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ABSTRAK

Kajian ini memperlihatkan pemodelan analisis unsur terhingga untuk mengkaji tingkah
laku rasuk konkrit bertetulang luaran menggunakan Mengkuang Leaves-Epoxy
Composite Plate (MLECP). ANSYS CivilFEM 12.0 digunakan dalam kajian ini.
Objektif utama penyelidikan adalah mengkaji tingkah laku struktur rasuk konkrit
bertetulang yang diperkukuh dengan MLECP di zon lenturan dari segi tingkah laku
beban pesongan, corak retak, mod kegagalan dengan menggunakan analisis unsur
terhingga dan mengesahkan hasil dengan keputusan eksperimen, selain itu, untuk
menentukan kaedah pengukuhan berkesan di antara permukaan-wrap dan U-wrap.
Sejumlah tiga (3) rasuk dengan dimensi lebar 100 mm, ketinggian 130 mm dan panjang
1600 mm dimodelkan sebagai rasuk yang disokong hanya dalam tiga dimensi (3D).
Rasuk itu dimodelkan secara simetrik. Dua jenis kaedah pengukuhan telah digunakan
termasuk pengukuhan permukaan dan penguatan U-wrap. Kaedah penguatan U-wrap
telah dimodelkan berdasarkan pengesahan rasuk kawalan dan kaedah penguatan balutan
permukaan. Kaedah pengukuhan yang paling berkesan ditentukan dari proses analisis.
Berdasarkan hasil analisis, semua rasuk gagal dalam ricih pada beban yang munasabah.
Dengan membandingkan dengan rasuk kawalan, permukaan dan kaedah penguatan U-
wrap telah mengakibatkan peningkatan dalam kapasiti galas rasuk masing-masing
sebanyak 10% dan 15%. Bagi pesongan, rasuk kawalan, U-wrap dan kaedah penguatan
permukaan merekodkan penurunan nilai masing-masing iaitu 7.48 mm, 6.55 mm dan
6.07 mm. Perbandingan antara keputusan berangka dan eksperimen menunjukkan
bahawa perjanjian sebanding mengenai kelakuan pesongan beban dan persetujuan yang

kuat pada corak retak. Kaedah penguatan yang paling berkesan ialah kaedah U-wrap.



ABSTRACT

The research presents a finite element analysis modelling to investigate the behaviour of
reinforced concrete beam strengthened externally using Mengkuang Leaves-Epoxy
Composite Plate (MLECP). ANSYS CivilFEM 12.0 is used in this research. The major
objectives of the research are to study the structural behaviour of reinforced concrete
beams strengthened with MLECP at the flexural zone in terms of load deflection
behaviour, crack pattern, failure mode by using finite element analysis and validate the
result with experimental result, besides, to determine the effective strengthening method
between surface-wrap and U-wrap. A total of three (3) beams with dimension of 100
mm width, 130 mm height and 1600 mm length were modelled as simply supported
beams in three-dimensional (3D). The beams were modelled symmetrically. Two types
of strengthening methods were used which included surface strengthening and U-wrap
strengthening. U-wrap strengthening method was modelled based on validation of
control beam and surface wrap strengthening method. The most effective strengthening
method was determined from the numerical modelling. Based on the numerical result,
all beams failed in shear at reasonable load. By comparing with the control beam,
surface and U-wrap strengthening methods have resulted into an increment in the beam
bearing capacity by 10% and 15%, respectively. As for the deflection, control beam, U-
wrap and surface strengthening method recorded decreasing in value which is 7.48 mm,
6.55 mm and 6.07 mm, respectively. A comparison between the numerical and
experimental results showed that a comparable agreement on the load deflection
behaviour and strong agreement on the crack patterns. The most effective strengthening

method is U-wrap method.
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CHAPTER 1

INTRODUCTION

1.1  Background of Research

Finite element analysis (FEA) is originally developed for solving solid
mechanics problems. In the field of civil engineering, FEA is usually used for structure
analysis such as cantilever, bridge and reinforced concrete. ANSYS CivilFEM 12.0 is
one of structural software which can be used to solve dynamic, linear and non-linear

problems with various checking code.

Nowadays, fibre-reinforced plastic (FRP) is commonly used as external
strengthening material due its several benefits. FRP is the most economical choice
given that reduced preparation and labor costs. FRP can usually be installed without
taking the structure out of service, extremely high tensile strength, lightweight and user-
friendly installation. Potential natural fiber to be used as one of alternatives for
strengthening is Mengkuang leaves. Mengkuang leaves or pandanus actrocarpus is
widely used for craft industries in weaving for different products such as basket and mat
because of its yield. Since mengkuang leaves are very common and can be easily
obtained, improvement on mengkuang leaves will allow strengthening production to be
expanded vastly and to be cost effectively due to the sustainable source in promoting

the use of fiber plate in strengthening concrete structure.

In addition, strengthening of the structures is in demand to increase the safety
requirements, changing of social needs, more stringent design standards and the
deterioration of existing reinforced concrete infrastructures especially beams, as the
vital structure elements to withstand loads, laterally and vertically. External
strengthening techniques retrofitted damaged structured by providing extra

strengthening on it and lengthen the service period in an easy and convenient method.



Research using finite element analysis to determine the effects of mengkuang fiber in
strengthening beam is not being found. Thus, the finite element software, will give

different perspective regarding to this study.
1.2 Problem Statement

Over last decades, demand for applications of FRP is getting popular and widely
in used for many production sectors. As stated before, synthetic fibers as carbon and
glass are used due to high strength-to-volume ratio, flexible and high stiffness (Dong et
al, 2013). Despite of that, the ineffective cost for the production of synthetic fiber
composite plates and the bad effect to health during its production are issues should be

considered.

Nowadays, regarding to several studies and experiments, natural fibers are
found as an attracting and potential materials to replace synthetic. Various types of
natural fibers are tested to archive result on their mechanical properties. Among the
natural fibers, kenaf fiber has higher tensile strength compared to other natural fibers
(Ku et al., 2011). When high load bearing capacity is not required, natural fibers are
preferred over synthetic fibers. To add, natural fibers are degradable, low cost in
production and harmless to health. Mechanical properties of the matrices such as
tensile, flexural will be increased with the use of natural fiber reinforcing in polymer
(Yan et al., 2016). Therefore, the use of natural fibers will provide significant positive

outcome besides decrease the content of polymer than neat polymer.

Limited study on using mengkuang leaves epoxy composite plate for external
strengthening. Only Foo (2016) conducted an experimental work on MLECP to study
flexural strength of MLECP to gain strength result of mengkuang as strengthening
material. Despite of that, further study should be taken to investigate the methods to
improve the result of mengkuang fiber properties and mechanical properties of
mengkuang fiber composite plate. To obtain this, finite element analysis was used to
analyse its properties and validate results with the laboratory test. Finite element
analysis can be used to predict outcomes using conditions without going through the
laboratory testing. At the same time, there are advantages of doing laboratory test such

as time consuming, costly materials and tedious procedure to get the data.



1.3 Objectives of Research

The major aim of this research project is to study numerically the potential of
mengkuang leaves as one of the alternatives for natural fiber to assemble as Mengkuang
Leaves-Epoxy Composite Plate (MLECP) for strengthening and retrofitting of
reinforced concrete structures. The following are the objectives to be achieved in this

research:

i.  To identify the geometrical properties of all elements used for model in Finite
Element Analysis (FEA).

ii.  To validate the finite element results to experimental results on the structural
behaviour of reinforced concrete beams strengthened with MLECP at the
flexural zone in terms of load deflection behaviour, crack pattern and failure
mode.

iii.  To determine the most effective strengthening method for solid beam using
FEA.

1.4 Scope of Research

In this research, its scope is to conduct simulation and analysis of concrete beam
reinforced with MLECP by using Finite Element Analysis (FEA) Program, ANSYS
CivilFEM 12.0. This particular software was used to conduct variety of numerical
analysis of finite element involving stresses, strains, load-deflection and crack pattern
included provide solution to the problems. These results were then verified by the

experimental results.

In this study, a total of three beams would be considered. One of those beams
act as control beam, with two 10 mm diameter bars were reinforced for tension and
compression respectively, while 6 mm diameter bars were used to tie the main bars with
spacing of 300 mm center to center. Another two beams was strengthened externally
using MLECP with same steel reinforcement specifications as control beam. Table 1.1

below shows the model parameter used in this research.



Table 1.1: Summary of Model Parameter

SOFTWARE RC BEAM TYPE OF MODEL
ANSYS + Concrete grade: e RC Beam
CivilFEM 12.0 (Control beam)
e RC Beam
e 25 (Strengthened
externally by
MLECP
Dimensions:

e across-sectional of
100 mm x130 mm

e alength of 1600
mm

Reinforcement:

e 10 mm diameter
steel bar

e 6 mm steel bar
(links)

1.5  Significance of Research

The purpose of this research was to create options for developing of green
materials that can be used as strengthening for concrete beam. At the same time, this
study delivered an understandable outcome regarding to the behaviour of concrete beam
strengthened externally with Mengkuang Leaves-Epoxy Composite Plate (MLECP). In
addition, the performance of mengkuang in concrete beam can be investigated through
the simulation and analysis by using ANSYS CivilFEM 12.0.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter, an overview of past researches related to external strengthening
techniques on reinforced concrete (RC) beams that have been studied was provided.
Nowadays, FRP are very popular to be applied on weak spot of beam to increase its
strength due to its lightweight properties, smaller in size and high corrosion resistant.
Methods to improve the performance of natural fiber composite plate from several types

of natural fibers were also included.

