]

4.2.1.2 Flexure Strengthened Beam

The control beam was externally strengthened by bonding a 2900 mm single
layer of CFRP fabric with 0.3mm thickness (Nitowrap EP-CF from Fosroc
Chemicals Limited) [FOSROC Constructive Solutions ] to the beam soffit
parallel to its axis, as shown in Figure (4-2).

0.5P 0.5P
\ 1000mm |
1050mm m 900mm m 1050mm ®6mm@150mm
2010mm
g
g
] 2012mm
o~
—F 7 2900mm W
3100mm
3200mm 125mm
CFRP Layer CFRP Layer
Longitudinal Section Cross Section
Fig. (4-2): Description of Flexure Strengthened Beam Model, [Balamuralikrishnan et al.,

2009]

4.2.2 Shear Beam

The experimental investigation of Alagusundaramoorthy et al. [2002] was used
to simulate the shear strengthening model in ANSYS. The details of control and
strengthened beam models are presented.

4.2.2.1 Shear Control Beam

The beam is a simply supported beam with a total length of 2130 mm, and a
clear span of 1830 mm. The beam has a rectangular cross section with 230 mm
width and 280 mm height, and a concrete cover of 25 mm was assumed. The
beam was subjected to a concentrated static load at the middle of the beam.
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Tension reinforcement of the beam is 2025 mm. Compression reinforcement of
the beam is 2010 mm. And shear reinforcement of the beam is 10 mm diameter
stirrups spaced at 300 mm, as shown in Figure (4-3).

P
1015mm 1015mm O10mm@300mm
- |
E 2010mm
B 2025mm
b
1810mm I
2130mm 230mm
Longitudinal Section Cross Section

Fig. (4-3): Description of Shear Control Beam Model, [Alagusundaramoorthy et al.,
2002]

4.2.2.2 Shear Strengthened Beam

The control beam was externally strengthened by bonding a single U-wrap
layer of CFRP fabric with 0.18mm thickness inclined at an angle of 90° to the
longitudinal axis of the beam, as shown in Figure (4-4).

P
1015mm 1015mm O10mm@300mm
E 2010mm
& 2025mm
Laa]
1810mm -]
\ 2130mm 230mm
CFRP Layer [CFRP Layer
Longitudinal Section Cross Section
Fig. (4-4): Description of Shear Strengthened Beam Model, [Alagusundaramoorthy et

al., 2002]

4.3 Modeling Assumptions

The following are the modeling assumptions made for the flexure beam and
shear beam models in the present study to provide reasonably good
simulations for the complex behavior:
1. Concrete and steel are modeled as isotropic and homogeneous materials.
2. Poisson’s ratio is assumed to be constant throughout the loading history.
3. Steel is assumed to be an elastic-perfectly plastic material and identical
in tension and compression.
4. Perfect bond exists between concrete and steel reinforcement.
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5. Perfect bond exists between concrete and CFRP fabric. The perfect bond
assumption used in the structural modeling doesn't cause a significant
error in the predicted load-deflection response, [Isenburg, 1993].

6. The CFRP material is assumed to be especially orthotropic-transversely
isotropic. That is, the material properties in the two directions that are
both perpendicular to the fiber direction are identical.

7. The CFRP fabric is assumed to carry stress along its axis only.

8. Time-dependent nonlinearities such as creep, shrinkage, and
temperature change are not included in this study.

4.4 Selection of Element Types Using ANSYS

In this section, the description of element types used for all materials used in
ANSYS models is presented. These materials are: concrete, steel reinforcement,
loading and supporting plates, and carbon fiber reinforced polymer (CFRP).
Elements used in thesis models are widely used and recommended by ANSYS
and previous researchers, [Jayajothi et al, 2013, Vijayakumar et al., 2012,
Fathelbab et al.,, 2011, Abbas, 2010, Amer et al., 2009, Elyasian et al., 2006,
Santhakumar et al., 2004, Supaviriyakit et al., 2004,]

4.4.1 Concrete

An eight-node solid element, Solid65, was used to model the concrete. The solid
element has eight nodes with three degrees of freedom at each node:
translations in the nodal local x, y, and z directions. The element is capable of
plastic deformation, cracking in three orthogonal directions, and crushing. The
geometry and node locations for this element type are shown in Figure (4-5),
[ANSYS 2014].

Prism Option

TS

J

Tetrahedral Option
(not recommended)

Fig. (4-5): Solid65 Geometry, [ANSYS, 2014].
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4.4.2 Steel Reinforcement

A Link180 element was used to model steel reinforcement. The element is a
uniaxial tension-compression element with three degrees of freedom at each
node: translations in the nodal x, y, and z directions. Plasticity, creep, rotation,
large deflection, and large strain capabilities are included. This element is
shown in Figure (4-6), [ANSYS, 2014].

Fig. (4-6): Link180 Geometry, [ANSYS, 2014].

4.4.3 Loading and Supporting Steel Plates

The Solid185 element is used for the modeling of loading and supporting steel
plates. This element is defined by eight nodes having three degrees of freedom
at each node: translations in the nodal X, y, and z directions. The element is
capable of plasticity, hyperelasticity, stress stiffening, creep, large deflection,
and large strain capabilities.

SOLID185 is available in two forms:
* Homogeneous Structural Solid (default); and
» Layered Structural Solid.

Homogeneous Structural Solid with simplified enhanced strain formulation is
used to model loading and supporting steel plates. This element is shown in
Figure (4-7). Solid185 is a current-technology element and is preferred over the
legacy element, Solid45, as suggested by ANSYS.

4.4.4 Carbon Fiber Reinforced Polymer (CFRP)

Shell181 element is used for the modeling Carbon Fiber Reinforced Polymer
(CFRP). 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. SHELL181 is well-suited for linear, large rotation, and/or large strain
nonlinear applications. The geometry, node locations, and the coordinate
system are shown in Figure (4-8), [ANSYS, 2014].
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Prism Option

Tetrahedral Option -
not recommended

M.,N,O,P

P

J
Pyramid Option -
not recommended

Fig. (4-7): SOLID185 Homogeneous Structural Solid Geometry, [ANSYS, 2014].

KL

J
Triangular Option
(not recommended)

Fig. (4-8): Shell181 Geometry, [ANSYS, 2014].

X

The element types used for modeling of flexure and shear models are
summarized in Table (4-1).

Material Type ANSYS Element
Reinforced Concrete Soild65
Steel Reinforcement Link180
Loading and Supporting Steel Plates SOLID185 (Homogeneous Structural
Solid)
Carbon Fiber Reinforced Shell181
Polymer(CFRP)

Table (4-1): Element Types for ANSYS Flexure and Shear Beams Models.
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4.5 Real Constants
4.5.1 Flexure Beam Model

The real constants for this model are shown in Table (4-2). Note that individual
elements contain different real constants.

Real Element
Constant Real Constants Notes
Type
Set
Real Real Real
Constants | Constants | Constants
for for for
Rebar 1 Rebar 2 Rebar 3
Nember | 0 | 0 | 0
1 Solid65 -
Volume
. 0 0 0
Ratio
; ; Concrete
Orientation
0 0 0
Angle
Orientation 0 0 0
Angle
o 5 .
’ Link180 Cros.s' sectlor.’lal Area (mm?) 113.009 Ten.smn
Initial Strain (mm/mm) 0 Reinf.
- 1 2
3 Link180 Cros.s' sect101.1al Area (mm?) 78.479 C01.rnp.
Initial Strain (mm/mm) 0 Reinf.
- 1 2
4 Link180 Cros.s' sect101.1al Area (mm?) 28.252 Stirrups
Initial Strain (mm/mm) 0
- 1 2
5 Link180 Cros.s. sect101.1al Area (mm?) 14.126 Half
Initial Strain (mm/mm) 0 Stirrup

Table (4-2): Real Constants for ANSYS Flexure Beam Model

Real Constant Set 1 is used for the Solid65 element. It requires real constants for
rebar assuming a smeared model. Values can be entered for Material Number,
Volume Ratio, and Orientation Angles. The material number refers to the type
of material for the reinforcement. The volume ratio refers to the ratio of steel to
concrete in the element. The orientation angles refer to the orientation of the
reinforcement in the smeared model. ANSYS [ANSYS 2014] allows the user to
enter three rebar materials in the concrete. Each material corresponds to x, y,
and z directions in the element (Figure 4-1). The reinforcement has uniaxial
stiffness and the directional orientation is defined by the user. In the present
study the beam is modeled using discrete reinforcement. Therefore, a value of
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zero was entered for all real constants which turned the smeared reinforcement
capability of the Solid65 element off, [Wolanski, 2004, Kachlakev et al., 2001].

