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ABSTRACT

Reinforced concrete (RC) deep beam in massive structures are constructed to
provide sufficient load carrying capacity. However, concrete honeycomb due to
reinforcement congestion is a common problem in RC deep beam. Circular
holes thin shear plates appear to be an effective substitute to conventional shear
links, providing higher load carrying capacity yet using less space. Finite
element analysis (FEA) using ABAQUS software is capable of solving complex
deep beam problems in a timely and cost-effective manner. In this study, a
numerical model was established to yield good matching results to the
experimental results published by Jasim, et al. (2020). The verified numerical
model was used to further study the test specimens with 50 mm, 75 mm, 100
mm, 125 mm, and 150 mm circular holes spacing. Load-displacement curves
were plotted to evaluate the load-carrying capacity of the test specimens. A
maximum 2.90 % improvement was observed in the test specimen with 100 mm
circular holes spacing, N100. Therefore, N100 was determined as the optimum
design for the further discussion of stress distribution and crack pattern. VVon
Mises stress contour of the concrete and reinforcement were generated to
investigate the stress distribution over the loading process. Reinforcement stress
capacity of N100 is increased by 1.79 %, but concrete stress capacity is reduced
by 2.23 %. Plastic strain magnitude (PEMAG) diagram and concrete tension
damage contour provide a clear visualization of the crack pattern. Shear
compression failure is deduced based on the diagonal cracks accumulating at
the concrete strut.
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CHAPTER 1

INTRODUCTION

1.1  General Introduction
Reinforced concrete (RC) deep beam is a structural member widely used in the
construction field. It is built in structure that supports massive loading over a
small span, such as pile cap, transfer girder, strap beam in foundations, panel
beam, shear wall, etc. (Raj and Gangolu, 2013). Implementation of RC deep
beam as the transfer girder can provide more clear space at the lower floors
because high strength RC deep beam reduces the usage of columns (Siow, 2015).
According to the BS EN 1992-1-1:2004 (European Commisssion, 2004),
a beam with a clear span length less than three times its overall depth is
classified as a deep beam. Unlike the analysis of conventional beams that
focuses on their flexural behaviour only, deep beam considers both its shear
behaviour as well as flexural behaviour. Beams are generally divided into the
Bernoulli regions (B-Region) and the Disturbed regions (D-Region). Deep
beam is categorized under the D-Region, where the strain distribution is
nonlinear, and shear becomes critical (Mohamed, et al., 2014). Hence, the Euler-
Bernoulli hypothesis that disregards the shear deformation effect is not
applicable in deep beam design (Adinkrah-Appiah, et al., 2015). Two common
methods used to solve deep beam problems are the finite element method (FEM)
and strut and tie method (STM). Both FEM and STM require complex and
tedious calculation, which is difficult to compute manually, hence requiring a
lot of time, cost, and workforce if without the aid of computer software.
ABAQUS and ANSYS are common examples of computer-aided engineering
software used in this study to perform the numerical analysis of RC deep beam.

1.2 Importance of the Study

RC deep beam is the critical safety structural system supporting massive loads
over a short span at transfer girders in high-rise buildings and bridges (Ismail,
2016). According to Yang, et al. (2003), the shear action with compression in

diagonal direction and tension in a perpendicular direction exerted by heavy



loads will disturb the internal stresses and eventually deteriorate the load
carrying capacity of the RC deep beam. Therefore, shear reinforcement becomes
an important criterion in deep beam detailing design. The amount of shear
reinforcement required increases as the load capacity of the deep beam increases.

However, the increasing amount of reinforcement leads to another
problem, which is congested reinforcement. Congested reinforcement affects
the workability and performance of the concrete during the casting process
(Choi, et al., 2012). Congested reinforcement slows down the work of
reinforcing contractors, as well as the ability of the concrete contractor to obtain
proper concrete consolidation (Risser and Hoffman, 2010). According to
American Concrete Institute (2014), it is the designers’ obligation to ensure that
all the reinforcement is assembled and placed appropriately for the concrete to
consolidate fully. Unconsolidated concrete, also known as concrete
honeycombs, weakens the load-bearing capacity of the concrete, causing the
structure to not perform adequately as per design. Besides, water can easily
inflow the honeycombs and corrode the reinforcement underneath, resulting in
a loss of grip between concrete and reinforcement, which shortens the structure's
lifespan.

Therefore, an optimum detailing of shear reinforcement is crucial in
deep beam design. In this study, circular holes thin shear plates with various
opening diameter and spacing are tested to substitute conventional shear stirrups
in RC deep beam.

1.3 Problem Statement

Shear behaviour is rather critical in RC deep beam, such that continuous
assessment and research become essential to explore this field (Leng, et al.,
2015). In the past decades, studies had been conducted to improve the load
carrying capacity of heavy-loaded RC deep beam by either adding additional
reinforcement, modifying concrete mix design, or revising the shear
reinforcement detailing. Li, et al. (2017) and Zhu, et al. (2007) proposed
externally bolted steel plates on the vertical web surface of RC beam.
Meanwhile, Chen, et al. (2018) proposed embedded wide flange H-section into
steel-shaped reinforced concrete (SRC) deep beam. Current research available

focus on revising the shear detailing of RC members supporting heavy loads.



However, there is a limited amount of research work available to explore the
shear detailing of RC deep beam to support mild shear loads.

Reinforcement congestion is one of the most common causes of concrete
honeycomb. Thus, professionals are discovering solutions to ease congested
steel to solve honeycomb that deteriorates the strength of concrete structural
members. Khai, et al. (2017) studied the effectiveness of bundled diagonal
reinforcement to replace conventional transverse reinforcement in steel-fiber-
reinforced concrete (SFRC) coupling beam in seismic action. Nevertheless, the
research works are limited to detailing for slender beam and coupling beam.
Therefore, a proposed detailing to ease reinforcement congestion in deep beam
needs further exploration in this study.

Finite element analysis is well-known as a time and cost-saving
approach to predict the loading behaviour and the crack pattern of structural
members. Jasim, et al. (2020) numerically analyzed the failure mode, and load
capacity of RC deep beam strengthened externally with carbon fiber reinforced
polymer (CFRP) sheets at the web surface. The numerical model was proven
accurate after validation with experimental results published by Jasim, et al.
(2018). Reported studies in the literature have confirmed the validity of finite
element numerical analysis on strengthening schemes such as fiber reinforced
polymer (FRP) system, bolted plates, and embedded steel section. However, to
the author's knowledge, the numerical study on the proposed RC deep beam
embedded with circular holes thin shear plates is yet to be discovered and

discussed.

1.4 Aim and Objectives
This study aims to perform a numerical analysis of RC deep beam with circular
holes thin shear plates. The study objectives are listed as follows:
I. to verify the numerical results of the reference beam with the
experimental results.
ii.  to evaluate the load-displacement behaviour of RC deep beam with
circular holes thin shear plates.
iii.  to determine an optimum design of RC deep beam embedded with

circular holes thin shear plates of various opening spacing.



1.5 Scope and Limitation of the Study
The numerical analysis is performed using ABAQUS, a nonlinear finite element
modelling software to predict the behaviour of concrete members. The scope of

the study is:

I.  the deep beams are tested for the shear behaviour instead of the
flexural behaviour.
ii.  the loading condition is monotonic loading.
iii.  the support condition is simply roller support on both ends.

iv.  the concrete mix is premixed normal strength concrete.

1.6 Outline of the Report

Chapter 1 gives a general introduction to the topic studied. Also, it describes the
importance and problem statements that initiated this study. The study's aim and
objectives are highlighted in this chapter, along with the scope and limitations.

Chapter 2 contains a detailed review of sufficient literature in the past to
identify the research gap. The literature review is performed based on the
problem statement, which focuses on the proposed shear detailing to improve
the load carrying capacity, solve reinforcement congestion issue, and apply
finite element analysis in the study of concrete structures.

Chapter 3 outlines the methodology applied in the numerical study. A
general flow of study is established to describe the four main parts of the
numerical study, including numerical modelling, numerical analysis, results
verification, and optimization.