There are few finite element analysis (FEA) studies on the external
strengthening of RC beam by natural fiber-reinforced polymer (NFRP) were conducted
before. Therefore, the topic regarding to FEA studies on external strengthening of

concrete beam will be reviewed.

2.2 Natural Fiber

Natural fiber can be found in animal, mineral and plant and as the orientation of
fibers impacts the properties, they can be used as a component of composite materials.
Animal fibers were protein-based fiber included silk and wool, which came from
animal hair, feather and fur, while mineral fibers were derived from natural mineral
sources such as asbestos. The focus of this research was on the application of plant
fibers as strengthening. Cellulose produced by plants that can be found in every

structure of (e.g., stem fibers, leaf fibers, seed fibers, or fruit fibers).



The plants are divided into primary and secondary type based on their

different groups:

utilization. Primary plants are known as plants that grown for the fiber content, while
secondary plants indicates that fibers are the by-product for the plants (Faruk et al.,
2012). The chemical composition of plant fibers depends on the type age, type, origin
of the fiber, as well as the method of extraction. Figure 2.1 summarizes type of fiber by

Fibre
‘ I !
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L
[ 1 ¥ ¥
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Animal Mineral o
rami
lv l : l l Kevlar Gilass
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Source: Al-ogla et al.(2015)

Figure 2.1: Classification of natural and synthetic fibers




Several examinations were carried out to discover the potential of natural fibers

to be used as a suitable alternative to synthetic fibers. Based on previous researches,

cellulose, hemicellulose and lignin are substances that majorly exist in a natural fiber.

Due to the content of cellulose that contributes to the reinforcing efficiency to

composite plate, natural fibers with higher cellulose content possess higher mechanical

properties, which provides larger load bearing capacity.

Figure 2.2 and Figure 2.3 illustrate common composition of some common

natural fibers and mechanical properties of natural fibers. From the figure, Kenaf fiber

possess the highest mechanical properties for tensile strength (MPa) and young’s

modulus (GPa) compared to others even though its cellulose percentage is lower than

pineapple fiber, which is the highest. In conclusion, there are other factors that affect

the mechanical properties of natural fiber.

Fiber Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) Waxes (wt%)
Bagasse 55.2 16.8 253 -
Bamboo 26-43 30 21-31 -

Flax 71 18.6-20.6 22 1.5
Kenaf 72 20.3 9 -

Jute 61-71 14-20 12-13 0.5
Hemp 68 15 10 0.8
Ramie 68.6-76.2 13-16 0.6-0.7 03
Abaca 56-63 20-25 7-9 3
Sisal 65 12 9.9 2

Coir 32-43 0.15-0.25 40-45 -

Oil palm 65 - 29 -
Pineapple 81 - 127 -
Curaua 736 99 75 -
Wheat straw 38-45 15-31 12-20 -

Rice husk 35-45 19-25 20 14-17
Rice straw 41-57 33 8-19 8-38

Figure 2.2: Chemical composition of some common natural fibers.

Source: Faruk et al. (2012)



Fiber Tensile strength (MPa) Young's modulus (GPa) Elongation at break (%) Density [g/cm?]
Abaca 400 12 3-10 15
Bagasse 290 17 - 1.25
Bamboo 140-230 11-17 - 0.6-1.1
Flax 345-1035 276 27-3.2 15
Hemp 690 70 1.6 1.48
Jute 393-773 26.5 1.5-1.8 1.3
Kenaf 930 53 1.6 -

Sisal 511-635 9.4-22 2.0-25 1.5
Ramie 560 245 25 1.5

0Oil palm 248 3.2 25 0.7-1.55
Pineapple 400-627 1.44 14.5 0.8-16
Coir 175 4-6 30 1.2
Curaua 500-1150 118 3.7-4.3 14

Figure 2.3: Physio-mechanical properties of natural fibers.

Source: Faruk et al. (2012)

2.2.1 Mengkuang Leaves

Mengkuang leaves or pandanus atrocarpus, also screw pine in English, is a
plant species belongs to Pandanaceae family. There are about 600 known species for
this family and Mengkuang can be easily found in Malaysia. Variety species has
different size and it habitat usually along mangrove and local jungle. The leaves widely
used for craft industries in weaving for different products such as basket and mat. It is
yet to be investigated by researchers extensively. The following studies focus on the
tensile strength and properties of mengkuang leaves and fiber using different extraction

approach.

Extraction of mengkuang fiber was done by using water retting process, and
polyethylene was used as binder to fabricate mengkuang fiber composite laminates
compression molding method. Table 2.1 summarizes the materials and stacking
sequence of different laminates fabricated, while Figure 2.4 shows the variation of
tensile strength of the entire PA (leaf and fibers) reinforced PE and laminate A (neat
PE) is included for comparison. The result from the test of tensile properties of
composite laminates using mengkuang leaves and extracted fiber shown that using
extracted mengkuang fiber reinforced composite laminates with high volume fraction of
fiber exhibited higher tensile strength compared to mengkuang leaves (Tien et al.,
2014).



Table 2.1: Summary of laminates investigated in this study

Laminate Constituent Materials Stacking Sequence

A 50 plies neat polyethylene (PE) 25PE/25PE

B 20 plies PE + 1 layer of PA leaf + 20 plies PE 20PE/1PA/20PE

C 25 plies PE + 1 layer of PA leaf + 25 plies PE 25PE/1PA/25PE

D 30 plies PE + 1 layer of PA leaf + 30 ploes PE 30PE/1PA/30PE

E 25 plies PE + 18 g PA fibres (Random) + 25 25PE/18gPA(R)/25PE ‘

plies PE

F 25 plies PE + 18 g PA fibres (Umdirectional) + 25PE/18gPA(U)25PE 4
25 plies PE

G 25 plies PE + 28 g PA fibres (Umdirectional) + 25PE/28gPA(U)/25PE 4
25 plies PE

Tensile Strength (N/mm?)

Source: Tien et al. (2014)
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Figure 2.4: The variation of the tensile strength of the entire PA (leaf and fibres)
reinforced PE. Laminate A (neat PE) is included for comparison.

Source: Tien et al. (2014)



For this research, chemical method was used to extract cellulose and cellulose
nanocrystal from mengkuang leaves. The study of mengkuang chemical composition
was done after alkali and bleaching treatment. Table 2.2 shows the treatment result of
the chemical composition of mengkuang leaves, where cellulose content and
crystallinity of the fibers increased significantly after chemical treatment. (Sheltami et
al., 2012).

Table 2.2: Chemical composition of mengkuang leaves at different stages of treatment.

Samples Cellulose Hemicellulose = Pentosans Lignin & | Extractive

(%) (%) (%) Ash (%)
(%)
Mengkuang 37.3+ 0.6 344 +0.2 15.7 +£ 0.5 24 4+ 0.8 2.5 +0.02
leaves

After alkali | 57.5 +0.8 155 £0.1 13.2 £ 0.9 226 £02 |-
treatment

After 81.6 £ 0.6 159 £ 0.6 12.5 £ 0.6 08 £0.1 |-
bleaching

Source: Sheltami et al (2012)

The tensile strength of mengkuang fiber was tested after alkali treatment and the
composite plate was fabricated using epoxy resin. Different to previous researchers,
mengkuang leaves obtained was in the form of mat. From the result of Table 2.3, using
continuous and unidirectional cellulose fiber in composite plate fabrication showed
higher tensile strength than short and random fiber (Hamizal & Megat-Yusoff, 2015).
The outcome of the alkali treatment showed the highest average tensile strength of the
extracted continuous fiber was achieved when fiber treated with 2% NaOH for 60

minutes.
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Table 2.3: Average cellulose and average tensile strength by using different NaOH

concentration treatment and soaking time.

Treatment No. NaOH Soaking Time | Avg. Cellulose | Avg. Tensile
Concentration (min) (%) Strength
(%) (MPa)
1 0 0 37 £0.6 503 +6.8
2 2 60 45 + 4.1 520 £2.8
3 2 120 53 £29 515 £ 6.1
4 4 60 46 + 1.5 470 + 2.5
5 4 120 56 +3.5 474 +7.6
6 6 60 50 +£2.1 456 +8.7
7 6 120 60 + 2.5 453 +9.4
8 8 60 64 +4.5 433 +10.6
9 8 120 67 £5.5 335 £16.9
10 10 60 68 + 6.4 313 +16.0
11 10 120 72 +£35 268 +8.4

Source: Hamizal & Megat-Yusoff (2015)

2.3 Strengthening Using Fiber (Experimental)

Strengthening of RC beams can be done using externally strengthening method,
which utilizes the composite plate made from either natural fibers or synthetic fibers.
Researchers have conducted various studies to determine the effect of Fiber Reinforced
Polymer (FRP) on providing the strength of the beams. Due to satisfying result of using
Carbon Fiber Reinforced Polymer (CFRP), it becomes one of the most popular and
conducted study by researchers. However, the market changed its attention towards
more eco-friendly and sustainable natural fiber as strengthening materials as a result of

the cost of fabricating a CFRP sheets required intensive workmanship and money.