Real Constant Sets 2, 3, 4, and 5 are defined for the Link180 element. Values for
cross-sectional area and initial strain were entered. Cross-sectional areas in sets
2, 3 and 4 refer to the reinforcement of 12 mm, 10 mm, and 6 mm diameter bars
respectively. Due to symmetry, set 5 is half of set 4 because half of the stirrup at
the mid-span of the beam is cut off resulting from symmetry. A value of zero
was entered for the initial strain because there is no initial stress in the
reinforcement. No real constants set exist for the Solid185 and Shell181
elements, which were used for modeling of loading and supporting plates and
CFRP respectively.

4.5.2 Shear Beam Model

The real constants for this model are shown in Table (4-3).

Real Element
Constant Real Constants Notes
Type
Set
Real Real Real
Constants | Constants | Constants
for for for
Rebar 1 Rebar 2 Rebar 3
ial
o o [0 |
1 Solid65
Volume
) 0 0 0
Ratio
. ) Concrete
Orientation
0 0 0
Angle
Orientation
0 0 0
Angle
i ; 5 5
) Link180 Cros.s. sectlor.lal Area (mm?) 490.492 Ten'swn
Initial Strain (mm/mm) 0 Reinf.
Cross-sectional Area (mm?) 63.568 Comp.
3 Link180 Reinf. &
n Initial Strain (mm/mm) 0 e?m
Stirrups
- 1 2
4 Link180 Cros.s. sectlor.’lal Area (mm?) 31.784 Half
Initial Strain (mm/mm) 0 Stirrup

Table (4-3): Real Constants for ANSYS Shear Beam Model.
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As in flexure beam model, Real Constant Set 1 is used for the Solid65 element,
and, a value of zero was entered for all real constants which turned the
smeared reinforcement capability of the Solid65 element off.

Real Constant Sets 2, 3, and 4 are defined for the Link180 element. Values for
cross-sectional area and initial strain were entered. Cross-sectional areas in sets
2 and 3 refer to the reinforcement of 25 mm, and 9 mm diameter bars
respectively. Due to symmetry, set 4 is half of set 3 because half of the stirrup at
the mid-span of the beam is cut off resulting from symmetry. A value of zero
was entered for the initial strain because there is no initial stress in the
reinforcement. No real constants set exist for the Solid185 and Shell181
elements, which were used for modeling of loading and supporting plates and
CFRP respectively.

4.6 Material Properties
4.6.1 Concrete

Material Model Number 1 refers to the Solid65 element. The Solid65 element
requires linear isotropic and multilinear isotropic material properties, in
addition to selection of failure criteria of concrete.

4.6.1.1 Linear Isotropic Properties of Concrete

EX is the modulus of elasticity of the concrete (E.). It was based on equation (3-
1), with a value of f' equal to 27.54 MPa for flexure beam, and 31 MPa for shear
beam. PRXY is the Poisson’s ratio (v). Poisson’s ratio was assumed to be 0.25 for
flexure beam, and 0.2 for shear beam.

4.6.1.2 Multilinear Isotropic Properties of Concrete

Modified Hognestad mathematical model (See Fig. 3-8) has been used for the
approximation of the stress-strain behavior of concrete. Equations (3-2) and (3-
3) were used to predict the multilinear isotropic stress strain curve for the
concrete. The multilinear curve was used to help with convergence of the
nonlinear solution algorithm, [Wolanski, 2004].

Figures (4-9) and (4-10) show the stress-strain relationship used in this study for
ANSYS flexure beam and shear beam models respectively. The curve starts at
zero stress and strain. Point 2, defined as 0.3fc', was calculated in the linear
range. Points from 3 to 21 were calculated from Eq. (3-3) with & obtained from
Eq. (3-2). Strains were selected and the stress was calculated for each strain.
Point 22 is at f.'. After Point 22, perfectly plastic behavior of concrete was
assumed.
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Fig. (4-9): Compressive Uniaxial Stress-Strain Curve for Concrete — Flexure Beam
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Fig. (4-10): Compressive Uniaxial Stress-Strain Curve for Concrete — Shear Beam Model

Parameters needed to define the material model for concrete in ANSYS models
of flexure beam and shear beam are shown in Tables (4-4) and (4-5).

Material Element
Model Material Properties
Number Type
1 Soild65 Linear Isotropic
EX 24000 (MPa)
PRXY 0.25
Multilinear Isotropic
Point Strain Stress (MPa)
1 0 0
2 0.000344 8.26
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3 0.000444 10.28
4 0.000544 12.37
5 0.000644 14.33
6 0.000744 16.16
7 0.000844 17.85
8 0.000944 19.38
9 0.001044 20.76
10 0.001144 21.99
11 0.001244 23.08
12 0.001344 24.02
13 0.001444 24.83
14 0.001544 25.51
15 0.001644 26.08
16 0.001744 26.53
17 0.001844 26.89
18 0.001944 27.17
19 0.002044 27.36
20 0.002144 27.48
21 0.002244 27.53
22 0.002295 27.54
Concrete
Open Shear Transfer Coef. 0.35
Closed Shear Transfer Coef. 1
Uniaxial Cracking Stress 2.9 MPa
Uniaxial Crushing Stress 27.54 MPa
Biaxial Crushing Stress Default
Hydrostatic Pressure Default
Hydro Biax Crushing Stress Default
Tensile Crack Factor 0.8
Table (4-4): Material Properties of Concrete for ANSYS Flexure Beam Model
Material Element
Model T Material Properties
Number ype
1 Soild65 Linear Isotropic
EX 26447 (MPa)
PRXY 0.2
Multilinear Isotropic
Point Strain Stress (MPa)
1 0 0
2 0.000352 9.30
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3 0.000452 11.52

4 0.000552 13.82

5 0.000652 16.00

6 0.000752 18.03

7 0.000852 19.90

8 0.000952 21.61

9 0.001052 23.15

10 0.001152 24.54

11 0.001252 25.76

12 0.001352 26.83

13 0.001452 27.75

14 0.001552 28.54

15 0.001652 29.19

16 0.001752 29.73

17 0.001852 30.16

18 0.001952 30.49

19 0.002052 30.73

20 0.002152 30.89

21 0.002252 30.97

22 0.002344 31.00

Concrete
Open Shear Transfer Coef. 0.35
Closed Shear Transfer Coef. 0.8
Uniaxial Cracking Stress 2.7 MPa
Uniaxial Crushing Stress 31 MPa
Biaxial Crushing Stress Default
Hydrostatic Pressure Default
Hydro Biax Crushing Stress Default
Tensile Crack Factor 0.6

Table (4-5): Material Properties of Concrete for ANSYS Shear Beam Model

4.6.1.3 Failure Criteria of Concrete

Implementation of the Willam and Warnke (1975) concrete material model in
ANSYS requires that different constants to be defined. These constants are:
[ANSYS, 2014]

1. Shear transfer coefficients for an open crack;

2. Shear transfer coefficients for a closed crack;

3. Uniaxial tensile cracking stress;

4. Uniaxial crushing stress (positive);

5. Biaxial crushing stress (positive);

6. Ambient hydrostatic stress state for use with constants 7 and 8;
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7. Biaxial crushing stress (positive) under the ambient hydrostatic stress state
(constant 6);

8. Uniaxial crushing stress (positive) under the ambient hydrostatic stress state
(constant 6);

9. Stiffness multiplier for cracked tensile condition.

» The shear transfer coefficient represents a shear strength reduction factor
for subsequent loads that induce sliding (shear) across the crack face,
[Chansawat et al., 2009]. Typical shear transfer coefficients range from
0.0 to 1.0, with 0.0 representing a smooth crack (complete loss of shear
transfer) and 1.0 representing a rough crack (no loss of shear transfer),
[ANSYS 2014]. For an open crack, the shear transfer coefficient varied
between 0.05 and 0.50 in many studies of reinforced concrete structures,
[Isenburg, 1993]. In this study, many analysis attempts had been done to
determine the appropriate values of shear transfer coefficients based on
comparison of FE load-displacement values with experimental results.
The open and closed cracks shear transfer coefficients used in this study
for flexure beam and shear beam models are shown in Tables (4-4) and
(4-5).