Chapter 4 discusses the outcome of the study in detail. Graphical
representations such as load-displacement curves, von Mises countours, plastic
strain magnitude (PEMAG) diagrams, and concrete tension damage contours
are provided to study the trend and relationship between the study variables.

Chapter 5 concludes the entire and summarizes the outcomes in short
based on the discussion in Chapter 4. This chapter also identifies the inadequacy
and limitations of this study. Recommendations are provided to improve and

resolve the shortcomings in this study for further research purposes.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In the case study of conventional RC beam, where the probability of flexural
failure is much greater than shear failure, and shear reinforcement analysis is
often neglected. However, in deep beam, shear deformations are more
considerable than flexural failure. Shear creates cracks that lead to diagonal
compression failure and diagonal tension failure in deep beams (Osman, 2008).
Research was conducted to propose novel shear detailing to improve the load
carrying capacity of deep beam.

Reinforcement congestion has always been the main concern in the
design of heavy-loaded structural members such as deep beam, beam-column
junction, and bridge deck slabs. Reinforcement congestion leads to serious
construction problems such as difficulties in placing and compacting concrete,
especially at critical regions subjected to high bending moment and shear force
(Kotsovos, et al., 2013). Improper placement and compaction of concrete create
concrete honeycomb that deteriorates the load carrying capacity of the structural
member. Therefore, various substitutes of conventional shear reinforcement had
been discovered to ease the reinforcement congestion issue.

Strut and tie method (STM) is a common approach in the analysis of
deep beam. STM divides a structural component into Bernoulli region (B-region)
and Disturbed region (D-region). The Euler-Bernoulli hypothesis is only
applicable in the B-region, where the plane section remains plane upon loading.
Deep beam is analyzed in the D-region, where there are disturbances of stress
distribution caused by concentrated forces or abrupt changes of geometry (Beres
and Rabbat, 2007). STM illustrates a deep beam approximated with simple truss
elements, including compression struts, tension ties, and connecting nodes
(Mohammadhassani, et al., 2013). Even though STM is a typical approach in
the design of D-region, but it still has the limitations of (1) difficult to determine
the optimum truss configuration for some loaded structural members, (2)
incapable of predicting the failure modes (Tan, et al., 2003 and Yang, et al.,

2006). Therefore, finite element analysis (FEA) software serves as an alternative



to study the behaviour of RC deep beam in terms of the failure mode, load-
deflection behaviour, and crack pattern. The numerically generated results are
validated with existing experimental results published in the literature to
evaluate the reliability of the FEA model.

Throughout the Chapter 2, the author reviewed sufficient literature to
identify the research gap for the proposed detailing of RC deep beam with

circular holes thin shear plates.

2.2 Detailing to Improve Load Carrying Capacity

Reinforced concrete (RC) deep beam is a popular choice in massive structures
and shear is rather critical than flexural. Failure of RC deep beam could cause
severe consequences such as injury and fatality. Construction accidents around
the world warn engineers to take careful structural design steps. Reinforcement
detailing design must strictly follow code provisions to avoid any under-
designed structures, especially for huge members. However, conventional shear
stirrups in RC deep beam might have reduced load carrying capacity due to loss
of bonding strength between the stirrups and concrete. Therefore, novel shear
detailings such as external steel plating sytem, external FRP system, near
surface mounted FRP system, and embedded steel section were studied to
improve the load carrying capcity of RC deep beam (Barnes, et al., 2001; Zhang,
et al., 2004; Ibrahim, et al., 2020; Chen, et al., 2018).

2.2.1  External Steel Plating System

Barnes, et al. (2001) examined the effectiveness of externally attached steel
plates in improving RC deep beam overall performance. Four deep beam
specimens were attached with steel plates to the vertical left and right sides of
the beam using epoxy resin to achieve adhesive bonding. Three specimens were
attached with steel plates fixed with 16 mm bolts, as shown in Figure 2.1. There
were steel plates with thicknesses of 2 mm, 4 mm, and 6 mm. The common
conclusion for bonded and bolted steel plates was they provided significant
improvement to the serviceability and ultimate load carrying capacity of the
deep beam, provided proper plate anchorage be achieved. Moreover, deep beam
attached with 2 mm thin plates was enhanced in terms of its shear capacity,

while beams with 4 mm and 6 mm thick plates were enhanced in terms of



flexural capacity. By comparison, deep beam with bolted steel plates performed
better than bonded steel plates, which could uphold higher experimental loading
and larger deflection. However, bonded steel plates had the advantages of good
surface cracking control, smooth external surface, and even stress distribution.
Therefore, combining bonded and bolted steel plates might prove to be more
efficient for the serviceability and ultimate limit states.

440 2 675 ¢

.
L +1m¢mo¢—m¢mo¢lw4_ 65 + T +
i g :
—'—
65 2
4 *
<SOP4SOP- 100 > 4-100 >

+ % +\+Jm+ + o+

“360 x 2330mm plates 100 x 6mm strap fitted to 4&6mm plates

Figure 2.1: Bolted Steel Plates Deep Beam Detailing (Barnes, et al., 2001).

Zhu, et al. (2007) experimentally tested the behaviour of RC coupling
beam strengthened with bolted side steel plates under reversed cyclic loading.
The study focused on the load carrying capacity, deformation capacity, stiffness,
strength degradation, and energy dissipation ability. Four coupling beam
specimens were fabricated with 3 mm, and 6 mm bolted side steel plates and
different shear connector arrangements. One specimen acts as the control
specimen, as shown in Figure 2.2. Bolt connection was chosen over adhesive
bonding because bolted steel plates are more durable over a long-term period.
From the experimental results, bolted side plates significantly improved the load
carrying capacity of the beam up to 96 % and the deformation capacity up to
90 %. Thicker steel plates provided a better enhancement to the beam load and
deformation capacity. There was also a maximum increment in the stiffness of
about 9 %. In addition, the beam with thick plates had the least strength
degradation, with nearly 85 % strength retention capacity in all the loading
cycles. Lastly, the ductile steel bolted to the beam increased the energy

dissipation ability of the beam via inelastic deformation.
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Figure 2.2: Bolted Side Steel Plate Beams Detailing (Zhu, et al., 2007).

Li, et al. (2017) experimented on the performance RC beam reinforced
with bolted side-plating (BSP) technique. Steel plates were externally bolted at
the vertical web surface of the beam. Seven beam specimens were prepared, one
as the control and another six specimens varied in plate thickness, plate depth,
bolt spacing, and the use of stiffeners, as shown in Figure 2.3. As a result, the
BSP technique changed the failure mode of the beam from shear-tension failure
to shear-compression failure, which happened in the shear span caused by the
combination of concrete crushing and the development of shear cracks. BSP had
no obvious effect on the initial flexural crack load. However, deeper steel plates
and smaller horizontal bolt spacing significantly increased the diagonal cracking
load. Moreover, BSP significantly enhanced the beam load carrying capacity
ranging from 17 % to 50 %, particularly beam bolted with thick and deep plates.
Thick and deep bolted steel plates had higher tensile strength and larger inertia
moment. Thus, they could provide a greater enhancement in the load carrying
capacity. BSP enhanced the stiffness of the beam as well, ranging from 11 % to
46 %. Stiffeners improved the stiffness by 20 % as compared to the BSP beam
without a stiffener. However, additional stiffeners could merely improve the
stiffness but exhibited negligible improvement in other aspects. Lastly, BSP
improved the ductility of the beam as well, ranging from 19 % to 362 %.
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Figure 2.3: Bolted Side-plated RC Beams Detailing (Li, et al., 2017).