Kenaf fiber and jute fiber reinforced polymer composite plates proved be a
potential replacement of CFRP as new strengthening materials. Mengkuang leaves-
epoxy composite plate (MLECP) has potential to emerge as another new green
sustainable natural fiber for external strengthening purpose. Strengthening RC beams

using FRP is common among strengthening technique.
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2.3.1 MLECP

In 2016, Foo had studied flexural strength of MLECP to gain strength result of
mengkuang as strengthening material. To conduct this test, 2 % concentration of NaOH
solution was used as medium to treat mengkang leaves in order to produce the
mengkuang leaves composite plate by referring to the studied literature. The flexural
strength of mengkuang leaves-epoxy composite plate (MLECP) result is shown in
Figure 2.5. The result shows sample B5 and sample B6 achieved the highest ultimate
flexural strength (MPa) with the highest average peak load (N) applied by using 30 %
of fiber-to-volume ratio. This fiber-to-volume ratio shows the ideal mix of the amount
of mengkuang leaves bonding with epoxy resin, where most the mengkuang leaves
contacted well with epoxy to form a strong composite plate. Hence, 30 % of fiber-to-
volume ratio in plate is optimum, and complied with most of the research studied
(Kasim et al., 2015).

Sample Volume Fraction Peakload AveragePeakload Ultimate flexural

of Fiber ™) N) Strength (MPa)

B0 0.0 202.71 202.71 60.81

Bl 01 175.75 286.09 85.83

B2 396.42

B3 02 33239 358.62 107.59

B4 384.82

B5 03 306.59 397.36 119.21

B6 488.14

B7 04 460.25 342,57 102.77

B8 224.77

Figure 2.5: Flexural strength of three-point bending test.

Source: Foo (2016)

Two plates of Mengkuang leaves-epoxy composite, dimension of 100 x 8 mm,
in total length of 600 were prepared and bonded at the mid-span of the RC beams soffit
using Sikadur-30 epoxy adhesive. Total of three beams were used where one of them
was built as control beam. Figure 2.6 shows the comparison in terms of ultimate load
for each specimen and the strength ratio was achieved by comparing to the control

beam. The result indicates both beams with MLECP strengthening possess higher
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ultimate load than the control beam. It proved that MLECP boost the beam strength to
bear higher load than the un-strengthened control beam.

Specimen Ultimate Load (kN) Strength Ratio
(Compared to control
beam)
Control Beam 241 1
Beam with MLECP 1 2530 1.13
Beam with MLECP 2 2395 1.07

Figure 2.6: Comparison in terms of ultimate load.

Source: Foo (2016)

The research on load-deflection behaviour was conducted to prove there was
different of strength of beam with and without strengthening. Figure 2.7 shows the
graph of control beam and two strengthened beams with MLECP, where same pattern
of deformation was achieved with a bit different of load capacity which is higher for
strengthened beam compared to control beam. Referring to Figure 2.8, it shows the
comparison in terms of deflection beam specimens, where deflection rate for
strengthened beam was lower than control beam. Control beam deflected at 17.15 mm
when the ultimate load was achieved while both beam with MLECP which were 1 and
2 deflected at 14.21 mm and 10.66 mm respectively. However, beam with MLECP 2
failed immediately after ultimate load was achieved, which was brittle compared to
control beam and beam with MLECP 1 (Foo, 2016).
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Figure 2.7: Load deflection curve of the different beam specimen.

Source: Foo (2016)

Specimen Deflection at mid span Deflection Ratio
at ultimate load (mm) (Compared to control
beam)
Control Beam 17.15 1.00
Beam with MLECP 1 1421 083
Beam with MLECP 2 10.66 0.62

Figure 2.8: Comparison in terms of deflection at mid span.

Source: Foo (2016)
2.3.2 JFRP, CFRP and GFRP

Table 2.4 shows the mechanical properties of Fiber Reinforced Polymer (FRP)
composites. There were three types of beams tested, with 140 mm x 200 mm x 1400
mm as dimension, which included control beam without strengthening, RC beams
externally bonded with Jute Fiber Reinforced Polymer (JFRP), CFRP and GFRP with
fully U-wrapping and partially strip U-wrapping by using epoxy resin. The purpose of
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this study was to compare flexural strengthening of RC beams using JFRP textile
composite with CFRP and GFRP (Sen & Reddy, 2013).

Table 2.4: Mechanical properties of FRP composites

Mechanical Jute Textile Carbon Textile Glass Textile
Property Composite Composite Composite
Tensile strength 189.48 923.06 678.57

(MPa)

Flexural strength 208.71 1587.13 666.87

(MPa)

Main fiber Main and cross Uni-directional Main and cross
direction direction woven directional

Source: Sen & Reddy (2013)

The result of the experiment as has shown in Figure 2.9 where the ultimate
strength of the beam without strengthening increased by 62%, 150% and 125%
respectively for full wrapping technique by using JFRP, CFRP and GFRP, while 25%,
50% and 37% respectively for partial wrapping technique. JFRP showed good ductile
behaviour through this experiment since there was no brittle failure, which provided
warning before ultimate failure and showed highest deformability index. The result

showed that JFRP has high potential for structural application as reinforcing material.
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Figure 2.9: Ultimate load carrying capacity of beams

Source: Sen & Reddy (2013)
2.3.3 SFRP, CFRP and GFRP

A research on flexural strengthening of RC beams using natural sisal and
artificial carbon and glass fabric reinforced composite (CFRC & GFRC) system was
done by (Sen and Reddy, 2014). The purpose of this research was to develop sisal
fabric reinforced polymer composite (SFRC) that would be compared with CFRC and
GFRC in term of its failure modes, flexural strengthening effect on ultimate load
carrying capacity and load deflection behaviour of RC beams. The materials used in the

experimental work can be seen in Table 2.5.
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Table 2.5: List of materials used

Material Specifications

Concrete ACC cement of grade 53
Reinforcement Fe 415 HYSD of 8mm diameter
FRP Sisal Fiber, Glass Fiber, Carbon Fiber

Source: Sen & Reddy (2014)

The experimental program consisted three beam groups that be named as group
A, group B and group C. The beams in group A were designed as controlled specimen,
the beams in group B were designed with full wrapping technique 90° (3 sided U wrap)
for flexural strengthening investigation. The beam in group C were designed with full
wrapping technique 90° (3 sided U wrap) used for determining the effect of the
wrapping technique. The length for all the beam was 1.3 m, it was casted as 1.4 m, for
providing clearance from both the sides at the supports. A two-point loading system

was applied for the test.

Table 2.6 shows the summary of the test conducted. The beams in group as A
had less load carrying capacity compared to the fully strengthened beams as well as
partially strengthened beams. The second set of beams in group B, models SF1, SF2,
CF1, CF2, GF1 and GF2 achieved the highest ultimate strength whereas the last set of
beams in group C, models SF3, SF4, CF3, CF4, GF3 and GF4 displayed ultimate

strength higher than the control specimen.
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Table 2.6: Summary of test result

Group Beam Failure  Deflectionunder theload  Deflectionat ~ Comments on deflection Pultimate (kN) ~ Strengthening
designation ~ designation of FRP at 1/3rd span (mm) midspan (mm) Average ffect (%)
CroupA Coni - 10977 11426 - 80 -
Con2
Group B SF Yes 33475 31575 Resultsin huge deflection, hence gives 170 112.5%
SF2 sufficient warning,
(F1 Yes 14988 1631 Has the least deflection in beams at heavy 200 150%
(” loads.
GFl Yes 17218 17.626 Beams shows deflections lesser than 180 125%
R natural sisal FRP, but higher than carbon
FRP.
GroupC 53 No 22087 26986 Deflections are lower than fully wrapped 130 65.2%
SF4 beams, since failure occurs at lower loads
(B No 8747 10126 ascompared to fully wrapped beams. 120 50%
(K4
GF3 No 10,518 10854 110 358
(:F4

Source: Sen & Reddy (2014)

From the result, SFRC strengthening of RC beams showed good increase in its
flexural strength and improvement in load deflection behaviour similar to CFRP and
GFRP strengthening. Moreover, SFRC strengthening delayed the formation of cracks as
well showed highest amount of ductility. Therefore, sisal fabric which is one of natural
fiber could be used as alternative in fabric reinforcement in FRP, for flexural

strengthening of RC beams effectively.
2.4 Finite Element Analysis (FEA)

The Finite Element Analysis (FEA) is the simulation of any physical
phenomenon using the numerical technique called Finite Element Method (FEM). It is
an efficient method widely used in the civil engineering field to predict how a structural
member reacts to real work. In addition, due to cost effective and time efficiency, the
use of FEA has been preferred method to investigate the behaviour of concrete beam.
Usually, the behaviour of concrete beam was defined by full-scale experiment
investigation where the results obtained were validated with theoretical calculations to

calculate the deflection, ultimate load and stress-strain distribution within the beams.
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Theoretical calculation might encounter problems when dealing with the analysis of
non-linear complex behaviour of model and time consuming if conducted manually.
Hence, the application of the FEA software are getting more popular due to the huge
advancement of computer knowledge, as it can be used to conduct non-linear analysis
of complex model numerically and to provide a valuable validation supplement for the
laboratory investigation. FEA was conducted to determine the overall behaviour of a
beam by separating the model into a number of elements with well-defined mechanical
and physical properties and subsequently simulated the loading condition (Kachlakev,
Niller, Yim, Chansawat & Potisuk, 2001). Several studies related to non-linear FEA of
RC beams by using various commercials software such ANSYS, ABAQUS, ADINA
and NASTARAN were documented by few researchers.