* The uniaxial cracking stress of concrete (tensile strength) is based upon
the modulus of rupture. Modulus of rupture of concrete is a more
variable property than the compressive strength and is about 8 to 15
percent of the compressive strength, [MacGregor, 1997]. In ANSYS,
when cracking occurs at an integration point of Solid65 element, material
properties are adjusted to effectively model a “smeared band” of cracks,
rather than discrete cracks. When a principal stress at an integration
point in a concrete element exceeds the tensile strength, stiffness is
reduced to zero in that principal direction perpendicular to the cracked
plane [ANSYS, 2014]. In this study, values of uniaxial cracking stress of
concrete used for flexure beam and shear beam models are shown in
Tables (4-4) and (4-5).

= In ANSYS, crushing of concrete element occurs when all principal
stresses are compressive and lies outside the failure surface;
subsequently, the elastic modulus is set to zero in all directions, and the
element effectively disappears, [ANSYS, 2014]. The uniaxial crushing
stress of concrete in is based on the uniaxial compressive strength tested
in the experimental investigations, [Balamuralikrishnan et al., 2009] and
[Alagusundaramoorthy et al., 2002].
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The failure surface of concrete can be specified with a minimum of two
constants, fi and f.. The remainder of the variables in the concrete model was
left to default based on [Willam and Warnke, 1974] equations. (Refer 3.2.1.2 in
this study)

4.6.2 Steel Reinforcement

For flexure beam model, material model number 2 and 3 refers to the Link180
element. Material model number 2 is used to model the reinforcement, while
material model number 3 is used to model the stirrups.

For shear beam model, material model number 2 refers to the Link180 element.
Material model number 2 is used to model the reinforcement and the stirrups.

The Link180 element is assumed to be bilinear isotropic and is based on the von
Mises failure criteria, [ANSYS 2014]. The bilinear model requires the Yield
Stress (fy), as well as the Hardening Modulus (tangent modulus of the plastic
region) of steel to be defined. Elastic Modulus (EX) was also defined, and
Poisson’s Ratio (PRXY) was assumed to be 0.3.

Tables (4-6) and (4-7) show material properties of steel reinforcement used for
ANSYS flexure beam and shear beam models respectively.

Material Model ) .
Number Element Type Material Properties
Linear Isotropic
5 EX 200000 MPa
PRXY 3
(Tension Reinf. . 0
) Link180
Comp. Reinf.) — -
Bilinear Isotropic
Yield stress 512 MPa
Tangent Modulus 20 MPa
Linear Isotropic
EX 200000 MPa
3 PRXY 0.3
, Link180
(Stirrups) — -
Bilinear Isotropic
Yield stress 280 MPa
Tangent Modulus 20 MPa

Table (4-6): Material Properties of Steel Reinforcement for ANSYS Flexure Beam Model
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Material Model

Number Element Type Material Properties
Linear Isotropic
5 EX 200000 MPa
PRXY 0.3
(Tension Reinf. .
) Link180
Comp. Reinf. — -
. Bilinear Isotropic
Stirrups) -
Yield stress 414 MPa
Tangent Modulus 20 MPa

Table (4-7): Material Properties of Steel Reinforcement for ANSYS Shear Beam Model

The steel for the finite element models was assumed to be an elastic-perfectly
plastic material and identical in tension and compression. Figure (4-11) shows
the assumed stress-strain curve for steel reinforcement, [Wolanski, 2004,
Kachlakev et al., 2001].

Stress, f

Compression
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1
]
]
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(4 He,)

Y

Strain, €

Fig. (4-11): Stress-Strain Curve for Steel Reinforcement, [Kachlakev et al., 2001].

4.6.3 Loading and Supporting Steel Plates

Steel plates were added at support and loading locations in the finite element
models - as in the actual beams - to provide an even stress distribution over

these locations.

Material model number 4 in flexure beam model and material model number 3
in shear beam model refer to loading and supporting steel plates. These plates
were modeled as an elastic linear isotropic material. Table (4-8) shows material
properties of steel plates used for ANSYS flexure beam and shear beam models.
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Material Model

Number Element Type Material Properties
Solid185 Linear Isotropic
4 (F1 B
(Flexure Beam) (Homogeneous EX 200000 MPa
3 (Shear Beam) )
Structural Solid) PRXY 0.3

Table (4-8): Material Properties of Steel Plates for ANSYS Flexure Beam and Shear

Beam Models.

4.6.4 Carbon Fiber Reinforced Polymer (CFRP)

Material model number 5 in flexure beam model and material model number 4
in shear beam model refer to CFRP fabric which was modeled using the
shell181 element. CFRP composites were assumed to be especially orthotropic
and transversely isotropic; that is, mechanical properties are the same in any
direction perpendicular to the fibers. Definition of CFRP in ANSYS model
requires definition of linear isotropic material properties, section properties,

and failure criteria.

Parameters needed to define the material model for CFRP in ANSYS flexure
beam and shear beam models are shown in Tables (4-9) and (4-10).

Mat;r;;iéve[ ;)del Element Type Material Properties
Linear Orthotropic
EX 285000 MPa
EY 22800 MPa
EZ 22800 MPa
PRXY 0.3
PRYZ 0.45
PRXZ 0.3
GXY 13570 MPa
> Shell181 GYZ 7860 MPa
(Flexure Beam)
GXZ 13570 MPa
Section (SECID: 1, SECTYPE: Shell)
Layer No. 1
TK 0.3 mm
THETA 0 degree
Failure Criteria
Stress — XTEN 3500 MPa
Strain — XTEN 0.015

Table (4-9): Material Properties of CFRP for ANSYS Flexure Beam Model.
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Mat;r;;ill)\;[ ;)del Element Type Material Properties
Linear Orthotropic
EX 228000 MPa
EY 15200 MPa
EZ 15200 MPa
PRXY 0.3
PRYZ 0.45
PRXZ 0.3
4 GXY 9120 MPa
Shell181 GYZ 5241.4 MPa
(Shear Beam)
GXZ 9120 MPa
Section (SECID: 1, SECTYPE: Shell)
Layer No. 1
TK 0.18 mm
THETA 90 degree
Failure Criteria
Stress — XTEN 490 N/mm?
Strain — XTEN 0.018

Table (4-10): Material Properties of CFRP for ANSYS Shear Beam Model.

4.6.4.1 Linear Orthotropic Properties

The stress-strain relationship of CFRP is roughly linear up to failure. In this
study, it was assumed that the stress-strain relationship for the CFRP laminates
is linearly elastic.

To define the linear orthotropic model of CFRP in ANSYS, the following
properties are specified:

» Elastic modulus in three directions (EX, EY and EZ).

» Shear modulus for three planes (GXY, GXZ and GYZ).

* Major Poisson’s ratio for three planes (PRXY, PRXZ and PRYZ).

A local coordinate system for the CFRP shell element was defined where the x
direction is the same as the fiber direction, while the y and z directions were
perpendicular to the x direction.

The elastic modulus in the fiber direction of the unidirectional CFRP material
used in the experimental studies was specified by the manufacturer, major
Poisson's ratio was assumed, and then, the elastic modulus in directions
perpendicular to the fiber direction, minor Poisson' ratio, and shear modulus
were predicted using [Piggott, 2002] Rule of Mixture, as shown in tables (4-9)
and (4-10).
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4.6.4.2 Section Properties

The most important characteristic of a composite material is its layered
configuration. Each layer may be made of a different orthotropic material and
may have its principal directions oriented differently. For laminated
composites, the fiber directions determine layer orientation, [ANSYS 2014]. To
define the layered configuration of CFRP fabric, the following shall be
specified:

* Number of layers.

» Thickness of each layer (TK).

» Orientation of the fiber direction for each layer (THETA).

4.6.4.3 Failure Criteria of CFRP

CFRP fabrics were modeled as linear elastic materials up to failure. Maximum
strain failure criteria and maximum stress failure criteria were used based on
the longitudinal tensile strength and maximum strain of the used CFRP fabrics,
(Refer section 3.2.3.2 in this study).

4.7 Geometry

By taking advantage of the symmetry of the beams, a half of each full beam was
used for modeling. This approach reduced computational time and computer
disk space requirements significantly. The concrete beam, and steel loading and
supporting plates were modeled as volumes, CFRP layers were modeled as
areas, and steel reinforcement were modeled as lines.

4.7.1 Flexure Beam

Since a half of the beam is being modeled, the model is 1600 mm long, with a
cross-section of 125 mm x 250 mm. The CFRP fabric layer bonded to the beam
soffit was modeled as an area with 125 mm width and 1450 mm length (50 mm
far from center of the support plate). Due to symmetry, only one loading plate
and one support plate are needed. The steel loading and supporting plates are
100 mm x 25 mm x 125. The dimensions in millimeters for the combined
volumes and areas created in the model are shown in Table (4-11).