Leng, et al. (2015) investigated the failure mechanism and shear carrying
capacity of both the simply supported and continuous steel-concrete-steel (SCS)
sandwich deep beam. The concept of SCS composite structure was first
discovered by Solomon, et al. (1976). Slipping failure between the steel plates
and the concrete surface was a major problem in the design. Therefore, Leng, et
al. (2015) modified the SCS system by replacing epoxy with headed studs to
connect the steel plates to the top and bottom surface of the deep beam, as shown
in Figure 2.4. As a result, the load carrying capacity of the deep beam had
improved significantly, contributed by the strength of the bottom steel plate and
the shear connectors. Furthermore, the failure pattern of SCS deep beam is
different from typical RC structures because the membrane action of the outer
steel plates improves the ductility properties of the deep beam. The simply
supported SCS deep beam failed under 'bottom triangular area damage +
horizontal cracking’, while the continuous SCS deep beam failed under 'top +
bottom triangular area damage.'
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1 top steel plate; 2: bottom steel plate: 3: concrete core: 4: headed stud: 5: channel steel; 6: angle steel

Figure 2.4: SCS Deep Beam Configuration (Leng, et al., 2015).

Externally bonded or bolted steel plates have been proved effective in
increasing the load carrying capacity of deep beams. However, the externally
mounted steel plates are prone to moisture in the surrounding. Direct contact

with moisture will corrode the plates and eventually deteriorate their strength.

2.2.2  External FRP System

Zhang, et al. (2004) experimented on RC deep beam strengthened with epoxy
bonded carbon fiber reinforced polymer (CFRP) reinforcement in terms of the
shear behaviour. Conventional steel stirrups were replaced by CFRP strips and
CFRP fabrics bonded externally at the left and right surface of the deep beam.
A total of eight specimens under one-point loading were divided into two groups,
with one control specimen and three specimens with different CFRP detailing
in each group, as shown in Figure 2.5. The results showed that CFRP strips
enhanced the load carrying capacity of the beam up to 196.99 kN, which is twice
the capacity of the control beam with 97.79 kN. Simultaneously, the CFRP
fabrics enhanced the load carrying capacity up to 192.22 kN, which is 222 % of
the control beam with 86.33 kN capacity. Moreover, CFRP reinforcement
improved the ductility of the deep beam until it became brittle after reaching
ultimate loading.

Islam, et al. (2005) tested the performance of RC deep beam
strengthened with externally bonded fiber reinforced polymer (FRP) systems.
Six specimens were prepared, with one control specimen, while the other five
were strengthened with FRP wrap, strip, or grids, as shown in Figure 2.6. All
the FRP reinforcement was bonded to the left and right surface of the deep beam

using epoxy. Grid 1, Grid 2, and Grid 3 had different grid bar cross sectional
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areas of 6.6 mm?, 17.5 mm?, and 39.2 mm? respectively. The results showed
that the FRP reinforcement improved the load carrying capacity of the deep
beam ranging between 35 % and 43 %. Higher strength increment was seen in
the beam with larger grid bar cross sectional area. FRP reinforcement restrained
the propagation of critical diagonal cracks. Thus, higher loads were required to
create critical diagonal cracks that penetrate the beam.
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Figure 2.5: CFRP Strips and CFRP Fabrics Detailing (Zhang, et al. 2004).
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Figure 2.6: Externally Bonded FRP Systems (Islam, et al., 2005).

Maaddawy and Sherif (2009) studied the load carrying capacity of RC
deep beam with externally bonded CFRP reinforcement. Four deep beam
specimens were wrapped entirely with vertical and horizontal CFRP sheets
using epoxy resin, as shown in Figure 2.7. Another nine specimens were
conventional deep beams with different opening locations and sizes. As a result,
the CFRP reinforcement reinforced deep beam had restrained shear deformation.
Therefore, the CFRP reinforcement remarkably increased the beam load
carrying capacity, range from 35 % to 73 %. Independent diagonal cracks form
in the top and bottom chords of the beams, causing splitting failure and relative
rotation of the shear span segments. In contrast, CFRP reinforced beam
experienced sudden failure due to the formation of independent diagonal shear
cracks along with the concrete disintegration around the top chord wrapped with
U-shaped CFRP sheet.
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Figure 2.7: Externally Bonded FRP Systems (Maaddawy and Sherif, 2009).

Unlike steel plating systems, the FRP system is non-corrosive. Therefore,
it is more durable and sustainable. Moreover, FRP laminates are light, thus easy
for transportation. Nevertheless, FRP deep beams were reported to fail in FRP

delamination, which is undesirable.

2.2.3  Internal/ Near Surface Mounted (NSM) FRP System

Farghaly and Benmokrane (2013) investigated the behaviour of fiber reinforced
polymer (FRP) reinforced RC deep beam without web reinforcement. The
primary test variables were the provided longitudinal reinforcement area and the
type of reinforcement. The bottom longitudinal steel bars of the deep beam were
replaced entirely by carbon fiber reinforced (CFRP) bars and glass fiber
reinforced (GFRP) bars with different bar diameters, as shown in Figure 2.8.
Different bar diameters represented different longitudinal reinforcement ratios.
All the FRP-reinforced deep beams failed by diagonal shear failure, followed
by concrete crushing at the top of the compressive strut. The failure mode was
regardless of the reinforcement ratio and type. The test results showed that the
reinforcement ratio had no effect on the initial flexure and diagonal shear
cracking load. However, as the reinforcement ratio increased, the ultimate load

carrying capacity of the beam increased significantly. Besides, the GFRP and
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CFRP reinforcement decreased the crack width by 43 % and 51 % respectively.
Lastly, the absence of web reinforcement had the least effect on the ultimate

load but recommended for crack control.
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Figure 2.8: Detailing of FRP-reinforced Deep Beam (Farghaly and
Benmokrane, 2013).

Albidah, et al. (2019) experimentally and numerically studied the
effectiveness of adopted strengthening schemes for RC deep beam. Two types
of strengthening schemes were involved: (i) near surface mounted (NSM) CFRP
U-wrap strips along with externally bonded horizontal CFRP strips (ii) welded
wire mesh (WWM). These schemes were provided only in half span of the beam,
while another half span remained as conventional steel web reinforcement, as
shown in Figure 2.9. The test observations proved that both strengthening
schemes had improved the load carrying capacity of the beam because failure
only occurred at the half span with conventional reinforcement, as shown in
Figure 2.10. The dominant failure mode was diagonal splitting. The load-
deflection curves showed that both schemes improved the stiffness of the beam
as well, and the improvements were very similar.

Ibrahim, et al. (2020) studied the load carrying capacity of RC deep
beam using near-surface mounted hybrid carbon-glass fiber reinforced polymer
strips (NSM-FRP). The NSM-FRP was installed at the left and right surface of
the beam, parallel to the steel stirrups. Apart from the number of NSM-FRP, the
number of steel stirrups at the critical shear span (CSS) and the configuration of
the reinforcement (aligned and unaligned) were investigated as well. The
reinforcement configurations are presented in Figure 2.11. This study found that
NSM-FRP effectively enhanced the load carrying capacity of the deep beam



15

ranging between 28.8 % and 55.8 %. Deep beam without CSS stirrup gained
greater strength relative to deep beam with CSS stirrup. The unaligned
reinforcement configuration gained greater strength due to larger coverage of
reinforcement. Other significant enhancements of NSM-FRP reinforced deep
beams include increased ultimate deflection, increased energy absorption, and

decreased crack width.
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Figure 2.11: Aligned (Left) and Unaligned (Right) Configuration with 3 NSM-
FRP and 3 Steel Stirrups (Ibrahim, et al., 2020).

Internal or NSM FRP system could effectively solve the issue of FRP
delamination. Most importantly, it boosts the overall performance of RC deep
beams. However, these systems involve the rehabilitation and rectification of
the existing reinforcement detailing. Therefore, the proposal of novel deep beam

shear reinforcement detailing at the design stage remains undiscovered.

2.2.4  Embedded Steel Section

Chen, et al. (2018) tested the behaviour and capacity of steel shape reinforced
concrete (SRC) deep beam. Wide flange H-section was embedded into the beam,
as shown in Figure 2.12. Softened area is the part located at the exterior of the
H-section, where concrete crushes at ultimate state. The deep beam specimens
were varied in terms of the H-section dimensions include the section depth,
section width, flange thickness, and web thickness. The experimental results
showed that the embedded section contributed considerably to the load carrying
capacity of the deep beam, up to a maximum value of 5209 kN, which was
200 % of the control beam capacity. Depth of the steel section was the key factor
affecting the capacity increment, where deeper section can withstand greater
loading. Besides, composite SRC deep beam performed better than non-
composite SRC deep beam by 7 % to 23 % in terms of shear capacity. The
embedded steel section also provided the deep beam with better ductility than

the conventional RC deep beam.
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Figure 2.12: SRC Deep Beam Detailing (Chen, et al., 2018).