2.4.1 ANSYS CivilFEM 12.0

ANSYS is one of engineering software available, used to simulate engineering
problems and disciplines including finite element analysis, structural analysis,
computational fluid dynamics, explicit and implicit methods and heat transfer. This
software adapts Newton-Rapshon method, which is capable to conduct non-linear
analysis of RC beam, where in reality RC beam behaved non-linear in term of geometry
or material. So, non-linear analysis for RC beam is essential to study the behaviour of

the beam, ultimate load capacity, tensile and shear strength.

CivilFEM was the most advanced tools in 2001 due to its abilities in providing
an extra ordinary and extensive materials and sections library for the construction
material of steel and concrete structures (Moreno et al., 2001). In addition, CivilFEM
followed Eurocodes 2 and Eurocodes 3 for concrete and steel code checking and design
which are American (AC1318), British (BS8110 and BS5950-1995 and 2001) and etc
(Moreno et al., 2001). CivilFEM is integrated with ANSY'S, which make it easy for user
to switch between processor of ANSYS and CivilFEM at any moment and access to
both tools (Moreno et al., 2001).
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2.5  Strengthening Using Fiber (FEA)
251 NFRP

In 2015, Prateek Shrivastava et al. conducted a research on the 3-dimensional
finite element analysis of RC beams strengthened externally with NFRP by using
ANSYS. Two beams were modelled, control beam and NFRP strengthened beam. The
dimension used for both models was 230 mm width, 300 height and 2000 mm length.
Table 2.7 shows the material properties of simulation models. The design constraint

was applied in the form of stress and the upper limit if stress was set to identify.

Table 2.7: Mechanical properties of simulation models

Element Type ANSYS Element
Concrete Sohd 65
FRP Composites Sohd 46
Steel Reinforcement Link 8
Material 1 t
Numbex
Linear Isotropic
EX 25000 N/mm?2
PRXY 02
Multilinear Isotropacs
Pount Strain Stress
(mm/mm) | (N/mm?2)
1 0.0003 7.5
2 0.00054 12.68
1 Solid 65 3 0.001249 2239
4 0.00184 2491
5 000237 25
Concrete
Open Shear Cocff o3
Closed Shear Coeff. 1
Umniaxial Cracking Stress 358
Umniaxial Crushing Stress -1
Linear Isotropic
2 Sohd 46 | EX 76000 N/mm?2
PRXY 028

Source: Prateek Shrivastava et al. (2015)
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NFRP improved the ultimate load carrying of the control beam capacity by
around 34%. This can be seen in Figure 2.10, which shows the load-deflection curve

gained from finite element analysis.
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Figure 2.10: Comparison of the beams in terms of load deflection
Source: Prateek Shrivastava et al. (2015)
252 BFRP

A research on a non-linear analysis of strengthening of RC beams with bamboo
FRP through elastic, inelastic, cracking and ultimate load ranges by ANSY'S was done
by Sen & Reddy (2011). In this research, two types of models were modelled, plain RC
beam as control beam and RC beam retrofitted by bamboo FRP. SOLID65 element that
capable of cracking in tension and compression area was used for concrete modelling.
Meanwhile for reinforcing bar, SHELL63 was used to model the reinforcing bars and
bamboo FRP. From the result in Table 2.8, indicates comparison of flexural strength
between both beams, it shows that the beam retrofitted with bamboo FRP experienced
increase in the load carrying in flexural by 83.33%. Examples of finite element

modelling can be seen as Figure 2.11 and Figure 2.12 below.
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Table 2.8: Comparison of flexural strength between beam models.

Model Types | Failure Load  Maximum Maximum Percentage
(kN) Stress (MPa) Deflection Increase in

The Load
Carrying
Capacity (%)

Plain RC 6 20.09 0.191 -

RC retrofitted 11 20.13 0.242 83.33

by bamboo

fibers

Source: Sen & Reddy (2011)

Figure 2.11: Finite element model of reinforcements.

Source: Sen & Reddy (2011)

Figure 2.12: Meshed finite element model wrapped with bamboo fiber

Source: Sen & Reddy (2011)
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253 GFRP

In 2017, Tank and Modhera studied on finite element modelling of RC slab
strengthened with GFRP to emphasize on the fixity of GFRP laminates in order to
improve the flexural capacity of RC slab. At the same time, the correlation of analytical
results with the experimental results could be compared. Three slabs slab A, slab B and
slab C with same batch of material was used in all the slabs to avoid variation in
properties with size 1500 mm length, 900 mm width and 50 mm height. the slabs were

modelled in Ansys workbench.

From the analysis, the result obtained by software is on a stiffer side as
compared to those obtained experimentally. Figure 2.13 to Figure 2.15 show Load v/s
Deflection curves for slab A, slab B and slab C respectively. From the figures, it is
evident that analytical results show a good correlation with those obtained in

experimental work.

LOAD V/S DEFLECTION
NON-STRENGTHENED SLAB (SLAB - A)

25
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Deflection (mm) Deflection (mm)
Experimental Analytical

Figure 2.13: Load v/s Deflection curve for Slab — A (Non-Strenthened)

Source: Tank & Modhera (2017)
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LOAD V/S DEFLECTION
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Figure 2.14: Load v/s Deflection curve for Slab — B (GFRP Strengthened — cut near
supports)

Source: Tank & Modhera (2017)
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Figure 2.15: Load v/s Deflection curve for Slab — C (GFRP Strengthened — throughout
the soffit)

Source: Tank & Modhera (2017)
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In conclusion, the use of finite element analysis, Ansys reduces the deflection
values in all cases by nearly by 10 to 15 % compared to those obtained in experimental
work. Incorporation of shrinkage and creep parameters in experimental work and not
in Ansys was some of the factor of the result obtained. Therefore, Ansys results more
accurate data for structure analysis.

254 CFRP, GFRP and AFRP

A research on finite element modelling and analysis of RC beam retrofitted with
fiber reinforced polymer (FRP) composite to study the behaviour of structure retrofitted
with different FRP (Martin and Kuriakose, 2016). This study was carried out using
ANSYS 15 software. Three specimens were modelled in three-dimensional design
where the first RC beam wrapped with CFRP sheet, second with GFRP and third with
Aramid fiber reinforced polymer (AFRP) sheet.

Externally bonded was used for strengthening of RC beams in this research.
Table 2.9 shows material type with its ANSYS element for modelling purpose.
Concrete was modelled using solid 65 elements. Link 8 — 3D spar element was used to
model all the reinforcement details while solid 45 elements were used for FRP

composites and steel plates at the support and under the load.

Table 2.9: Element Type for Working Model

Material Type
ANSYS Element
Concrete Solid65
Solid45
Steel Plates and Support
Steel Reinforcement Link8
FRP Solid 45

Source: Martin & Kuriakose (2016)
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Two-point loading and supports were applied to the beam then the result in term
of deformation and crack pattern were obtained. Figure 2.16 and Figure 2.17 show the

shape of beam and its data after analysis.
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Figure 2.16: Deformation Shape of ARFP (sides+bottom)

Source: Martin & Kuriakose (2016)

Figure 2.17: Crack pattern of ARFP (sides+bottom)

Source: Martin & Kuriakose (2016)
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2.6  Summary

Several researches regarding to the use of FRP for external strengthening of RC
beam had been conducted for both experimental work and finite element analysis.
However, the studies on the external strengthening of RC beam with MLECP were less
because of lack exposure on mengkuang properties. Throughout the experimental work,
mengkuang fiber offers potential to be used as alternatives for natural strengthening
besides jute fiber, sisal fiber and kenaf fiber, but further study regarding to its properties
should be keep on going. In addition, the use of epoxy resin for bonding purpose was
convincing because it showed better adhesive property than polyester and vinyl-ester
throughout the finding of previous study. Table 2.10 shows the summary of researches

conducted on strengthening method by experimental work and finite element analysis.