Concrete Support Plate | Loading Plate | CFRP Layer
ANSYS
Volume (1) Volume (2) Volume (3) Area (1)

X1, X2X- 0 1600 0 50 1050 | 1150 150 | 1600
Coordinates

Y1, Y2 Y- 0 250 0 -25 250 275 Y=0
Coordinates

71,72 7- 0 125 0 125 0 125 0 125
Coordinates

Table (4-11): Dimensions of Volumes and Areas - Flexure Beam Model
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The half of the entire model including the created volumes for flexure beam
model is shown in Figure (4-12).

! ANSYS

VOLUMES R14.5

NOovV 28 2015
15:22:49

Flexure Beam Model

Fig. (4-12): Volumes Created in ANSYS - Flexure Beam Model.

4.7.2 Shear Beam Model

Since a half of the beam is being modeled, the model is 1065 mm long, with a
cross-section of 230 mm x 380 mm. The CFRP fabric layer bonded to the beam
soffit and sides as U-wrap was modeled as three areas, as shown in Table (4-
12). Due to symmetry, only half of loading plate and one support plate are
needed. The steel loading and supporting plates are 30 mm x 50 mm x 230. The
dimensions for the combined volumes and areas created in the model are
shown in Table (4-12).

ANSYS Concrete Support Plate Loading Plate
Volume (1) Volume (2) Volume (3)
X1, X2 X-coordinates 0 1065 135 165 1035 1065
Y1, Y2 Y-coordinates 0 380 0 -50 380 430
71, 72 Z-coordinates 0 230 0 230 0 230
CFRP Layer
Area (1) Area (2) Area (3)

X1, X2 X-coordinates 165 1065 165 | 1065 165 1065
Y1, Y2 Y-coordinates 0 380 0 0 380
71, 72 Z-coordinates 0 0 | 230 230

Table (4-12): Dimensions of Volumes and Areas — Shear Beam Model
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The half of the entire model including the created volumes for shear beam
model is shown in Figure (4-13).

! ANSYS

VCoLUMES R14.5

NOovV 28 2015
15:459:44

Shear Beam Model

Fig. (4-13): Volumes Created in ANSYS - Shear Beam Model.

4.8 Meshing
4.8.1 Concrete and Steel Plates

To obtain good results from the Solid65 element, the use of a rectangular mesh
is recommended (Wolanski, 2004; Kachlakev et al., 2001). Therefore, the mesh is
set up such that square or rectangular elements are created. Steel loading and
supporting plates were meshed as solid elements in such a way that its nodes
were oriented with adjacent concrete solid elements. The command "merge
items" was used to merge separate nodes that have the same location.

The overall mesh of the concrete beam and steel plates' volumes for flexure
beam model is shown in Figure (4-14)

The overall mesh of the concrete beam and steel plates' volumes for shear beam
model is shown in Figure (4-15)
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ANSYS

ELEMENTS 145

Nov 28 2015
15:23:5%9

Flexure Beam Model

Fig. (4-14): Mesh of the Concrete Beam and Steel Plates — Flexure Beam Model

ANSYS

ELEMENTS 145

Now 28 2013
15:350:27

Shear Beam Model

Fig. (4-15): Mesh of the Concrete Beam and Steel Plates — Shear Beam Model
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4.8.2 Reinforcement

Ideally, the bond strength between the concrete and steel reinforcement should
be considered. However, in this study, perfect bond between materials was
assumed. To provide the perfect bond, the link element for the steel reinforcing
was connected between nodes of each adjacent concrete solid element, so the
two materials shared the same nodes, (Wolanski, 2004; Kachlakev et al., 2001).

The meshing of the reinforcement is a special case compared to the concrete
volumes. No mesh of the reinforcement is needed because individual elements
are created in the modeling through the nodes created by the mesh of the
concrete volumes. However, the necessary mesh attributes need to be set before
each section of the reinforcement is created.

Figures (4-16) (a) and (b) illustrate the reinforcement configuration modeled in
ANSYS for flexure beam model.

ANSYS

R14.5

Nov 28 2015
15:25:27

Flexure Beam Model

Fig. (4-16/a): Reinforcement Configuration— Flexure Beam Model
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ANSYS

ELEMENTS R14.5

NCoWV 28 2013
15:26:13

Flexure Beam Model 4 X

Fig. (4-16/b): Reinforcement Configuration— Flexure Beam Model

Figures (4-17) (a) and (b) illustrate the reinforcement configuration modeled in
ANSYS for shear beam model.

ANSYS

R14.5

NoWV 28 2013
15:532:54

Shear Beam Model

Fig. (4-17/a): Reinforcement Configuration— Shear Beam Model
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ANSYS

ELEMENTS R14.5

NOW 28 2015
16:11:42

Shear Beam Model =X

Fig. (4-17/b): Reinforcement Configuration— Shear Beam Model

4.8.3 CFRP Fabric Layer

CFRP sheets were meshed as shell elements in such a way that its nodes were
oriented with adjacent concrete solid elements in order to satisfy the perfect
bond assumption. The command "merge items" was used to merge separate
nodes that have the same location.

The element type number, material number, real constant set number and
section ID for the flexure and shear beam models were set for each mesh as
shown in Tables (4-13) and (4-14).

Element | Material Real SECTION
Model Component
Type Number | Constant ID

Concrete Beam 1 1 1 N/A
Beam Bot. Rebar 2 2 2 N/A
Beam Top. Rebar 2 2 3 N/A
Stirrups 2 3 4 N/A
Stirrup at Center of Beam 2 3 5 N/A
Steel Loading Plate 3 4 N/A N/A
Steel Support 3 4 N/A N/A
CFRP Layer 4 5 N/A 1

Table (4-13): Mesh Attributes — Flexure Beam Model
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Element | Material Real SECTION
Model Component
Type Number | Constant ID

Concrete Beam 1 1 1 N/A
Beam Bot. Rebar 2 2 2 N/A
Beam Top. Rebar 2 2 3 N/A
Stirrups 2 2 3 N/A
Stirrup at Center of Beam 2 2 4 N/A
Steel Loading Plate 3 3 N/A N/A
Steel Support 3 3 N/A N/A
CFRP Layer 4 4 N/A 1

Table (4-14): Mesh Attributes — Shear Beam Model

Figure (4-18) illustrates the meshing of CFRP fabric layer in ANSYS for flexure
beam model.

ANSYS

ELEMENTS R14.5
A X NOV 28 2015
15:30:46

Flexure Beam Model

Fig. (4-18): Meshing of CFRP Layer in ANSYS — Flexure Beam Model

Figure (4-19) illustrates the meshing of CFRP fabric layer in ANSYS for shear
beam model.

Figures (4-20) and (4-21) show the overall meshing of all model components:
concrete beam, steel loading and supporting plates, steel reinforcement, and
CERP layer, for flexure beam and shear beam models respectively
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ANSYS

ELEMENTS R14.5

NCovV 28 2015
16:15:52
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Shear Beam Model

Fig. (4-19): Meshing of CFRP Layer in ANSYS — Shear Beam Model

ANSYS

ELEMENTS R14.5

NOovV 28 2015
15:28:49

Flexure Beam Model

Fig. (4-20): The Overall Meshing of the Model — Flexure Beam Model
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ANSYS

ELEMENTS R14.5
NCov 28 2015
16:18:15

Shear Beam Model

Fig. (4-21): The Overall Meshing of the Model — Shear Beam Model

4.9 Loads and Boundary Conditions

Displacement boundary conditions are needed to constrain the model to get a
unique solution. To ensure that the model acts the same way as the
experimental beam; boundary conditions need to be applied at points of
symmetry, and where the supports and loadings exist, [Wolanski, 2004].

4.9.1 Planes of Symmetry

Because a half of each entire beam was used for the models, the models being
used are symmetric about one plane. Nodes defining a vertical plane through
the beam mid-section define a plane of symmetry. To model the symmetry,
nodes on this plane must be constrained in the perpendicular direction.
Therefore, these nodes have a degree of freedom constraint UX = 0, as shown in
figures (4-22) and (4-23).