This method remains the use of conventional shear stirrups. Combining
shear stirrups and the steel section may cause reinforcement congestion inside
the deep beam. It is difficult for concrete placement and casting, therefore

leaving voids inside the concrete and creating concrete honeycombs.

2.3 Reinforcement Methods to Ease Reinforcement Congestion

The simplest yet effective way to improve the performance of a structural
member is by increasing the amount of reinforcement used. However, this will
lead to another issue, which is reinforcement congestion. Reinforcement
congestion causes difficulty in concrete mixing and placement. Moreover, it is
difficult for a mechanical vibrator to be placed into the congested reinforcement
to ensure the uniformity of the concrete mix. Improper placement and
compaction of concrete form honeycomb that deteriorates the load carrying
capacity of the structural member. Furthermore, it takes extra time and cost to
repair or reconstruct the structure. Therefore, plenty of research was done to
identify possible reinforcement methods to ease reinforcement congestion
without affecting the overall strength of the structural member.

Kang, et al. (2012) experimentally tested the shear behaviour of steel
fiber reinforced lightweight concrete (SFRLC) beams without shear stirrups.
The beam specimens were prepared varied in span-to-depth ratio and steel fiber
volume fractions. The detailing of the specimen is shown in Figure 2.13. The
results proved that the addition of steel fiber in the concrete mix increased the
shear capacity by 30 % and improved the ductility as well. Most importantly, it

had eliminated the usage of conventional shear stirrups.
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Figure 2.13: SFRLC Beam Detailing (Kang, et al., 2012).

Khai, et al. (2017) tested the effectiveness of bundled diagonal
reinforcement in steel-fiber-reinforced concrete (SFRC) coupling beam in
seismic action. One control specimen adhered to ACI code-specified
reinforcement detailing, while three specimens were reinforced using bundled
diagonal reinforcement with different stirrups spacing, as shown in Figure 2.14.
All four specimens were made of SFRC. The results proved that bundled
diagonal reinforcement enhanced the load carrying capacity of the coupling
beam up to 13 % increment as compared to normal arrangement. Furthermore,
bundled diagonal reinforcement improved the beam ductility and delayed the
stiffness degradation as well. Therefore, it was proven that the application of
bundled diagonal reinforcement in SFRC coupling beams considerably reduces
the amount of transverse reinforcement required yet improved the seismic
performance of the beam.

Kefelegn and Gebre (2020) investigated the structural behaviour of self-
compacting concrete (SCC) beams with congested reinforcement. Four SCC
beam specimens were prepared, with two vibrated concrete (VC) beams as
control. SCC concrete mix of Rank 1 self-compactability was required for high-
fluidity concrete to flow into structural members with a minimum clearance of
35-60 mm between the reinforcement. Shear, tension, and compression
reinforcement were spaced closely within the range of 35-60 mm to simulate
the reinforcement congestion condition, as shown in Figure 2.15. The results
showed no significant difference in terms of the crack pattern between SCC and
VC beam. However, the load carrying capacity and ductility of the SCC beams
were slightly higher than the VC beams.
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Figure 2.14: Bundle Diagonal Reinforced Coupling Beams (Khai, et al., 2017).
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Figure 2.15: SCC and VC Beams Detailing (Kefelegn and Gebre, 2020).

The abovementioned techniques provide remarkable relief to the
reinforcement congestion issue in concrete structures and smoothen the casting
and placement process. However, these techniques require alteration in the

ready-mix concrete proportion, which is very particular, and this may increase
the construction cost and time significantly.
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2.4 Finite Element Analysis

Finite Element Analysis (FEA) is a computational tool applied in science and
engineering to solve complex problems related to structural analysis,
thermodynamics, fluid mechanics, electromagnetic potential, etc. FEA divides
a complex problem defined by a physical system, such as the Euler-Bernoulli
beam equation, into small elements representing different areas in the physical
system (Saurabh and Yadav, 2016). Alexander Hrennikoff and Richard Courant
first founded FEA in the 1940s. In Hrennikoff's (1941) study on framework
analysis, he discovered FEA to resolve the time constraint due to a lack of
computation power. Courant (1943) founded FEA with his numerical analysis
of the plain torsion problem for multiply connected domains. Both pioneers
agreed to one common and essential characteristic of FEA, which is the mesh

discretization of a continuous domain into a set of discrete sub-domains.

2.4.1  Structural Finite Element Analysis

Li, et al. (2018) conducted a finite element analysis using OpenSees to
investigate the shear behaviour of bolted side plate (BSP) RC beam. The BSP
beam was analyzed in terms of the load carrying capacity, crack pattern, and
load-deflection behaviour. One beam specimen was tested as the control of the
test, while three more specimens were strengthened with side plates of different
plate widths, bolt spacings, and the number of bolt rows, as shown in Figure
2.16. Modelling of the concrete, reinforcing bars, steel plates, and bolt
connections were completed with multi-layer shell elements, truss elements, flat
shell elements, and coupled zero-length elements respectively. The numerical
results were validated against experimental results published by Li, et al. (2017).
The numerically computed results for the load carrying capacity possessed an
error band ranging from 1.8 % to 6.4 % as compared to the experimental results.
Besides, the numerical deflection had errors ranging from 4.6 % to 16.2 %. Both
the numerical capacity and deflection possessed very little percentage error.
Therefore, the numerical model was accurate. In addition, the numerical model
predicted the crack pattern accurately, as shown in Figure 2.17. The bolted
plates diverted the main diagonal crack into multiple cracks of smaller width.

Based on the load-deflection curves presented in Figure 2.18, the numerical
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results deviated slightly from the experimental results. However, they followed
the same trend, and the curves emerged at a later stage.

Jasim, et al. (2020) conducted finite element analysis on RC deep beam
with web openings strengthened externally with carbon fiber reinforced
polymer (CFRP) sheets at the left and right surface. This research observed the
behaviour of the CFRP reinforced RC deep beam in terms of the failure mode,
load carrying capacity, flexural cracking, and the diagonal cracking. Concrete
damage plasticity (CDP) model in ABAQUS was implemented to simulate the
complex nonlinear behaviour of the concrete. CDP model is preferable in many
researches because it considers the degradation in elastic stiffness and strength
induced by the tension and compression damages parameter. The numerical
results were validated with the experimental results of the CFRP reinforced deep
beam tested under two-point symmetric loading, published by Jasim, et al.
(2018). The numerical results predicted the occurrence of diagonal splitting
failure and shear compression failure, which was in good agreement with the
experimental observation, as shown in Figure 2.19. The overall performance of
the deep beam was improved as well with the installation of the CFRP
reinforcement. However, the stiffness was observed to be higher in the
numerical models due to some influences that caused the inaccuracy, as
presented in Figure 2.20. Ibrahim and Mahmood (2009) explained that finite
element models neglected some potential factors that would reduce the stiffness
of the beam, such as micro-cracks due to drying shrinkage and true slip between
concrete and steel bonding. Therefore, the numerical stiffness was higher than

the experimental value.
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Figure 2.16: BSP Beams Detailing (L1, et al., 2018).
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Figure 2.19: Crack Patterns from Experimental Observation and Numerical
Analysis (Jasim, et al., 2020).
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Figure 2.20: Load-deflection Curves of CFRP Beam (Jasim, et al., 2020).