Table 2.10: Summary of Literature Review

AUTHOR | YEAR RESEARCH | METHOD | STRUCTURE | EXECUTION
Foo 2016 MLECP One-sided | RC Beam Experimental
Surface
Sen & 2011 BFRP Full- RC Beam FEA (ANSYS)
Reddy wrapping
2013 CFRP, U- RC Beam Experimental
GFRP, JFRP | wrapping,
partially
strip U-
wrapping
2014 FRP, CFRP, | Reinforcing | RC Beam Experimental
GFRP
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Hassan, 2015 CFRP, U-wrapping | RC Beam FEA (ANSYS)
Sherif, & GFRP
Zamarawy
Prateek 2015 NFRP One-sided RC Beam FEA (ANSYYS)
Shrivastav Surface
aetal
Martin & | 2016 CFRP, One-sided RC Beam FEA (ANSYYS)
Kuriakose GFRP, Surface,
AFRP Two-sided

Surface, U-

wrapping
Tank & 2017 GFRP One-sided Slab FEA (ANSYYS)
Modhera Surface

Nowadays, the use of using computer software is very favoured for conducting

finite element analysis due its high accuracy and convenience. Until now, there was is

finite element analysis on concrete beam externally strengthened with MLECP

conducted. This research focussed on the finite element analysis of external

strengthening of concrete beam with MLECP by using ANSYS. The result achieved

from this research may contribute to variety material selection of natural fiber towards

future eco-friendly development in the construction industry.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

In general, this chapter covers the topic regarding planning, preparation and
execution in terms of modelling and analysis method. The main focus of the research is
to study the behaviour of RC beams strengthened externally using mengkuang leaves-
epoxy composite plate (MLECP), using finite element analysis software, ANSYS
CivilFEM 12.0. ANSYS CivilFEM 12.0 is engineering software, which is a
combination of two programs known as ANSYS and CivilFEM. This combination
provides wide accessibility of projects in Construction and Civil Engineering fields
with the possibility of applying high-end technology. In addition, finite element
analysis can be performed and analysed by CivilFEM postprocessor, moreover, it has
capabilities of providing a unique and extensive materials and section library for steel
and concrete structures (Moreno et al., 2001). ANSYS CivilFEM 12.0 is relatable

engineering simulation software for the finite element modelling and analysis.
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3.2 Detail of Research

In the research, three (3) solid beams were modelled as simply supported beams
in three-dimension (3D) with the concept of Finite Element by using ANSYS +
CivilFEM. One (1) of them was modelled as control beam while the other two were
strengthened by MLECP. All three (3) beams had been subjected to four-point loading
to the point of occurrence of beam failure in order to obtain crack pattern, load-
deflection curve and stress and strain contours. Based on validation of control beam and
surface strengthening method with experimental works, the FEM modelling was
conducted on U-wrap strengthening method.

Figure 3.1 shows the schematic diagram of the control beam and reinforcement
arrangement that being used in this study. The cross-section of RC beam was 100 mm X
130 mm with a length of 1600 mm as shown in the figure.

P/2 P/2
100, 600 200 600 100
2H10—\ ‘
|| 6xH6-300 |\ []
2H10
é Note: all dimension in mm é% 100,

130

Figure 3.1: Schematic diagram of RC beam

For RC beam reinforcement, 10 mm diameter steel bar was used as main
reinforcement while 6 mm steel bar was used for links. Two 10 mm diameter bars were
reinforced for tension and compression respectively, while 6 mm diameter bars were

used to tie the main bars with spacing of 300 mm center to center.

The composite plate size used for the strengthening purpose in the mid span of
RC beam is 100 mm x 600 mm with the thickness of 8 mm. Figure 3.2 shows the

schematic diagram of MLECP used.
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Figure 3.2: Schematic diagram of Mengkuang Leaves Epoxy-composite Plate

3.2.1 Beam Model Configurations

Table 3.1 lists the details of beam model configurations with dimensions and
strengthening methods. There are three (3) beam models, one of them is a control solid
beam, and the rest two (2) are strengthened by MLECP with different wrapping
methods. One composite plate was used for surface strengthening method while three
composite plates were used for U-wrap strengthening method. Schematic diagram of
RC beam with both surface and U-wrap strengthening method are shown in Figure 3.3

and Figure 3.4.

P/2 P/2
100, 600 200 600 100

2H10
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Figure 3.3: Schematic diagram of RC beam with surface strengthening.
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Figure 3.4: Schematic diagram of RC beam with U-wrap strengthening method.

Table 3.1: Details of research parameters

Beam Beam Size (mm) Plate Size Strengthened | Strengthening
(mm) by MLECP Method

CB 130x 100 x1600 — — -
RCS1 130x100x 1600 100 x 600 Yes Surface Wrap
RCS2 130x100x 1600 100 x 600 Yes U - Wrap

3.2.2 Concrete

The use of material properties in ANSYS had to be similar to the physical
properties of the materials being used in experimental work. The code used for concrete
was SOLID 65, which has the ability to deform plastically and crack in directions X, y
and z, before completely collapsing. The use of the element type SOLID 65 in
modelling of concrete materials provides results through the non-linear behaviour of

reinforced concrete beams.

3.2.3 Reinforcement

For steel reinforcements, 10 mm diameter of steel bar and 6 mm diameter of
shear links were used. The code used for the steel reinforcement was LINK 8 with
similar characteristic as the original. Both the steel bar and shear links exhibit same
properties, since, LINK 8 was used for both, but, the value of yielding and real constant

was different, since they had different diameters.
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3.2.4 Composite Plate

MLECP was the externally strengthened material used to provide toughness to
two out of the three RC beam models. The plate used a model code of SHELL 63 in
ANSYS with the material conditions similar to experimental work properties condition.
The thickness of the MLECP used in this study was 8 mm with 100 mm x 600 mm plate
size. The dimension was very fine and it had a very narrow and neat arrangement,

which was similar to the physical properties of MLECP in experimental work.
3.3 ANSYS Elements
3.3.1 SOLID 65

Solid 65 is commonly used for concrete element code in ANSYS FEA. It is used
for three-dimensional (3D) modelling of solid with or without reinforcing bar. With it
capability of cracking in tension and crushing in compression, it has been widely used
for concrete code in modelling beam and column structure. The element is based on
eight nodes having three degrees of freedom which are nodal x, y and z direction at

each node.
3.3.2 LINK S8

Link 8 is a three-dimensional (3D) spar element that can be used in a variety of
engineering application. In civil engineering context, it has been used as a truss
element, a cable element, a link element and reinforcement element. Link 8 is defined
as a uniaxial tension-compression element with three degrees of freedom at each node:
translation in the nodal x, y and z directions. It has capabilities in term of plasticity,

stress stiffening and large deflection.
3.3.3 SHELL 63

Shell 63 is based on six degrees of freedom at each node: translations in the
nodal x, y and z directions. It capabilities are bending, membrane, stress stiffening and
large deflection. Large deflection analysis is available due to a consistent tangent

stiffness matrix option.
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3.4 Analysis of RC Beam by using ANSYS CivilFEM 12.0

In this research, software ANSYS CivilFEM 12.0 was used throughout the
process of modelling. A list of steps was involved in the process. Details of every step
are discussed in the following section:

3.4.1 Pre-processing

Pre-processing was the first step in solving problem in Finite Element Analysis.
The tools available for the pre-processing stage were extensively used in defining the
element type, materials properties, modelling, meshing, load and methods to analyse the
modelling. These are prior steps for the modelling because it defines all the properties
and input data that should be included in building the model. Input data for the
geometrical nodes, geometrical lines as elements, mesh generation, steel reinforcement
bar definition, support, loads, reactions, incremental loads and definition of monitoring

points are inserted according to the purpose of research.
3.4.1.1 Material Parameter

Material Parameter was the process of setting up parameters, before any other
steps were executed. First, the unit had to be set as international system unit as shown in
Figure 3.5. Selection of element types was the next step through this procedure.
Modelling parameters should match the experimental parameters for achieving
acceptable results. For example, in this research, concrete with grade 25 was used for
experimental work, thus SOLID 65 was used as material code for concrete grade 25 in

software analysis, as shown in the Figure 3.6.
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) CivilFEM Setup Options

Eodes| Units |EIF config | GUI config
[“UMITS] Define Unit System
System units
Length urit [L] | | m | | m
Time unit [T] | | = | | 3
Force unit [F] | | S | | M
Prez/Strezs unit [F] | | = | | Pa
Maszs unit [M] | | S | | ka
taonetary unit | Euro v |EUT0 | = |1 | Euros
Ok, ] [ Cancel ] [ Help
Figure 3.5: Unit used in analysis.
FAVELE p
Defined El it T :
Ell emenYDe AN
Type 2 LINKE MAY 27 2018
Type 3 SHELLEZ
m Library of Element Types
Library of Element Types Structural Mass
Link.
Beam
Fipe
Solid
Shel
Siolid-shell
iConstraink 21
Element type reference number
Close Help ‘

Figure 3.6: Material code for concrete strength G25, SOLID 65.

The element type was chosen from the “Element Types” in the pre-processing
panel. The section for choosing the material for concrete then appeared on the screen.
‘Solid’ was chosen and “concrete 65” is the material that is needed. “SOLID65” is
shown at the Element Type as a confirmation that the material was picked for the
modelling. The other two types are tabulated in the Table. The selection of material is

important because every element type has different properties and it directly affects the

35



results. Finite element analysis has to be validated to the experimental result, thus the
material chosen has to match the experimental work. Figure 3.7 shows the elements that

have been used in analysis.