4.9.2 Support Plate

The support was modeled in such a way that a roller was created. A single line
of nodes on the plate were given constraint in the UY, and UZ directions,
applied as constant values of 0. By doing this, the beam will be allowed to
rotate at the support, as shown in figures (4-24) and (4-25).
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ANSYS

R14.5

NOovV 28 20135
15:37:59

Flexure Beam Model

Fig. (4-22): Plane of Symmetry — Flexure Beam Model

ANSYS

R14.5

Now 28 2013
16:19:42

Shear Beam Model

Fig. (4-23): Plane of Symmetry — Shear Beam Model
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Flexure Beam Model

Fig. (4-24): Beam Support Plate — Flexure Beam Model

Shear Beam Model

Fig. (4-25): Beam Support Plate — Shear Beam Model
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4.9.3 Applied Loads

The force, P, applied at the steel plate is applied across the entire centerline of
the loading plate, as shown in figures (4-26) and (4-27).

ANSYS

R14.5

Now 28 2013
15:46:22

Flexure Beam Model

Fig. (4-26): Loading Plate — Flexure Beam Model

ANSYS

R14.5

WOW 28 20135
16-24-53

ig. (4-27): Loading Plate - Shear Beam Model
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4.10 Setting Nonlinear Solution Parameters

Setting solution parameters involves defining the analysis type and common
analysis options for an analysis, as well as specifying load step options for it.

To ignore large deformation effects such as large deflection, large rotation, and
large strain; the analysis option was set to (Small Displacement Static).

In nonlinear analysis, the load applied to the structures must be increased
gradually to avoid non-convergence. The total load applied to a finite element
model is divided into a series of load increments called load steps. At the
completion of each incremental solution, the stiffness matrix of the model is
adjusted to reflect nonlinear changes in structural stiffness before proceeding to
the next load increment, [ANSYS, 2014]. The ANSYS program uses Newton—
Raphson equilibrium iterations for updating the model stiffness.

Automatic time stepping in the ANSYS program predicts and controls load
step sizes. Based on the previous solution history and the physics of the
models, if the convergence behavior is smooth, automatic time stepping will
increase the load increment up to a selected maximum load step size. If the
convergence behavior is abrupt, automatic time stepping will bisect the load
increment until it is equal to a selected minimum load step size. The maximum
and minimum load step sizes are required for the automatic time stepping,
[ANSYS, 2014].

Nonlinear Static Analysis type was utilized for both flexure beam and shear
beam models. Typical commands utilized in the analysis are shown in Table (4-
15).

Analysis Options Small Displacement Static
Calculate Prestress Effects No

Time at End of Load Step 1

Automatic Time Stepping On

Time Step Size 0.05

Minimum Time Step 0.001

Maximum Time Step 0.05

Write Items to Results File All Solution Items
Frequency Write Every Sub Step

Table (4-15): Nonlinear Analysis Control Commands.
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The commands used to control the solver and outputs are shown in Table (4-
16).

Equation Solvers Sparse Direct
Number of Restart Files 1
Frequency Write Every Sub Step

Table (4-16): Output Control Commands.

The commands used for the nonlinear algorithm and convergence criteria are
shown in Table (4-17). All values for the nonlinear algorithm are set to defaults.

Line Search On
DOF solution predictor Program Chosen
Maximum number of | 100
iteration
Cutback control Cutback according to predicted number of iter.
Equiv. Plastic Strain 0.15
Explicit Creep ratio 0.1
Implicit Creep ratio 0
Incremental displacement 1,00,00,000
Points per cycle 13
Set Convergence Criteria
Label F U
Ref. Value Calculated Calculated
Tolerance 0.005 0.05
Norm L2 L2
Min. Ref. Not applicable Not applicable

Table (4-17): Nonlinear Algorithm and Convergence Criteria Parameters.
Table (4-18) shows the command used for the advanced nonlinear settings.
ANSYS program behavior upon non-convergence for this analysis was set such
that the program will terminate but not exit. The rest of the commands were set
to defaults.

Program Behavior Upon Non-convergence | Terminate but do not exit
Nodal DOF Sol'n 0
Cumulative Iterations 0
Elapsed time 0
CPU time 0

Table (4-18): Advanced Nonlinear Control Settings.
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The properties of the used computer for models analysis are as follow:
Computer type: HP — ProBook 4530s
Processor: Intel (R) core i3 — 2350M — CPU @2.3 GHz
Installed Memory: 4.00 GB
System type: Window 7, 64-bit Operating System.

Table (4-19) shows analysis statistics and time required for nonlinear analysis

for each model.

Flexure Flexure Shear Shear
Model Strengthened Strengthened
Control Beam Control Beam
Beam Beam
Analysis . : . .
Static Static Static Static
Type
Number of 3722 4248 11892 14420
Elements
Numb f
umber 4350 4410 13596 13662
Nodes
Number of 24 28 24 36
Keypoints
Number of 36 40 36 48
Lines
Number of 18 19 18 21
Areas
Number of
Volumes 3 3 3 3
Number of
Element 3 4 3 4
Types
Number of
Specified 78 78 209 209
Constraints
Number of
Nodal Loads 6 6 1 1
Analysis 45 60 100 120

Time (min)

Table (4-19): ANSYS Analysis Statistics
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CHAPTER 5
VERIFICATION OF ANSYS FINITE ELEMENT MODELS
AND PARAMETRIC STUDY

5.1 Introduction

In this chapter, the finite element models developed in Chapter 4 for flexure
and shear beams were verified by comparing results obtained from the FE
analysis with results obtained from corresponding experimental tests. The
verification process was based on the following criteria: load — mid span
deflection curves, loads and deflection at failure, maximum stresses in CFRP
fabric, and maximum strains in CFRP fabric. Having the finite element model
validated, a parametric study was performed using ANSYS to evaluate the
effect of the following parameters on the behavior of strengthened beams:
number of CFRP layers, CFRP layer length, and CFRP layer inclination.

5.2 Verification of ANSYS Finite Element Models
5.2.1 Load - Mid Span Deflection Curves

5.2.1.1 Flexure Beam

Figure (5-1) shows a comparison of the load-deflection curve for the flexure
control beam and strengthened beam as reported in the experimental
investigation, [Balamuralikrishnan et. al, 2009].
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Fig. (5-1): Comparison of Experimental Load Deflection Curves for Flexure Beam.
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Figure (5-2) shows a comparison of the load-deflection curve for the flexure
control beam and strengthened beam as resulted from the finite element
analysis (ANSYS).
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/ — — Flexure Strengthened Beam - ANSYS
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Fig. (5-2): Comparison of ANSYS Load Deflection Curves for Flexure Beam.

a- Flexure Control Beam

Figure (5-3) shows that the load-deflection curve obtained from the finite
element analysis agrees well with the experimental data for the Flexure Control
Beam. In the linear range, the load-deflection curve from the finite element
analysis is stiffer than that from the experimental. The first cracking load for the
finite element analysis is 9.4 kN, which is lower than the load of 15 kN from the
experimental results by 37%. After first cracking, the stiffness of the finite
element model is lower than the actual beam up to load 31 kN. The bottom steel
reinforcement of the beam in the finite element model yields at 44 kN, which is
higher than the load of 34.37 kN from the experimental results by 28%. At this
load the elastic stress on the bottom reinforcement has exceeded the yield
stress, Fig.(5-4). After steel yielding, the stiffness of the finite element model is
higher than the actual beam. The final load of 47.7 kN from the model is higher
than the ultimate load of 41.25 kN from the experimental data by 15.6 %.
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Fig. (5-3): Comparison of Experimental and ANSYS Load Deflection Curves —
Flexure Control Beam.
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Fig. (5-4): Reinforcement Elastic Stress at Yielding Load— Flexure Control Beam.
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b- Flexure Strengthened Beam

Figure (5-5) shows that the load-deflection curve obtained from the finite
element analysis agrees well with the experimental data for the Flexure
Strengthened Beam. In the linear range, the load-deflection curve from the
finite element analysis is almost with the same stiffness as the experimental
beam. The first cracking load for the finite element analysis is 10 kN, which is
lower than the load of 16.25 kN from the experimental results by 38%.
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Fig. (5-5): Comparison of Experimental and ANSYS Load Deflection Curves —
Flexure Strengthened Beam.

After first cracking, the stiffness of the finite element model is lower than the
actual beam up to load 44kN. The bottom steel reinforcement of the beam in
the finite element model yields at 48 kN, which is higher than the load of 40.63
kN from the experimental results by 15 %. At this load the elastic stress on the
bottom reinforcement has exceeded the yield stress, Fig.(5-6). After yielding,
the stiffness of the finite element model is higher than the actual beam. The
final load of 57.3 kN from the model is higher than the ultimate load of 49.5 kN
from the experimental data by 16%.
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Fig. (5-6): Reinforcement Elastic Stress at Yielding Load — Flexure Strengthened Beam.