Hawileh, et al. (2012) developed 3D nonlinear finite element models to
predict the performance of RC deep beams with web openings strengthened in
shear with carbon fiber reinforced polymer (CFRP) composites sheets.
Meanwhile, EI-Maaddawy and Sherif (2009) published a set of experimental
results that proved the shear capacity increment in RC deep beam reinforced
with fiber reinforced polymer (FRP) composites around web openings. Hawileh,
et al. (2012) validated the numerical results with these experimental results in
terms of the load carrying capacity, crack pattern, and deformational
characteristics to evaluate the reliability of the finite element models. Six
specimens were prepared with different CFRP reinforcement locations, as
shown in Figure 2.21. The numerical results were computed using ANSYS ver.
11.0 were proved accurate with only a 3.2 % error band in terms of failure loads

prediction and a 14 % error band in terms of deflection capacities prediction.
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The results showed CFRP reinforcement around the beam opening had
significantly increased the load capacity of the beam. Moreover, the crack
pattern projected by the finite element models happened to accord with the

experimental observation, as shown in Figure 2.22.
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Figure 2.21: Tested Specimens with Various Location of CFRP Reinforcement
(Hawileh, et al., 2012).
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Compressive Stress (Hawileh, et al., 2012).
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Metwally (2015) numerically analyzed the behaviour of RC deep beam
reinforced internally with glass fiber reinforced polymer (GFRP) bars using
ABAQUS. GFRP-reinforced were used to replace the bottom steel bars, which
are prone to corrosion. The reinforcement detailing is shown in Figure 2.23. The
numerical models yielded results similar to the experimental results in terms of
load-deflection behaviour, failure mode, and crack propagation, as shown in
Figure 2.24 and 2.25. Shear compression caused by concrete crushing in the
compression zone was the most common failure mode. Metwally (2015) also
studied the GFRP bars reinforcement strains that acted as an indicator of the tied
arch mechanism inside the beams. The numerical results deviated slightly from
the experimental results. However, the values still agreed to a constant trend,
where reinforcement strain was higher at the mid-span while lower near the

support.
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Figure 2.23: GFRP Deep Beam Detailing (Metwally, 2015).
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Figure 2.25: Crack Patterns from Experimental Observation and Numerical
Analysis (Metwally, 2015).

Ibrahim, et al. (2018) carried out nonlinear finite element analysis to the
load carrying capacity and behaviour of deep beam with two proposed internal
reinforcement detailing: 1) detailing with embedded struts 2) detailing with
intensify ties, as shown in Figure 2.26 and Figure 2.27. Finite element analysis
tool implemented in this research was the ABAQUS program to cooperate with
the concrete damage plasticity (CDP) model. The reinforcement detailing with
embedded struts was more effective when the inclination angle is more than 30°,
where it could withstand 45 % greater von Mises stresses than the intensify ties
detailing. The numerical results predicted the capacity of the beam precisely, up
to a 99.66 % accuracy. The model projected a crack pattern that matched well
with the experimental observation, as shown in Figure 2.28. There was a slight
difference in the comparison between load-mid span deflections, which could
be explained by the limitations on concrete to deform with damage technique in
the ABAQUS program. However, both the numerical and experimental results

were showing the same trend.
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Figure 2.26: Detailing with Embedded Struts (Ibrahim, et al., 2018).
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Figure 2.27: Detailing with Intensify Ties (Ibrahim, et al., 2018).

Figure 2.28: Crack Patterns from Experimental Observation and Numerical
Analysis (Ibrahim, et al., 2018).
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Chiriki and Harsha (2020) studied the behaviour of RC deep beams
strengthened internally with I-section and truss reinforcement using ABAQUS
software. Five deep beam specimens were prepared and denoted as DB1, DB2,
DB3, DB4, and DBWR. DB1 and DB4 had different ratios of conventional
shear reinforcement, DB3 had shear reinforcement in the form of truss, DB2
had embedded rolled I-section, and DBWR had no reinforcement. The
specimens were analyzed in terms of the load-deflection behaviour and stress
capacity. The results showed that the I-section contributed to the highest
strength increment, followed by the truss reinforcement, and the conventional
shear reinforcement, as shown in Figure 2.29. The shear stress distribution in
the deep beams was illustrated with the von Mises contour, as shown in Figure
2.30. Deep beam with embedded I-section and truss reinforcement withheld
higher stresses compared to deep beam with conventional shear reinforcement.
Deep beam embedded with I-section had the best performance among the four
specimens because the bottom flange, top flange, and the web of the I-section
were able to withstand a greater amount of tensile stresses, buckling stresses,
and shear stresses respectively. In addition, DB1 with a higher conventional
shear reinforcement ratio performed better than DB4 with a lower reinforcement

ratio in all the testing.

[Load vs Deflection

—DB1 - -DB2 DB3 DB4 ——DBWR

Deflection (mm)

Figure 2.29: Numerical Load-deflection Curve (Chiriki and Harsha, 2020).
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S, Mises
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- 46.741e401
- +6.128e+01
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4+4.903e+01
+4.290e+01

+3.677e+01
+3.064e+01
+2.451e+01
- +1.83%+01
+1.226e401
+6.130e+00
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Figure 2.30: Von Mises Stress Contour of DB2 (Chiriki and Harsha, 2020).

Literature has reported on finite element analysis using different
computer software such as ABAQUS, ANSYS, and OpenSees to predict the
behaviour of RC structures. Besides, the accuracy of these numerical models
has been proved by validating the numerical results with experimental
publications. The steel-plating system, FRP system, and embedded steel section
were numerically analyzed, and the numerical results are reliable. However, the
proposed detailing of embedded circular holes thin shear plates need to be
investigated further using numerical models in this study.

2.5 Summary

In a nutshell, researchers have established solutions to improve the load carrying
capacity, ease reinforcement congestion, and perform numerical analysis on RC
structures. External, near-surface mounted and embedded reinforcement
systems were effective in increasing the load carrying capacity of RC deep beam
(Li, et al., 2017; lbrahim, et al., 2020; Chen, 2018). Moreover, finite element
analysis using computer software generated promising numerical results as
compared to the experimental results (Li, et al., 2018; Jasim, et al., 2020).
Nevertheless, none of the research conducts a numerical study on the numerical
deformation and strength performance of RC deep beam with circular holes thin

plates, leaving a research gap that initiated this study.
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CHAPTER 3

METHODOLOGY

3.1 Introduction
This study implemented finite element analysis software ABAQUS to develop
a numerical model to evaluate the deformation and shear performance of RC
deep beam embedded with circular holes thin shear plates. The numerical model
was then verified with experimental data to prove the reliability of the model.
An optimum design was determined among deep beam specimens reinforced
with circular holes thin shear plates of various opening spacing. The optimized
design was further investigated with graphics of the numerical results.
Specimen specification and test setup were the foremost pre-process to
determine the properties and conditions of the experimental specimens. After
that, there were four major stages in this numerical study, including numerical
modelling, numerical analysis, results verification, and design optimization.
The first stage was the numerical modelling, which could be further
classified into four sub-sections, including material properties modelling,
interaction properties modelling, element and mesh size definition, boundary
conditions and loading determination. Secondly, numerical analysis was
performed in ABAQUS by applying the reference point method. Next, the
model was validated by comparing the numerical results with the experimental
observations in terms of load-displacement behaviour. Model recalibration is
required if the numerical results were inconsistent with the experimental results.
Model validation was crucial to avoid errors and increase the results' accuracy.
The following stage was the optimization of the spacing between the circular
openings to obtain the design that yields the best shear performance. Lastly, the
von Mises stress, plastic strain magnitude (PEMAG), and concrete tension
damage of the optimized specimen were analyzed and discussed in Chapter 4
for further research purposes.

The general flow of the research methodology is presented in Figure 3.1.
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2. Testing setup
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'Re-design|
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Figure 3.1: General Flow of the Research Methodology.

Historical Work

Research on deep beam conducted by Jasim, et al. (2020) was used as a

reference in this study. Numerical analysis was performed using the reference

beam to generate a load-displacement curve. The results were validated with

Jasim, et al. (2020) findings to obtain a numerical curve matching the

experimental results. Fine-tuning of the material properties and improvement

on the simulation technique were performed to improve the compliancy of the

numerical results with the experimental results.
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3.3 Specimen Specification

Before entering the numerical study, pre-processing works were required to
determine the number, physical properties, and reinforcement detailing of the
RC deep beams. RC deep beam specimens were divided into three categories: a

reference beam, a control beam, and five test specimens.