Table 3.2: Element types used in analysis.

Material Element Types

Cncrete Grade 25 (25N/mm?) SOLID65
Steel Reinforcement Bar LINK8
Mengkuang Plate SHELLG63

I\ Element Types E|

Defined Elernment Types:

vpe 1 SOLIDES
Type 2 LINES
Tvpe 3 SHELLES

add... Cptions. .. Delete
Close Help

Figure 3.7: Element types chosen in analysis.

After classifying the element type, materials properties had to be assigned to the
elements so that the analysis could be done according to the behaviour of the materials.
Different properties for different element according to known resources from
experimental work were inserted. It would show convincing result at the end of analysis
by choosing the correct material properties for all elements. For example, Figure 3.8

shows the materials properties accordingly and correctly.
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Matkerial Models Available

Favorites i
@ Structural
@ Linear
@ Elastic

€ Isotropic
€ Orthotropic
€ Anisotropic
@ Monlinear
Elastic
@ Inelastic

@ Rabe Independent
@ Isntropic Hardening Plasticity
@ Mises Plasticity
o
@ Multilinear
€ Norlinear
Hill Plasticity
€ Generalized Anisotropic Hill Potential
Kinematic Hardening Plasticity
Combined Kinematic and Isotropic Hardening Plasticity
Reate Dependent
Mon-metal Plasticity
Cast-Iron
@ Shape Memory Alloy
Wiscoelastic
€ Density

(7= Thoewers =l Commmeione

Figure 3.8: Materials properties of model analysis.

Table 3.3 summarizes the material properties used in this research. Some
characteristics of elements such as elasticity or non-elasticity and linearity or non-
linearity had to be determined because it could affect the result. Figure 3.9 shows the

overall materials used in this analysis.
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Table 3.3: Summary of material properties assigned to the elements.

Elements Materials Properties " Values Units
25

Concrete Elastic Modulus Gpa
Poisson’s Ratio 0.2 -
Open Shear Transfer Coefficient 1 -
Closed Shear Transfer 1 -

Coefficient
Uniaxial Tensile Cracking 1 Mpa
Stress
Uniaxial Crushing Stress -1 Gpa
Steel Elastic Modulus 210 Gpa
Reinforcement

Poisson’s Ratio 0.3 -

Yield Strength 0.45 Gpa

Shear Link Elastic Modulus 210 Gpa
Poisson’s Ratio 0.3 -

Yield Strength 0.28 Gpa

MLECP Elastic Modulus 5 Gpa
Poisson’s Ratio 0.2 -

Yield Strength 0.02 Mpa

m Define Material Model Behavior,
Material Edit Favorite Help

Matetial Models Defined Material Models Available
@ Material Model Mumber &) 25 Farvorites A
@ Linear Isotropic @ Structural
@ Bilinzar Isotropic @ Lingar
|ﬁ Makerial Model Mumber 10 |ﬁ Elastic
@ Linear Isatropic @ [[sakropic
@ Bilinear Isotropic @ Orthotropic
@ Material Model Mumber 25 @ Anisatropic
@ Linear Isotropic Nonlinear
@ Bilinear Isotropic @ Density
@ Concrete Thermal Expansion
@ Material Model Mumber 63 Damping
ﬁ linaar Tenbramic v ﬁ Frickinn M aafficiank b

Figure 3.9: Summary of materials assigned to the element in analysis.

For steel reinforcement, the diameter used for both tension and compression

zone were 10 mm as well as 6 mm for the steel stirrups. Since the element type used for
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steel reinforcement bars were same, only the area of cross section was defined for the
real constants. Table 3.4 shows the lists of real constant used for two type of steel
reinforcements. Figure 3.10 shows the input data of area of the steel reinforcement to
define the real constants.

Table 3.4: Real constant of steel reinforcement by area of reinforcements.

Steel Reinforcement Bars Real Constant

10 mm 78.54 mm?

6 mm 28.27 mm?
Real Constant Set Mumber &, for LIMKEB |£|
Element Tvpe Reference Mo, 2
Real Canstant Set Mo, | & |
Cross-sectional area AREA | 2. 826e-005 |
Initial strain ISTRM | o |

ok | [ apy | [ cancel |

Figure 3.10: Input data of area of the steel to define the real constant.

3.4.1.2 Modelling

In this stage, desired structure was designed accurately according to the shape
and dimensions of the beam on the experimental work. A volume using block options
was built by defining the dimensions of the concrete beam. The dimensions work as
nodes in the Cartesian plane and a block was built accordingly. This produced the first
view of the beam, before further steps were taken. This was the simplest method to

model a beam structure. Table 3.5 lists the coordinates for each x, y and z direction in
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order to model a concrete beam and Figure 3.11 shows the block that had been
modelled on the Cartesian plane along X, y and z directions.

Table 3.5: Coordinate for volume block modelling

Direction 15T Coordinate 2"d Coordinate
X -0.05 0.05
Y -0.065 0.065
Z 0.8 -0.8

1
VOLUME S

TYFE HUM

Figure 3.11: Modelled block on the Cartesian plane along X, y and z directions.

The method of copying the area and dividing the volume by work plane was
used to get the section for the definition of steel reinforcement bar. The area of smallest
rectangle was used and copied according to its distance to get section of link, with
accurate distance that could be seen from side or oblique view. Then, method of
dividing the volume of work plane was used for offsetting the link from outside of the
concrete from a distance of 20 mm. This method was applied by inserting the
coordinates on the Cartesian plane. The distance between the links is 300 mm and 50
mm from the end of the model beam. Figure 3.12 and Figure 3.13 show the section after

implementing copy and divide method from oblique and side view.
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LIKES

TY¥FE WU

Figure 3.12: Steel Reinforcement Draft from Side View.

1
LINES

TY¥FE WU

Figure 3.13: Steel Reinforcement Draft from Oblique View.

3.4.1.3 Steel Reinforcement Bar

The process of defining steel reinforcement bar was carried after dividing and
cutting phase. The lines involved for link were chosen using select entities from the
select options on the top bar. Figure 3.14 and Figure 3.15 shows the lines selected that
would be used as link and reinforcement bar for meshing later. By referring to figure

3.14, there were total 6 links for one concrete beam with distance of 300 mm from each
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other. Two reinforcements at the top and bottom with same cross section value were

aligned of the concrete beam.

LINES

TYFE HIIML

LINES

TEFE WM

Figure 3.15: Selected lines for reinforcement.
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34.14

Mesh Generation

Mesh generation used for defining all components to form a concrete model

included reinforcement bar, concrete grade 25 and MLECP plate. The meshing was

done after all the components were saved in Component Manager Option. The process

had to be done step by step because the user was responsible for every command due to

manually decision. The first step was deciding the element size on picked lines to

divide the lines into section for solution later. For example, Figure 3.16 shows the

inserted data for the size which was 25 mm and Figure 3.17 shows the result of the

action taken, where for every 25 mm, the lines were cut into section.

Farameters Mo MenuCtls  Help
EIEEI -
Element Atirbutes: ®
Giokal v
[ 5mant Size: z
Element Sizes on Picked Lines.
[LESIZE] Element sizes on picked ines Fine 6 Coase @
SIZE Element edge length @
Size Cortrok: @
DIV Mo, of element divisions
e
{NDLY is used only I SIZE s blark or zera) . @
reas
KYNDIY SIZE,NDIV can be changed el @
SPACE Spadng ratio Lines )
ANGSIZ Division atc (degress) 3z
{ use ANGSIZ orly f number of divisions (NDTY) and ey ]
Kevpts Set
Mesh | yolumes v
[ o] [ |
Shape: (&) Tet O Hex
®) Frex
1 Mesh Clear
I
|7) mat=1 type=1 real=1 csys=0 secn=1 ‘

Figure 3.16: Size used for element size on picked lines.
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1
LINES

TYPE NUM

Figure 3.17: Result of element size on picked lines.

The next step was defining meshing to all elements according to its properties
that had been chosen in early stage. Link, reinforcement, concrete and MLECP plate
were meshed by assigning their properties in the meshing attributes. For example,
LINK 8 with the correct cross section was assigned to the link, which was chosen from
the component manager so that the system could detect that it was link with 6 mm cross
section. The options in the table that had to be chosen for material properties to define
the model as shown in Figure 3.18 and lines that had been meshed as link with correct
properties as shown in Figure 3.19. The steps for other elements were same with

options chosen according to their respective properties.
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Figure 3.18: Input for link reinforcement for meshing

Figure 3.19: The lines that had been meshed

The result for meshing is shown in Figure 3.20, control beam, Figure 3.21, beam
with MLECP (surface wrap) and Figure 3.22, beam with MLECP (U-wrap).
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ELEMENTS ,’\JSI
MAT NUM Civil

MAT Z4 ZO0L1S
21:53:16

rode 1

Figure 3.20: Control Beam

ELEMENTS 1’\]"
MAT HIM Civil
MAY z4 2018

21l:55:07

Figure 3.21: RC beam strengthened by MLECP (surface wrap)
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ELEMENTS "\J\I

MAT UM Civil

MAYT 24 2018
Z1:50:38

Figure 3.22: RC beam strengthened by MLECP (U-wrap)

3.4.2 Support and Action

In order to make it similar to four-point bending test conducted on experimental
work, the modelled beams were supported at the bottom and the load was assigned at
the top by force. The supports were applied 100 mm from the end of the bottom beam
for both sides and 100 mm from the beam centre for both sides for loading. Figure 3.23
shows the diagram from side view of the modelled beam being applied by support and
loads. In addition, the load applied could be seen as a red colour perimeter on the top of
the nodes to identify the location of load as shown in Figure 3.23. Incremental load was
applied to the beam to ensure the maximum load-carrying capacity could be
determined. The location of support and load applied were same for all modelled beam

with same amount of force.