5.2.1.2 Shear Beam

Load deflection curve for shear control beam is not available in the
experimental investigation, Alagusundaramoorthy et al. [2002]. The only
available data is the failure load. Figure (5-7) shows a comparison of the load-
deflection curve for the shear control beam and strengthened beam as resulted
from the finite element analysis (ANSYS).

a- Shear Control Beam

Figure (5-8) shows the load-deflection curve obtained from the finite element
analysis (ANSYS) for the Shear Control Beam. The first cracking load for the
finite element analysis is 50 kN, The bottom steel reinforcement of the beam in
the finite element model yields at 346.5 kN. At this load the elastic stress on the
bottom reinforcement has exceeded the yield stress, Fig.(5-9). The final load of
359.6 kN from the model is lower than the ultimate load of 397 kN from the
experimental data by 9.4 %.
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Fig. (5-7): Comparison of ANSYS Load Deflection Curves for Shear Beam.
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Fig. (5-8): Load Deflection Curve — Shear Control Beam.
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Fig. (5-9): Reinforcement Elastic Stress at Yielding Load — Shear Control Beam

b- Shear Strengthened Beam

Figure (5-10) shows that the load-deflection curve obtained from the finite
element analysis agrees well with the experimental data for the Shear
Strengthened Beam. In the linear range, the load-deflection curve from the
finite element analysis is stiffer than that from the experimental. The first
cracking load for the finite element analysis is 50 kN. After first cracking, the
finite element model is stiffer than the actual beam. The bottom steel
reinforcement of the beam in the finite element model yields at 350 kN. At this
load the elastic stress on the bottom reinforcement has exceeded the yield
stress, Fig.(5-11). Lastly, the final load of 410 kN from the model is lower than
the (average) ultimate load of 421 kN from the experimental data by 2.6 %.
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Fig. (5-10): Comparison of Experimental and ANSYS Load Deflection Curves —
Shear Strengthened Beam.
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Fig. (5-11): Reinforcement Elastic Stress at Yielding Load — Shear Strengthened Beam.
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5.2.3 Crack Patterns

ANSYS records a crack pattern at each applied load step. ANSYS displays
circles at locations of cracking or crushing in concrete elements. Cracking is
shown with a circle outline in the plane of the crack, and crushing is shown
with an octahedron outline. The first crack at an integration point is shown
with a red circle outline, the second crack with a green outline, and the third
crack with a blue outline, [ANSYS, 2014].

In ANSYS, stresses and strains, are calculated at integration points of the
concrete solid elements. A cracking sign represented by a circle appears when a
principal tensile stress exceeds the ultimate tensile strength of the concrete. The
cracking sign appears perpendicular to the direction of the principal stress,
[ANSYS, 2014]. Figures (5-12) to (5-15) show evolutions of crack patterns
developing for each beam at different loading steps.

5.2.3.1 Crack Patterns for Flexure Beam

The propagation of cracks at different load steps for flexure control and
strengthened beams is shown in the figures (5-12) and (5-13). Flexural cracks
occur early at mid-span. When applied loads increase, vertical flexural cracks
spread horizontally from the mid-span to the support. At a higher applied load,
diagonal tensile cracks appear. Increasing applied loads induces additional
diagonal and flexural cracks. Finally, compressive cracks appear at nearly the
last applied load steps. The appearance of the cracks defines the failure mode
for the beams.

a- Flexure Control Beam

The propagation of cracks at different load steps for flexure control beam is
shown figures (5-12), (a), (b), (c), (d), (e), (), (g) and (h)

First Crack +——~__

a) At Load 9.4 kN
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h) Experimental Crack Pattern at Failure Load (41.25 kN)

Fig. (5-12): Crack Propagations — Flexure Control Beam.

Comparing crack pattern obtained from the finite element analysis (ANSYS) at
the last converged load step (Fig.5-12/g) with failure photographs from the
actual beam (Fig.5-12/h), shows that the crack pattern from ANSYS and the
actual beam agree very well. The flexure control beam failed in flexure at the
mid-span, with vyielding of the steel reinforcement, followed with a
compression failure at the top of the beam.

b- Flexure Strengthened Beam

The propagation of cracks at different load steps for flexure strengthened beam
is shown figure (5-13) (a), (b), (c), (d), (e), (f), and (g).

a) At Load 10 kN
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b) At Load 15 kN
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Fig. (5-13): Cracks Propagation — Flexure Strengthened Beam.
Comparing crack pattern obtained from the finite element analysis (ANSYS) at
the last converged load step (Fig.5-13/f) with failure photographs from the

actual beam (Fig.5-13/g), shows that the crack pattern from ANSYS and the
actual beam agree very well. The flexure strengthened beam failed in flexure at
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the mid-span, with yielding of the steel reinforcement, followed with a
compression failure at the top of the beam.

5.2.3.2 Crack Patterns for Shear Beam

The propagation of cracks at different load steps for shear control and
strengthened beams is shown in the figures (5-14) and (5-15). Flexural cracks
occur early at mid-span. When applied loads increase, vertical flexural cracks
spread horizontally from the mid-span to the support. At a higher applied load,
diagonal tensile cracks appear. Increasing applied loads induces additional
diagonal and flexural cracks. Finally, compressive cracks appear at nearly the
last applied load steps. The appearance of the cracks defines the failure mode
for the beams.

a- Shear Control Beam

The propagation of cracks at different load steps for shear control beam is
shown figure (5-14) (a), (b), (c), (d), (e), (), (g) and (h).

a) At Load 55 kN
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b) At Load 100 kN
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g) At Load 350 kN

h) At Load 359.7 kN (At Failure Load)

' Tension side

i) Experimental Crack Pattern at Failure Load (397 kN)

Fig. (5-14): Cracks Propagation— Shear Control Beam.

Comparing crack pattern obtained from the finite element analysis (ANSYS) at
the last converged load step (Fig.5-14/h) with failure photographs from the
actual beam (Fig.5-14/i), shows that the crack pattern from ANSYS and the
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actual beam agree very well. The shear control beam failed in shear. Diagonal
tensile cracks propagate from the loading area toward the support. The cracks
occur excessively in the high shear stress region.

b- Shear Strengthened Beam

The propagation of cracks at different load steps for shear strengthened beam is
shown figure (5-15) (a), (b), (c), (d), (e), (), (g) and (h).

a) At Load 50 kN
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b) At Load 100 kN
Boiscenihivnini
B 1 i
T L p e R R
?‘T“*!?J_Tﬂ?ﬁr"---ﬁ:t--: SEkHSesidSEsaisutsiaRtdistutinEaissuhsinl
c) At Load 150 kN
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h) At Load 410 N (Failure Load)

Tension side

i) Experimental Crack Pattern at Failure Load (421 kN)

Fig. (5-15): Cracks Propagation — Shear Strengthened Beam.

As reported in the experimental investigation, [Alagusundaramoorthy et al.
2002], shear strengthened beam was failed in a shear-compression failure mode.
Rupture and delamination of CFRP fabric was noticed at the final stages.
Comparing crack pattern obtained from the finite element analysis (ANSYS) at
the last converged load step (Fig.5-15/h) with failure photographs from the
actual beam (Fig.5-15/i), shows that the crack pattern from ANSYS and the
actual beam agree very well with respect to failure mode. Rupture and
delamination of CFRP fabric would not appear in the ANSYS model, since the
model was basically built on a perfect bond assumption.
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5.2.4 Loads and Deflection at Failure

Table (5-1) shows a comparison between experimental and finite element
ultimate loads, and ultimate capacity of the strengthened beams with ultimate
capacity of the control beams.

Failure Failure Increased | Increased
Beam Load Load | Difference | Strength | Strength
(EXP) | (ANSYS) (%) (EXP) (ANSYS)
kN kN (%) (%)
Flexure Control |\ o 477 15.15 ; -
Beam
Flexure
Strengthened 49.5 57.3 15.76 20 20.13
Beam
Shear Control 397 359.7 -9.40 - -
Beam
Shear 01
Strengthened 410 -2.6 6.05 14
Beam (Avg)

Table (5-1): Comparisons Between Experimental and ANSYS Results — Failure Loads

Table (5-2) shows a comparison between experimental and finite element mid-
span deflection at failure.