3.3.1 Reference Beam (Jasim, et al., 2020)

A reference beam was constructed based on the research on deep beam
conducted by Jasim, et al. (2020) to validate the numerical modelling technique
and the defined material properties. The reference beam was 1500 mm in length,
150 mm in width, and 500 mm in depth, with a clear span to depth ratio of 2.4,
which is less than 4.0. Concrete compressive strength provided is 25 MPa. Steel
reinforcement provided were 16 mm bottom bar, 6 mm top bar and 6 mm shear
link with 90 mm spacing. Besides, T6 steel bars with 86 mm spacing were
provided as skin reinforcement at two sides of the beam to limit flexural crack
formation. The reference beam geometry and material properties are tabulated

in Table 3.1. Figure 3.2 shows the detailing of the reference beam.

Table 3.1: Reference Beam Geometry and Material Properties.

Parameter Description

Annotation RO1

Dimension 1500 mm (length) x 150 mm (width) x
500 mm (depth)

Concrete strength 25 MPa

Flexural reinforcement 2T6 (top), 2T16 (bottom)

Shear reinforcement T6-90

Skin reinforcement T6-86

Jasim, et al. (2020) conducted experiment testing on the performance of
the RC deep beam and generated results as shown in Figure 3.3 and Figure 3.4.
Figure 3.3 shows the load-displacement curve of the experimental reference
beam, which served as the main reference for model validation. Figure 3.4
shows the comparison of the failure behavior of the experimental RC deep beam

observed experimentally and the numerically simulated stress contour.
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Figure 3.2: Reference Beam Detailing, RO1 (Jasim, et al., 2020).

600

Load (kN)

0 1 2 3 4 5 6 7 8 9 10
Deflection (mm)

Figure 3.3: Reference Beam Experimental Load-displacement Curve (Jasim, et
al. 2020).

Figure 3.4: Experimental Observation (Left) and Numerical Simulation

(Right) of Reference Beam Failure Behaviour (Jasim, et al., 2020).

3.3.2 Control Beam

Control beam noted as C-01 of this study was constructed to examine the
performance of RC deep beam reinforced using conventional shear links. The
control beam was 1100 mm in length, 150 mm in width, and 275 mm in depth,
which had span-to-depth ratio of 4. Concrete casted was Grade C25/30 normal
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strength concrete. 12 mm bottom bar was provided as the flexural reinforcement,
along with 10 mm top bar. 8 mm shear stirrups with 150 mm spacing were used
as the conventional shear reinforcement in the control beam. The control beam
geometry and material properties are tabulated in Table 3.2. Figure 3.5 shows

the detailing of the control beam.

Table 3.2: Control Beam Geometry and Material Properties.

Parameter Description
Annotation C01
Dimension 1100 mm (length) x 150 mm (width) x
275 mm (depth)
Concrete strength 25 MPa
Flexural reinforcement 2T10 (top), 2T12 (bottom)
Shear reinforcement T6-150
2T10 T8-150 N R
T A T “
/ 42 43
275 1%9
7 24 “ 0
A — ] aal| 50~
—~'501— T2 8OO —{50— —~ 62—
-100— ~1 00~

Figure 3.5: Control Beam Detailing, CO1.

3.3.3  Test Specimens

Five test specimens were prepared by substituting conventional shear link with
1.5 mm thick circular holes thin shear plates. The shear plates had 25 mm
circular holes with different spacing of 50 mm, 75 mm, 100 mm, 125 mm, and
150 mm, as tabulated in Table 3.3. Concrete grade used was Grade C25/30
normal strength concrete. Reinforcement provided were 2T10 top bar, and 2T12
bottom bar, similar to the control beam 1.5 mm thick steel plates were welded
at the centre and both ends of the specimen to prevent the disassembling of the

reinforcement cage. Figure 3.6 shows the detailing of the test specimens.
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Table 3.3: Test Specimens Specification.

Specimen Description Remarks

N50 1.5 mm thick plate with 50 mm spacing, @ 25 mm opening

N75 equally spaced circular 75 mm spacing, @ 25 mm opening

N100 openings. 100 mm spacing, @ 25 mm opening

N125 125 mm spacing, @ 25 mm opening

N150 150 mm spacing, @ 25 mm opening
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36

3.4 Numerical Modelling

In this study, nonlinear finite element analysis was conducted using ABAQUS
software to study the shear performance of simply supported RC deep beams
with circular holes thin shear plate under monotonic loading. ABAQUS
provides a series of approaches to representing concrete structure behavior,
including the concrete damaged plasticity model, discrete crack model, smeared
crack model, and cohesive surface model.

Concrete damaged plasticity (CDP) model was chosen over the other
models because it works well to model quasi-brittle structures such as concrete
beams, trusses, shells, and solids under monotonic loading. CDP model
combines the concepts of isotropic damaged elasticity, isotropic tensile, and
compressive plasticity to model the inelastic behaviour of concrete. Viscoplastic
regularization is a common technique used in conjunction with the CDP model
to overcome the convergence difficulties caused by the softening behaviour and
stiffness degradation of the concrete.

Numerical modelling is performed in four stages: material properties
modelling, interaction properties modelling, element and mesh size definition,
boundary conditions, and loading determination. Material properties modelling
determines the properties of concrete, steel reinforcement bar, and steel plate.
Interaction properties modelling defines the interactive condition between the
reinforcement cage and concrete, and the condition between steel reinforcement
bar and steel plate. Element and mesh size definition decide the type of concrete
and steel reinforcement element used in the model, and the optimum mesh size
to perform finite element analysis. Lastly, all the boundary conditions are added
to specify the support condition of the specimens. Two numerical studies of RC
deep beam conducted by Demir, et al. (2016) and Ibrahim, et al. (2018) provide

guidance in determining necessary parameters in the modelling process.
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3.4.1 Material Properties

Material properties modelling inputs the various phenomena observed in the
materials into ABAQUS to predict their nonlinear behaviour under desired test
conditions. Concrete, steel reinforcing bar, and steel plate are three major

components to be modelled in the study of a RC deep beam.

3.4.1.1 Concrete

Concrete parameters of the CBP model include density, characteristic strength
of concrete, mean tensile strength, modulus of elasticity, Poisson's ratio, dilation
angle, eccentricity, yield stress ratio, ratio of second stress invariant on the
tensile meridian, viscosity, and stiffness recovery of the concrete, as tabulated
in Table 3.4.

The density of reinforced concrete is 2500 kg/m®. According to BS EN
1992-1-1:2004 (European Commisssion, 2004), Grade C25/30 concrete has 25
MPa characteristic compressive cylinder strength, and 0.2 Poisson's ratio.
Modulus of elasticity of the concrete was calculated as 24569 MPa using
Equation (1) by Pauw (1960). The following concrete modelling parameters
were obtained from a numerical research by Demir, et al. (2016). The dilation
angle is described as the ratio of plastic volumetric strain to plastic shear strain,
ranging between 20° to 40° for concrete. Eccentricity is considered when the
loading point is away from the neutral axis of the beam, which was taken as
default of 0.1 in this study. The ratio of initial equiaxial compressive yield stress
to initial uniaxial compressive yield stress, namely yield stress ratio was taken
as the default value of 1.16. The value of the ratio of the second stress invariant
on the tensile meridian to that on the compressive meridian was 0.667. The
viscosity parameter was 0.0001. It was included in the model to perform
viscoplastic regularization that improves the rate of convergence of the model,
S0 more accurate results are generated. For the stiffness recovery parameters,
the compression recovery parameter was assumed as 0, while the tension
recovery parameter was assumed as 0.8. Zero value of the compression recovery
parameter indicates there was no stiffness recovery of the specimen once it

failed by crushing in compression.
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E. = 0.0736w1(f.")030 (1)
where;
fc = concrete density, kg/m®

fc = comcrete compressive cylinder strength, MPa

Table 3.4: Concrete Parameters of CBP Model (Demir, et al., 2016).