For the support to be concerned, one of the supports would be restrained on
three degree of freedom as shown in Figure 3.24 while the other will be roller support
with y-direction degree of freedom. All the restrains were modelled on the nodes of the

elements.
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Figure 3.23: Side view of beam that had been applied with supports and loads.

1
ELEMENTZ

MAT NUM

o

Figure 3.24: Support that had been restrained with three degree of freedom.

3.4.3 Loading History and Solution Parameter

In this research, load steps were used to study load mechanism and increase the
load constantly over time. Every load step involves increasing the load on the beam

until we get the maximum load. The number of load steps involved in reaching the
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maximum load is stored by the software. Moreover, the changes at every load step
before the beam failure had to be saved. Figure 3.25 shows the table containing set of

all the desired command for analysis purpose.

G\ Lii
Basic ] ] Sol'n Options ] Monlinear ] Advanced NL]

Analysis Options Write Items to Resulks File

|Large Displacement Skakic Ll = Al solution items
[T Calculate prestress effects " Basic quantities

" User selected

Time Control -~

Time at end of loadstep u]

Autarmatic kime stepping N LI a
' mumnber of substeps Frequency:
£ Time increment |Write every substep ﬂ
Murnber of substeps ’207 ’7
Max no. of substeps ’10007
Min no. of substeps 1
Ok Cancel Help

Figure 3.25: Solution controls table to set the option for load applying

3.4.4 Monitoring Points

Monitoring point stage includes monitoring the force, displacement and stresses
in the model. The monitored data is able to provide vital information about the states of
the structures. Identification of the load-deflection behaviour, crack pattern, stress and
strain contours of the beam, which was one of the research purposes, could be achieved
through this process. In addition, the maximum load bearing capacity could be

determined as well.
3.4.5 Analysis

Finite element analysis was carried out after all the required data was filled in.
The analysis could be done automatically with the required data as the result of the
automatic process. Load step had to be selected initially and all the result data would be

stored in the program and would be extracted from it for further analysis.
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3.4.6 Interactive Window

During this phase, the actual finite element analysis was initiated and the
analysis progress could be monitored through the interactive window by clicking on
‘Solve current LS’ button. Figure 3.26 shows the initializing of analysis and Figure 3.27
shows the graph made after the analysis done.
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Figure 3.26: Interactive window of initializing the analysis
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Figure 3.27: Graph of analysis
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3.5 Validation of Result

In this research, the results consider for validation between FEA result and
experiment result was the crack pattern, load-deflection curve, stress contour and strain
contour. The behaviour of modelled beam in ANSYS CivilFEM was compared with the

behaviour of experimental beam for validation purpose.
3.6  Summary

This research conducted accordingly to the methodology and specifications
stated and illustrated in this chapter. It was successfully conducted and the discussion of
the results was discussed in the following section.

51



3.7  Methodology Chart
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gure 3.28: Methodology Chart
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

Analysis by ANSYS CivilFEM 12.0 was used throughout this research started
from modelling, analysing and producing report. Three models CB, RCS1 (surface) and
RCS2 (U-wrap) were validated. The main objective of this research is to determine the
behaviour of RC beams with and without strengthening by MLECP in terms of load-
deflection, crack pattern as well as stress and strain distribution. The best strengthening
methods by MLECP was also identified from the analysis. The results and detail

analysis of data are presented in following section.
4.1.1 Load-Deflection Behaviour

Deflection in engineering context refers to any changes in angle or a distance in
horizontal or vertical direction. Structural elements experience deflection due to
application of reasonable load which cause displacement. The deflection of beam
elements is usually calculated on the basic of the Euler-Bernoulli beam equation. In this
analysis, the strength of the models was determined based on the ultimate load that can
be sustained right before the beam failure. The load-deflection curve was produced

using the displacement and load data.
4.1.2 Crack Pattern

Crack pattern of all the beam models analysed in this study. The cracking of RC
beams results obtained after the analysis done. In general, they appear more on the
structure surface and influence by the fracture energy due to lesser severity. The

material property and force applied influence the type of crack on a structural. Fracture
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energy deserves prime role in determining ultimate stress at crack tip. In this chapter, the
cracking patterns were captured and discussed. The combination of green, blue and red dots

represent the major cracking of structure. The beam usually failed due to shear failure.

4.1.3 Strain Contour

Strain contour shows the value of the crack happened in the beam models. It is
known as the rate of change in strain or deformation of material with respect to time.
According to the strain distribution, the pathway of cracking for all beam models was
observed by referring the strain contour. Strain also compromises both the rate at which
the material is expanding and shrinking. In addition, shear rate also was deal by strain

which deformed by progressive shearing without changing its volume.
4.1.4 Stress Contour

Stress contour is used to predict the behaviour of RC beam models in term of
load path. The ultimate load is obtained from FE analysis in ANSYS and the failure of

the beam was predicted by referring the stress distribution.
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4.2  Control Beam (CB)
4.2.1 Load-Deflection Behaviour

Figure 4.1 shows the load-deflection curve of control beam with 7.4 mm
deflected from original state at 22.9 kN load.

25 -

Load (kN)

Deflection (mm)

Figure 4.1: Load-deflection curve of control beam (CB)

4.2.2 Crack Pattern

Figure 4.2 shows the crack pattern of solid control beam (CB) gained from FE
analysis in ANSYS. Combination of coloured dots accumulated along the mid-span of
the beam, known as flexural cracks. It shows that all the cracks concentrated at the

middle span, continued to increase until the neutral axis at the ultimate load, 22.9 kN.

Figure 4.2: Crack pattern of CB
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4.2.3 Strain Contour

Figure 4.3 shows the strain contour of CB. It had same deformation path as the
cracking. The most critical part was at the bottom of the mid span which had the
maximum value of strain. The strain was extended diagonally from the mid span to the
support which was showing the similar pathway with crack pattern in crack pattern
topic. The deformation at the mid span was critical. This means the model beam highly
experienced crack at the mid span due to the vertical load. From Figure 4.3, the highest
strain concentration is 0.008303 and is indicated with red colour while the lowest strain
concentration is 0.117E-05 which is indicated with dark blue colour.

NODAL SOLUTICH I\N

STEP=1 Civil

SUB =115 MAY 24 2018
TIME=. 159413 z0:59:42
EPELEQV  (AVG)
DHX =.007634
SMN =.117E-0OS
SMX =.008303

I —
.117E-05 .001846 003691 .005536 .00738
.9Z4E-03 002768 004613 006458 008303

odel

Figure 4.3: Strain contour of CB

4.2.4 Stress Contour

Figure 4.4 shows the stress contour of control beam analysed in ANSYS. It was
observed the stress was distributed from the top of the mid-span to the both directions
of the span which caused downward curve for the model. According to the Figure 4.4,
the highest stress concentration is 0.250E+008 N/m? which is indicated with red colour
while the lowest stress concentration is 26202 N/m? which is indicated with dark blue

colour.
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Figure 4.4: Stress contour of CB
4.2.5 Validation with Experimental Work

Figure 4.5 shows the load-deflection curve of control beam in both FEA and
experimental. Both beams had similar ultimate load capacity which was 22.7 kN for
FEA result and 22.41 kN for experimental result. Meanwhile, the deflection showed
major different in value which was 7.48 mm for FEA and 17.15 mm for experimental.
The stiffness of FEA is greater than experiment work because of the perfectly bonded

assumption between the steel reinforcement and concrete.
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Figure 4.5: Load-deflection curve of CB (comparison)
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The comparison of the crack pattern of control beam for FEA and experimental
is shown is Figure 4.6. Both of the models showed the same crack pattern. The crack
started from the mid-span of the bottom beam which was similar to FEA. FEA also
showed that the crack started at the mid-span and extended along the bottom beam to

support. The red circle showed the crack path for both result.