Mid-Span Mid-Span
Beam Deflection Deflection Difference
at Failure (EXP) at Failure (ANSYS) (%)
mm mm
Flexure Control 21.13 22.10 459
Beam
Flexure
Strengthened 20.13 21.64 7.50
Beam
Shear Control Not Reported 8.1 -
Beam
Shear
Strengthened 18.25 19.3 5.75
Beam

Table (5-2): Comparisons Between Experimental and ANSYS Results — Mid-Span
Deflection
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Figure (5-16) shows the deflection results obtained from the finite element
analysis (ANSYS) for the flexure control beam at failure. Figure (5-17) shows
the deflection results obtained from the finite element analysis (ANSYS) for the
flexure strengthened beam at failure.

Figure (5-18) shows the deflection results obtained from the finite element
analysis (ANSYS) for the shear control beam at failure. Figure (5-19) shows the
deflection results obtained from the finite element analysis (ANSYS) for the
shear strengthened beam at failure.

! ANSYS

NODAL SOLUTION 145

STEP=1 wov 30 2013
SUB =162 15:08:15
TIME=.8833

oY (BRVG)

ES¥3=0

DM =22.10%96
SMN =-22.1081
SM =2.04564

[ EEEEES— : T —
-22.1081  -16.7406 -11.3731 -6.00562 -.638113
-15.4244  -14.056%  -B8.68938  -3.32187 2.04564

Flexure Control Beam

Fig. (5-16): Deflection Contour Results at Failure — Flexure Control Beam.
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Flexure Strengthened Beam

Fig. (5-17): Deflection Contour Results at Failure — Flexure Strengthened Beam.

T ANSYS
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Shear Control Beam

Fig. (5-18): Deflection Contour Results at Failure — Shear Control Beam.
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Fig. (5-19): Deflection Contour Results at Failure — Shear Strengthened Beam.

5.2.5 Maximum Stresses in CFRP Fabric

Figure (5-20) shows the tensile stress results of CFRP fabric obtained from the
finite element analysis (ANSYS) for the flexure strengthened beam at failure.
The maximum tensile stress in the model is 1474.11 N/mm?, which is lower than
the manufacturer ultimate tensile strength of CFRP fabric which equals to 3500
N/mm?.

Figure (5-21) shows the tensile stress results of CFRP fabric obtained from the
finite element analysis (ANSYS) for the shear strengthened beam at failure. The
maximum tensile stress in the model is 1993.3 N/mm?, which is lower than the
manufacturer ultimate tensile strength of CFRP fabric which equals to 2722.22
N/mm?.
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Flexure Strengthened Beam

Fig. (5-20): Stress of CFRP Fabric at Failure — Flexure Strengthened Beam

! ANSYS
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Shear Strengthened Beam

Fig. (5-21): Stress of CFRP Fabric at Failure — Shear Strengthened Beam.
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5.2.6 Maximum Strain in CFRP Fabric

Figure (5-22) shows the strain results of CFRP fabric obtained from the finite
element analysis (ANSYS) for the flexure strengthened beam at failure. The
maximum strain in the model is 0.0051, which is lower than the manufacturer
ultimate strain of CFRP fabric 0.015.

1 ANSYS
NODAL SOLUTICN R14.5
ZA‘\X Now 30 2015

16:21:45

[ EEEE— — |
.418E-03  .001467 .002515 .003564 .004613
.942E-03  .001951 .00304 .004088  .005137

Flexure Strengthened Beam

Fig. (5-22): Strain of CFRP Fabric at Failure — Flexure Strengthened Beam.

Figures (5-23) shows the strain results of CFRP fabric obtained from the finite
element analysis (ANSYS) for the shear strengthened beam at failure. The
maximum strain in the model is 0.0106, which is lower than the manufacturer
ultimate strain of CFRP fabric 0.018.
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Fig. (5-23): Strain of CFRP Fabric at Failure — Shear Strengthened Beam.

5.3 Parametric Study

5.3.1 Effect of Number of CFRP Layers — Flexure Beam

Figure (5-25) shows a comparison of load-deflection curve as resulted from
finite element analysis using ANSYS for the flexure beam, strengthened with
different number of CFRP layers (Fig. 5-24). As it is shown in the figure,
bonding of additional layers of CFRP to the beam soffit increases stiffness of the
beam, increases its ultimate capacity, and decreases mid-span deflection at
failure.

| |
Multiple CFRP Layers Multiple CFRP Layers
Longitudinal Section Cross Section

Fig. (5-24): Bonding Multiple CFRP Layers to the Flexure Beam
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Fig. (5-25): Effect of Increasing Number of CFRP Layers Bonded to the Flexure Beam-—
Load Deflection Curves.

Table (5-3) shows a comparison of the effect of additional CFRP layers on the
beam ultimate load and mid-span deflection as resulted from FE analysis using

ANSYS.

Increased Mid-Span Decreased
Beam Failure Load Strength Deflection at | Deflection
(kN) %) Failure at Failure
(mm) (%)
Control Beam 47.7 - 22.08 -
Strengthened
Beam 57.3 20.1 21.17 412
(One Layer)
Strengthened
Beam 59.8 254 19.64 111
(Two Layers)
Strengthened
Beam 63 32.1 18.83 14.7
(Three layers)

Table (5-3): Effect of Increasing Number of CFRP Layers — Comparison of ANSYS

Results
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5.3.2 Effect of CFRP Length — Flexure Beam

Figure (5-26) shows a comparison of load-deflection curve as resulted from
finite element analysis using ANSYS for the flexure beam, strengthened with
different lengths of CFRP layer. As it is shown in the figure, and knowing that
(L) is half of the length of the CFRP layer - as tested in the experimental
investigation- representing the distance between the beam end support and the
center line of the beam (due to using symmetry in modeling, Fig. (5-27);
decreasing the length of the CFRP layer bonded to the flexure beam soffit
decreases the ultimate load of the beam, with a slight increase in mid-span
deflection of the beam at failure.

The figure shows load-deflection curves for the flexure beam strengthened with
four different lengths of CFRP layer; full length, 80% of full length, 70% of full
length, and 50% of full length. Comparing with Control Beam; the FE analysis
result shows that the length of CFRP fabric when reach 50% of span length, the
increase of ultimate strength of the beam becomes worthless.

Table (5-4) shows the effect of CFRP layer length on the beam ultimate load, as
resulted from FE analysis using ANSYS.

60.060
-
-~
_,_._//’ -
- 50.00 P L
//“‘ — — —
. ,/"//
—~ | 40.00 ) (/' /
Z oy
N / %
T 3000 7
I~ . ey
o 7
- 4 f Z
L 20.00 g"/ Unstrengthened Beam
— - - Length=L
— - —Length=0.8L
L1 - ---Length=0.7L
— — Length=05L
G-\’)G T T T T T
0.000 -4.000 -8.000 -12.000 -16.000 -20.000 -24.000
Deflection (mm)

Fig. (5-26): Effect of Changing Length of CFRP Layer — Load Deflection Curves.
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Fig. (5-27): Decreasing length of CFRP Layer Bonded to Flexure Beam

Beam Failure Load Increased Strength
(kN) (%)
Control Beam 47.7 -

Strengthened Bram

(CFRP length = L) 57.3 20.1
Strengthened Bram

(CERP length = 0.8 L) 53.1 113
Strengthened Bram

(CFRP length = 0.7 L) 51.2 7.3
Strengthened Bram

Table (5-4): Effect of CFRP Length — Comparison of ANSYS Results

5.3.3 Effect of CFRP Inclination — Shear Beam

To evaluate the effect of CFRP orientation with the longitudinal axis of the
beam on the shear strength of the beam, four different strengthening
configurations were tested using ANSYS, these configuration are shown in

figures (5-28) to (5-31):

1- Strengthened beam with one layer of U-wrap CFRP fabric, inclined at an
angle of 90° to the longitudinal axis of the beam, Fig. (5-28).

Fig. (5-28): Effect of CFRP Inclination — First Configuration
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2- Strengthened beam with one layer of U-wrap CFRP fabric inclined at an
angle of 90° with an additional layer of CFRP fabric on both sides of the
web inclined at an angle of 0°, Fig. (5-29).

First Layer

Second Layer
Fig. (5-29): Effect of CFRP Inclination — Second Configuration

3- Strengthened beam with one layer of U-wrap CFRP fabric, inclined at an
angle of 45° to the longitudinal axis of the beam, Fig. (5-30).