Parameter Symbol Value
Dilation angle W 30°
Eccentricity € 0.1
Yield stress ratio Ob0/0c0 1.16
Ratio of the second stress invariant on the Ke 0.667

tensile meridian

Viscosity U 0.0001
Compression stiffness recovery e 0
Tensile stiffness recovery ot 0.8

The stress-strain relationship of the concrete due to compression and
tension was defined using the stress-strain relationship equation defined in
compression and modified tension stiffening model respectively. The stress-
strain equations were defined by Carreira and Chu (1985) to define the stress-
strain relationship of plain concrete in compression, as shown in Equation (2),
and Equation (3). These equations require the input of ultimate strain, which

was proposed at 0.002 strain in this study.

g = [%l +1.55 (2)

where;

fo = concrete compressive stress, N/mm?
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fo__ BE/o)
fe p—1+ (e/e’)ﬁ

(3)

where;
€ = strain, mm/mm

¢ = ultimate strain, mm/mm

For the modelling of stress-strain relationship in tension, Wahalathantri,
et al. (2011) modified the proposed model by Nayal and Rasheed (2006) to
better fit into ABAQUS software, as shown in Figure 3.7. The modified model
created a slanted portion between the critical strain (ecr, ot0) to 1.25 critical strain
(1.25 é&cr, 0.77 oto) to eliminate possible run-time errors in ABAQUS material
modelling.

In the calculation of the compression and tension damage parameters,
the damage up to the concrete compressive strength was assumed zero. Hence,
damage only occurs in the descending limb of the stress-strain curve. Lima, et
al. (2016) derived Equation (4) for the compression damage parameter, dc, and
Equation (5) for the tension damage parameter.

g, =1-1 4)

f-cl

where;
fc = compressive stress on the descending limb, N/mm?

fc = peak compressive stress, N/mm?

de=1-— 5)
Oto

where;
o = tensile stress on the descending limb, N/mm?

ot = peak tensile stress, N/mm?
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Figure 3.7: Modified Tension Stiffening Model (Wahalatantri, et al., 2011).

Figure 3.8 shows the stress-strain curve of concrete in compression
plotted using Carreira and Chu (1985) equations. Figure 3.9 shows the stress-
strain curve of concrete in tension plotted based on the modified tension
stiffening model by Wahalatantri, et al. (2011). Figure 3.10 and Figure 3.11
show graphs of the concrete compression damage and tension damage

respectively.
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Figure 3.8: Concrete Stress-strain Curve in Compression.
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3.4.1.2 Steel Reinforcing Bar

Density of the steel reinforcing bar is 7850 kg/m®. According to BS EN 1993-
1-1:2005 (European Commisssion, 2005), structural steels have 0.3 Poisson’s
ratio in elastic stage. 2T10 mild steel bars were used for top reinforcement, and
2T12 mm steel bars were used for bottom reinforcement. Stress-strain
relationship of the steel reinforcing bar could be obtained by conducting a
tensile coupon test. However, the test was unable to be conducted due to the
Covid-19 pandemic. Therefore, the stress-strain relationship of the reinforcing
steel bar was modelled based on the tensile coupon test results by Terng (2019),
as shown in Figure 3.12. Furthermore, the results are tabulated in Table 3.5.
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Figure 3.12: Stress-strain Relationship of Steel Reinforcing Bar (Terng, 2019).

Table 3.5: Steel Reinforcing Bar Parameters (Terng, 2019).

Parameter Symbol Value
Elastic Modulus (MPa) E 214980.30
Yield Stress (MPa) o 485.33
Yield Strain (pe) € 2258
Ultimate Stress (MPa) fyk 568.25

3.4.1.3 Steel Plate

An 1.5 mm thick steel plates that replaced the conventional shear links have
characteristic tensile strength of 500 MPa. The spacing of the openings varied
between 50 mm to 150 mm. The stress-strain relationship of steel plates should
be tested by tensile coupon test, where only one steel plate, namely the coupon

was tested to minimize material wastage. Likewise, the stress-strain relationship
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of steel plates were obtained from the literature by Terng (2019), as shown in
Figure 3.13, and the results are tabulated in Table 3.6.
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Figure 3.13: Stress-strain Relationship of Steel Plate (Terng, 2019).

Table 3.6: Steel Plate Parameters (Terng, 2019).

Parameter Symbol Value
Elastic Modulus (MPa) E 178591.97
Yield Stress (MPa) o 369.61
Yield Strain (pe) e 2070
Ultimate Stress (MPa) fy 389.69

3.4.2  Interaction Properties
The interaction between the steel plates and steel reinforcing bars was defined
using the surface-based tie constraint in ABAQUS. Steel plates with higher
stiffness were defined as the master surface, while nodes steel reinforcing bars
with lower stiffness were defined as the slave surface. Nodes between the shared
surface are eliminated from the master surface to allow multiple slave nodes on
the steel bars to tie on a common master surface. Displacement degrees of
freedom of the shared nodes were constarained when the steel bars were tied to
the steel plates as a solid element, as shown in Figure 3.14 (Dassault Systemes
Simulia Corp., 2017).

Interaction between the steel reinforcement cage and the concrete was
specified using the embedded element technique. Concrete, as a three-
dimensional solid continuum element, was defined as the host element, and the

steel reinforcement cage was embedded in the concrete, as shown in Figure 3.15.
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This technique eliminated the initial pore pressure degree of freedom and
translational degrees of freedom of the embedded elements and constrained
them to the interpolated values of the respective degrees of freedom of the host
element. Only rotational degrees of freedom remained initial in the embedded

element (Dassault Systéemes Simulia Corp., 2017).

slave surface defined
on shell structure N master surface defined

on solid structure

/
s

|
]

Only displacement degrees
of freedom are tied.

Figure 3.14: Surface-based Tie Constraint on Solid Surface (Dassault

Systemes Simulia Corp., 2017).

- Modes on the host elements

o Modas on the embedded elemants
Edges of the host elemants

- - - - |Edges of the embadded skemenis

Figure 3.15: Embedded Elements (Dassault Systémes Simulia Corp., 2017).

3.4.3 Element Type and Mesh Size

Concrete was modelled as a three-dimensional solid continuum element with
eight nodes in linear brick pattern, denoted as C3D8R. 'R’ indicates that the
reduced integration in the element is performed under hourglass control.

Hourglassing is a common issue when an unintegrated element produces no
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strain and leads to uncontrolled distortion of the mesh. Steel plates were
modelled as deformable solid continuum element. Therefore, a similar element
type was assigned to the steel plates as C3D8R.

Steel reinforcing bar was stimulated as a 2-node three-dimensional truss
element, denoted as T3D2. Truss element is often used to model slender, wired
structures such as reinforcement bars that support loading along the axis or
centreline of the structure. 2-node straight truss elements linearly interpolate the
displacement and position and yield constant stress distribution.

This study used 25 mm mesh size because the coarse aggregate size in
the concrete mix is between the range of 20 mm and 25 mm. Hence, 25 mm
mesh was optimum to yield converging and accurate results, yet could be done

in an acceptable time range.

3.4.4 Boundary Conditions and Load Definition

Support condition of the specimen was roller support. The beam ends were
restrained in two degrees of freedom, which are the translation perpendicular to
the roller in the 2-direction (U2) and the 3-direction (U3), as shown in Figure
3.16. Translation parallel to the roller and rotation remained unrestrained.
Reference points were created at the specimen ends to apply the boundary
conditions.

Two-point monotonic loadings with 200 kN magnitude were applied to
the loading plates located at the beam centre. Reference points were created to
stimulate the loading points. MPC constraint interaction was created between
the reference point, as the control point and the centreline of the loading plate
that contains the slave nodes. The purpose of creating MPC constraint was to
convert the point load into a line load that was evenly distributed along the plate
centreline. Concentrated force loading was applied using a static loading step in
the 2-direction (U2). Loading was applied at 1 x 10> minimum step increment
and 10 maximum increment. The maximum number of increments was 10000

or within 10 s time period.
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Figure 3.16: Translation and Rotational Degrees of Freedom (Dassault

Systemes Simulia Corp., 2014).