Figure 4.6: Crack Pattern of CB (comparison)
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4.3  RC Beam Strengthened by MLECP (RCS1, Surface-Wrap)
4.3.1 Load-Deflection Behaviour

The displacement produced before the beam failure is 6.07 mm at 25.22 kN as

shown in Figure 4.7.
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Figure 4.7: Load-deflection curve of RCS1

4.3.2 Crack Pattern

The crack pattern of RCS1 is shown in Figure 4.8. The crack pattern appeared at
the edge of the plate away from strengthened zone. It is obvious that the crack at mid-
span were lesser compared to control beam as shown in Figure 4.2. The composite plate
acted as barrier at the mid span as the cracking path was extended diagonally at both
end of the composite plate, unlike control beam. From the result, the composite plate
significantly enhanced the beam strength and prevent crushing directly at the mid span

and area covered by the plate.
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Figure 4.8: Crack Pattern of RCS1
4.3.3 Strain Contour

Figure 4.9 shows the strain contour of strengthen RC beam by MLECP (surface
wrap). The highest strain concentration is 0.003845 which is indicated with red colour
while the lowest strain concentration is 0.112E-05 which is indicated with dark blue
colour. According to the figure, it shows the location of highest strain concentration is
along the bottom of the mid-span attached with composite plate. The span experienced
cracking at the mid-span but the composite plate diverted the flexural cracks to diagonal
shear cracks at the edge zone.
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Figure 4.9: Strain contour of RCS1
4.3.4 Stress Contour

Figure 4.10 illustrates the stress contour of RCS1. The diagram of the stress
contour is quite similar with the stress contour of control beam in Figure 4.3 but

different in value. The lowest stress concentration is 25929 N/m? which is indicated
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with dark blue colour while the highest stress concentration is 0.252E+008 which is
indicated with red colour. It was observed the stress was distributed from the top of the
mid-span to the both directions of the span which caused downward curve for the

model.
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Figure 4.10: Stress contour of RCS1
4.3.5 Validation with Experimental Work

RCS1 was validated with experimental results. Figure 4.11 shows the
comparison in term of load-deflection curve for both FEA and experimental. It was
observed that both beams had similar ultimate load capacity which was 25.2 kN for
FEA result and 25.3 kN for experimental result. For deflection comparison, it shows
major different values in both FEA and experimental which are 6.07 mm and 14.4 mm
respectively. The stiffness of FEA is greater than experimental work because of the

perfectly bonded assumption between the steel reinforcement and concrete.

Crack pattern comparison is shown in Figure 4.12. The crack pattern of FEA
shows similar cracking path compared to the crack pattern of experimental work. The
red circle shows the direction of cracks which extended diagonally from the mid zone
of span to the edge of the plate. The cracks formed towards the location of applied load

and the support.
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Figure 4.11: Load-deflection curve of RCS1 (comparison)

Figure 4.12: Crack pattern of RCS1 (comparison)
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4.4  RC Beam Strengthened by MLECP (RCS2, U-Wrap)
4.4.1 Load-Deflection Behaviour

Figure 4.13 shows the load-deflection curve where the last load before the beam
failure is 28.8 kN with 6.55 mm.
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Figure 4.13: Load-deflection of RCS2

4.4.2 Crack Pattern

The crack pattern analysed by FEA for RCS2 is shown in Figure 4.14. It is
found that the cracking style quite similar to RCS1 as shown in Figure 4.8. The crack
appeared at the end of composite plate which acted as extra strengthening. The cracking
path occurred at the bottom of the mid span and diagonally extended to both directions
until to the end of the plate. The composite plate helped to reduce the crack number
around the mid-span by dispersing away the cracks to the zone away from the
composite plate attachment. The cracks also formed towards the location of applied

load and the support.
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Figure 4.14: Crack pattern of RCS2

4.4.3 Strain Contour

Figure 4.15 illustrates the strain contour of RCS2. The strain concentration

focused more on the area without composite plate which the cracks were dispersed from

the bottom of the mid span to the area without the composite plate attachment. In

addition, the area of the load applied also experienced strain concentration caused by

the load. The highest strain concentration is 0.005892 which is indicated with red

colour while the lowest strain concentration is 0.113E-005 which is indicated with dark

blue colour.
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Figure 4.15: Strain contour of RCS2
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4.4.4 Stress Contour

The stress contour of RCS2 is shown in Figure 4.16. The character of the stress
contour for this case has no major different to both of previous cases. The highest stress
concentration is 0.27E+008 N/m? which is indicated with red colour while the lowest
stress concentration is 25615 N/m? which is indicated with dark blue colour. Moreover,
it was observed that the stress distribution highest at the loading point of the top of the

beam.
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Figure 4.16: Stress contour of RCS2
45  Comparison between FEA Results

Figure 4.17 shows load-deflection curve of all models. The trend of the curve is
almost similar but different in values for load and the deflection before beam failure.
RCS2 had maximum load capacity of 28.8 kN, 6.55 mm for deflection which was the
highest among all models while RCS1 had maximum load capacity of 25.22 kN and

6.07 mm for deflection.

The difference of load capacity between beam strengthened with MLECP and
control beam in term of increment were 15% for RCS1 and 10% for RCS2 respectively.
Meanwhile, RCS1 shows decrement in deflection with 7.3% compared to RCS2. This
indicated strengthening method could provide extra strength to the beam because the

load also been transferred to the composite plate.
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Figure 4.17: Comparison of load-deflection curve of all beam models

Table 4.1 and shows the ultimate load with the strength ratio of models
compared to CB while Table 4.2 shows the deflection at mid-span at ultimate load with
the deflection ratio compared to CB. Both tables show strong agreement that U-wrap
strengthening method provides highest strength to the solid beam with highest strength
ratio, 1.27 compared to surface strengthening method, 1.11. From the results, CB as the
indicator was brittle compared to RCS1 and RCS2 due to without composite plate

attachment.

Table 4.1: Comparison in term of strength ratio

Model Ultimate Load (kN) Strength Ratio
(compared to CB)

CB 22.7 1.00
RCS1 25.2 1.11
RCS2 28.8 1.27
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Table 4.2: Comparison in term of deflection ratio

Model Deflection at Mid-span at Deflection Ratio
Ultimate Load (mm) (compared to CB)

CB 7.48 1.00
RCS1 6.07 0.81
RCS2 6.55 0.86

Table 4.3 shows the highest strain and stress value for all modelled beams.
RCS2 (U-wrap) achieved the highest stress value amongst the modelled beams with the
value of 0.27e+8 N/m?. It described that U-wrap strengthening method provided more
strength to solid beam as it could take highest stress value. The strain value indicates
the deflection at mid-span of beam which was lowest than all modelled beams. This

conservative result might due to some errors during analysis.

Table 4.3: Comparison in term of strain and stress value

Model Highest Strain Value Highest Stress
Value (N/m?)

CB 0.008303 0.250e+8
RCS1 0.003845 0.252e+8
RCS2 0.005892 0.270e+8

4.6 Summary

The analysis was done by taking into account the research objectives. From all
the result, majority were acceptable according to the prediction before conducting the
analysis. The remaining conservative result might due to some errors of during analysis

that should be properly checked.
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5.1

CHAPTER 5

CONCLUSION AND RECOMMENDATION

Conclusion

In conclusion, FEA showed a comparable agreement on the load-deflection

behaviour and a good agreement on the crack patterns obtained by FEA analysis and

experimental work. The most effective strengthening method was obtained from the

analysis and comparison between all modelled beams.

The objectives of this study were successfully achieved and the conclusion can be

drawn as follow:

The finalised element code for concrete G25 was SOLID 65, LINK 8 for steel
reinforcement SHELL 63 for the composite plate. The composite plate was the
element code that needed to be tested several times due to incomparable
agreement with experimental result. It was due to properties of element code
that was not compatible with the MLECP properties. Meanwhile, the element
code for steel and concrete were obtained during control beam analysis which

gave comparable agreement with experimental control beam result for first test.

Comparison between the results of FEA and experimental work of control beam
(CB) and RCS1 (surface-wrap) in terms of load deflection behaviour shows a
strong agreement in terms of ultimate load, with a different of 2%. The
deflection predicted with FEM analysis has lower value compared with their
respective experimental beam result due to perfect bond assumption in the
numerical modelling. The crack pattern showed good agreement with the
experimental work wherein both crack pattern for FEA and experimental

appeared in the same location of the beam in both FEA and experimental beams.
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After the validation works of control beam and surface-wrap, the modelling
properties was adopted to model RC beam strengthened with MLECP U-wrap
method. The U-wrap strengthening method showed the highest ultimate load
value of 28.75 kN and a deflection of 6.55 mm. The crack pattern showed the
effectiveness of U-wrap strengthening method by diverting the vertical cracks at
the beam mid-span to the edge of the plate, in which a diagonal crack was
formed. RC beam was found the most effective U-wrap strengthening method.
U-wrap strengthening method managed to achieve the highest load bearing
capacity with a strength re-gained of of 13% and 28%, compared to surface
strengthening method and control beam, respectively.
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5.2 Recommendation

There are a few precautions and improvements which have to be taken into
consideration for further study in similar approach. The recommendations are stated as

below:

I.  Strengthening method should be diversified and more methods should be
considered in the study, e.g. numbers of layers, thickness, dimensions of
MLECP attached on the beam.

ii.  Smaller steel reinforcement cross section can be used in future research in order

to clearly obtain the behaviours of MELCP strengthening.

iii.  Analysis should be done using different FEA software such as ABAQUS for

comparison purpose.
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