]

Fig. (5-30): Effect of CFRP Inclination — Third Configuration

4- Strengthened beam with one layer of U-wrap CFRP fabric inclined at an
angle of 45° with an additional layer of CFRP fabric on both sides of the
web inclined at an angle of 0°, Fig. (5-31).
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Fig. (5-31): Effect of CFRP Inclination — Fourth Configuration

Figure (5-32) shows a comparison of load-deflection curves as resulted from
finite element analysis using ANSYS for previous strengthening configurations.
Table (5-5) shows the ultimate load and mid-span deflection for each
strengthening configuration, as resulted from FE analysis using ANSYS:

As it is shown in Fig.(5-32) and Table (5-5), strengthening the control beam with
one U-wrap CFRP layer inclined at an angle of 90° with the beam axis (1
configuration) increases the beam ultimate load by 14% and increases the mid-
span deflection at failure by 138.3%. While, strengthening the control beam
with one U-wrap CFRP layer inclined at an angle of 45° with the beam axis (3
configuration) increases the beam ultimate load by 11.5% and increases the
mid-span deflection at failure by 38.3%

This indicates that the beam with 90° U-wrap CFRP layer (1% configuration) is
more ductile than beam with 45° U-wrap CFRP layer (3™ configuration), and
gives sufficient warning before failure, and that the beam has a higher load
capacity with this configuration. So, shear strengthening of RC beams with one
layer of CFRP fabric inclined at an angle of 90° with the beam axis is more
efficient than strengthening the beam with one layer of CFRP fabric inclined at
an angle of 45°.

Further, strengthening the control beam with one layer of U-wrap CFRP fabric
inclined at an angle of 90° with an additional layer of CFRP fabric on both sides
of the web inclined at an angle of 0° (2 configuration) increases the beam
ultimate load by 25.5% and increases the beam mid-span deflection by 65.4%.
While strengthening the control beam with one layer of U-wrap CFRP fabric
inclined at an angle of 45° with an additional layer of CFRP fabric on both sides
of the web inclined at an angle of 0° (4" configuration) increases the beam
ultimate load by 46.3 % and increases the beam mid-span deflection by 34.6%.
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Fig. (5-32): Effect of CFRP Inclination — Load Deflection Curves.
Increased Mid-Span Increased
Failure Load Deflection at | Deflection
Beam Strength . .
(kN) %) Failure at Failure
) (mm) (%)
Control Beam 359.7 - 8.1 -
1st fi ti
Configuration 410 14 19.3 138.3
(90)
rd fi t
3 Configuration 401.2 115 11.2 38.3
(45)
2nd Configuration
4 25. 134 A4
(90+0) 55 5.5 3 65
4 Configuration
26. 46. 10. 4,
(45+0) 526.3 6.3 0.9 34.6

Table (5-5): Effect of CFRP Inclination — Comparison of ANSYS Results.

This indicates that strengthening the control beam with one layer of U-wrap
CFRP fabric inclined at an angle of 45° with an additional layer of CFRP fabric
on both sides of the web inclined at an angle of 0° (4" configuration) is more
efficient - in terms of load capacity - than strengthening the beam with one
layer of U-wrap CFRP fabric inclined at an angle of 90° with an additional layer
of CFRP fabric on both sides of the web inclined at an angle of 0° (2nd

configuration).
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

The aim of this research is to develop nonlinear finite element models of
reinforced concrete beams externally strengthened with carbon fiber reinforced
polymers (CFRP) using the commercial Finite Element Modeling software
(ANSYS); in order to investigate the effect of different parameters on the
behavior of these beams. In this section, the important conclusions drawn from
this study and research recommendations are presented.

6.2 Conclusions

The important conclusions drawn from the study are listed below:

1. Finite element models using ANSYS were successfully verified
comparing with previously published experimental test results.
Therefore, ANSYS can be confidently used in analysis of RC Beams
externally strengthened with Carbon Fiber Reinforced Polymers (CFRP)
fabrics.

2. The ultimate load carrying capacity of all the strengthened RC beams in
flexure and shear are higher when compared to the control
(unstrengthened) beams.

3. The general behavior of the finite element models represented by the
load-deflection curves at mid-span shows good agreement with the test
data from the full-scale beam tests. However, the finite element models
show slightly more or less stiffness than the test data. The effects of bond
slip between the concrete and steel reinforcing and microcracks
occurring in the actual beams were excluded in the finite element
models, contributing to the difference in stiffness of the finite element
models.

4. The final loads from the finite element analyses are higher than the
ultimate loads from the experimental results of flexure beam by 15 %,
and lower than the ultimate loads of shear beam by 2.6%- 9.4%. This is
probably due to using assumed materials properties values instead of
measured values.
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10.

11.

12.

13.

Strengthening the RC beam by bonding a single layer of CFRP to the
tension face of the beam increases the flexural strength of the beam by
20%, and reduces the mid-span deflection at failure slightly by 4%.

Increasing number of CFRP layers bonded to the beam soffit increases
the stiffness of the beam, increases its ultimate capacity, and decreases
mid-span deflection at failure.

Strengthening the RC beam by bonding two layers of CFRP to the
tension face of the beam increases the flexural strength of the beam by
25%, and reduces the mid-span deflection at failure slightly by 11%.

Strengthening the RC beam by bonding three layers of CFRP fabric to
the tension face of the beam increases the flexural strength of the beam
by 32%, and reduces the mid-span deflection at failure slightly by 15%.

Decreasing the length of the CFRP layer bonded to the flexure beam
soffit decreases the ultimate load of the beam, with a slight decreasing in
mid-span deflection of the beam at failure. Length of CFRP fabric when
reaches 50% of beam span length, the increase of ultimate strength of the
beam becomes worthless.

Strengthening the RC beam by bonding a single layer of U-wrap CFRP
fabric, inclined at an angle of 90° to the longitudinal axis of the beam
increases the shear strength of the beam by 14 %, and increases the mid-
span deflection at failure by 138 %.

Strengthening the RC beam by bonding a single layer of U-wrap CFRP
fabric, inclined at an angle of 45° to the longitudinal axis of the beam
increases the shear strength of the beam by 11.5 %, and increases the
mid-span deflection at failure by 38 %.

Shear strengthening of beams with one layer of CFRP fabric inclined at
an angle of 90° to the beam axis is more efficient than strengthening with
one layer of CFRP fabric inclined at an angle of 45°.

Strengthening the shear control beam with one layer of U-wrap CFRP
fabric inclined at an angle of 90° with an additional layer of CFRP fabric
on both sides of the web inclined at an angle of 0° increases the shear
strength of the beam by 25.5% and increases the beam mid-span
deflection by 65 %.
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14. Strengthening the control beam with one layer of U-wrap CFRP fabric
inclined at an angle of 45° with an additional layer of CFRP fabric on
both sides of the web inclined at an angle of 0° increases the shear
strength of the beam by 46.3% and increases the beam mid-span
deflection by 34.6%.

15. Strengthening the control beam with one layer of U-wrap CFRP fabric
inclined at an angle of 45° with an additional layer of CFRP fabric on
both sides of the web inclined at an angle of 0° is more efficient than
strengthening with one layer of U-wrap CFRP fabric inclined at an angle
of 90° with an additional layer of CFRP fabric on both sides of the web
inclined at an angle of 0°.

6.3 Recommendations

1. In this study, the commercial Finite Element analysis software (ANSYS)
was used in the analysis process. Comparative studies using other
available Finite Element softwares can be conducted to investigate which
one can give more precise results comparing with experimental
investigations.

2. In this study, the external strengthening of RC beam with CFRP was
investigated. Strengthening with other available Fiber Reinforced
Polymer (FRP) materials like Glass Fiber Reinforced Polymer (GFRP) can
be studied to investigate the efficiency of the strengthening technique
using different materials with different properties.

3. In this study, the bond between concrete and CFRP fabric was assumed
to be perfect. Although this assumption did not cause a significant error
in the obtained results comparing with experimental investigations; the
behavior of the concrete-CFRP bond and de-bonding issues can be
studied analytically to get more precise results especially regarding
failure modes.

4. In this study, the influence of some parameters on the overall response
of the strengthened RC beams has been investigated. These parameters
are: effect of number of CFRP layers, effect of CFRP length, and effect of
CFRP inclination. Effect of other parameters as beam stiffness, beam
geometry, CFRP stiffness, and CFRP width on the behavior of the
strengthened RC beams can be also studied.
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5. In this study, environmental factors that may affect the efficiency of RC
beams strengthened with CFRP as seasonal temperature variation, creep,
and shrinkage were not considered. Effect of these parameters during
the beam life span can be studied.
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