3.5 Results Verification

Numerical results were presented and verified with the experimental results.
The main parameter to be verified was the shear bearing capacity based on the
load-displacement curve of the specimens. Furthermore, the numerical
generated concrete tension damage contour was compared with the
experimentally observed crack propagation. Results verification aims to check
the compliance of the numerical specimens with the real behaviour of the
experimental RC deep beams. Therefore, recalibration is required if the model
showed incompliance results. Modifications on the material and mechanical
properties of the numerical specimens are performed to recalibrate the model.

3.6 Optimization
The verified numerical model was used to simulate the shear behaviour of RC
deep beam specimens reinforced with 1.5 mm thick shear plates of various
opening spacing, including 50 mm, 75 mm, 100 mm, 125 mm, and 150 mm.
The main purpose of optimization is to determine the opening spacing
that provides similar and reassembles load carrying capacity as the conventional
shear link design. Load-displacement curve was the key factor to determine
optimum design for the thin shear plates. After that, the optimizated specimen
was further investigated in terms of the von Mises stress, plastic strain
magnitude (PEMAG), and concrete tension damage. Graphical visualizations
were generated to understand better the relationship between the performance

of RC deep beam and the opening spacing. The graphics also predicted the
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numerical deformation of the specimen throughout the loading process.
Moreover, adequately designed detailing could save plenty of time and cost by

avoiding unnecessary spending on overdesigned or undersigned detailing.

3.7 Summary

The research methodology consists of four main parts, including numerical
modelling, numerical analysis, results verification, and optimization. Numerical
modelling defines the material and mechanical properties of the deep beam
specimen. Next, numerical analysis generates results and graphics representing
the deformation and shear performance of the specimens, thus achieved one of
the study objectives. Then, the numerical results are compared with
experimental results to complete results verification. Lastly, the verified model
is used to determine the optimum design of RC deep beam embedded with
circular holes thin shear plates of five different opening spacings.



48

CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter discusses the results of a reference beam, a control beam, and test
specimens stimulated by ABAQUS finite element software. Five test specimens
strengthen with 1.5 mm circular hole steel plates with different spacing were
numerically tested under monotonic point loads. The results are analyzed in
terms of the load-displacement behaviour, von Mises stress contour, plastic
strain magnitude (PEMAG), and concrete tension damage.

The discussion starts with a validation of the simulation technique and
material properties with a comparison between the numerical results of the
reference specimen, RO1 and the experimental results by Jasim, et al. (2020).
Test results of a control beam, CO1 and five test specimens, N50, N75, N100,
N125, and N150 were generated with the validated model. The results were
compared and optimized to obtain a detailing with the best performance.

4.2 Model Validation with Reference Beam

In the first stage of the analysis, the numerical model was validated by
comparing the results between the numerical reference beam, ROl and
experimental results by Jasim, et al. (2020). R01 was 1500 mm in length, 150
mm in width, and 500 mm in depth. Flexural reinforcement was 2T6 on top, and
2T16 at the bottom. Conventional shear reinforcement provided was T6 with 90
mm spacing, along with skin reinforcement of T6 with 86 mm spacing.

The main purpose of model validation is to verify the ability of the
model to numerically simulate the real behaviour of a RC deep beam. The
important material parameters to be validated were the viscosity, and the
dilation angle of the concrete property, which were 0.005 and 30° respectively.
Other than that, the interaction between the instances, along with the other
numerical settings were tested to check the correctness of the modelling
technique. Model validation was done by comparing the load-displacement
curve of RO1 with Jasim, et al. (2020) experimental results, as shown in Figure

4.1, and the test values are tabulated in Table 4.1.
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Figure 4.1: Load-displacement Curve of Jasim, et al. (2020) Experimental RC

Deep Beam, and Reference Beam, RO1.

Table 4.1: Test Results of Jasim, et al. (2020) Experimental RC Deep Beam,
and Reference Beam, RO1.

Specimen Cracking Percentage Yield Percentage
Load (kN) Difference  Strength  Difference
(%) (kN) (%)
Jasim, et al. (2020) 186 - 464 -
RO1 200 7.53 504 8.62

Based on Figure 4.1, the cracking of RO1 started when the loading
reached 200 kN at 0.49 mm deflection, while the first crack of the experiment
specimen developed when the loading reached 186 kN at 0.64 mm deflection.
Furthermore, the yield strength of RO1 is 504 kN at 4.69 mm deflection, while
the yield strength of the experimental specimen is 464 kN at 4.15 mm deflection.
The yield strength of numerical specimen, RO1 is 8.62 % higher than the
experimental specimen. It can be concluded that the numerical specimen is
having a higher stiffness than the experimental specimen. This increment could
be caused by the assumption of the fully embedded interaction between the steel
reinforcement and concrete, thereby overestimating the stiffness of the beam
(Kachlakev, et al., 2001). In addition, the numerical model did not include
microcracks that are likely to develop in the concrete due to drying shrinkage
(Ibrahim and Mahmood, 2009).
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Apart from comparing the strengths, the numerical concrete tension
damage was verified with the experimental cracking of the reference beam.
Figure 4.2 shows the experimental cracking of Jasim, et al. (2020) reference
beam. Figure 4.3 presents the concrete tension damage contour of R0O1 that
predicted the crack pattern numerically. Both figures clearly illustrate severe
cracks at the diagonal concrete strut originated from the supports and
propagated towards the loading points. Besides, several vertical cracks
developed in the midspan tension region. The numerical deformations of RO1
appear to match well with the experimental cracking, thereby proving the ability

of the numerical model in crack pattern simulation.

Figure 4.2: Experimental Cracking (Jasim, et al., 2020).
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Figure 4.3: Tension Damage Contour of RO1.
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In short, the numerical specimen, RO1 is slightly stiffer than the
experimental specimen. However, the load-displacement behaviour of RO1
reassembles well with the trend of the experimental results. Besides, the
numerical deformations of RO1 is in good agreement with the experimental
observations. Therefore, the material properties and modelling technique
implemented in this study are proven accurate. The developed numerical model
is concluded to be reliable in modelling the following test specimens reinforced

with circular holes thin shear plates, thereby achieving the study objectives.

4.3 Control Beam with Conventional Shear Link
The verified model was used to analyze the control beam, CO1 reinforced with
conventional shear links. CO1 was 1100 mm in depth, 150 mm in width, and
275 mm in depth. Flexural reinforcement provided was 2T8 top bar, and 2T12
bottom bar. Conventional T8 shear link reinforcement was provided in vertical
arrangement and 150 mm spacing. Load-displacement curve of COl was
generated to determine the cracking load and the yield strength of the beam.
Figure 4.4 illustrates the load-displacement curve of CO1.

Based on Figure 4.4, the load-displacement curve of CO1 has the steepest
slope at the early elastic region until the first crack developed at 72 kN and 0.49
mm deflection. The curve continues with a linear elastic region until it reaches
the yield point at 176 kN and 2.61 mm. After yielding, the curve grows steadily
until it reaches the ultimate stress at 200 kN and 9.19 mm deflection.

Load-displacement curve of the control beam, CO1 is in good agreement
with the behaviour of the reference and experimental specimen. Therefore, the
numerical model of CO1 was proven to be a reliable control model in the study
of the performance of the test specimens strengthened with circular holes thin

shear plates.
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Figure 4.4: Load-displacement Curve of Control Beam, CO1.

4.4 Test Specimens with Circular Holes Thin Shear Plates

Test specimens reinforced using 1.5 mm circular holes thin shear plates instead
of conventional shear link were studied. The test was carried out under
monotonic loading and simply supported condition. In order to determine the
optimum design of the shear plates on the deep beam’s capacity, five different
holes spacing were considered, including 50 mm, 75 mm, 100 mm, 125 mm,
and 150 mm, and were denoted as N50, N75, N100, N125, and N150
respectively. In the midst of the Covid-19 pandemic, this study was facing
difficulty to obtain the experimental results from laboratory test. Therefore, the
results were analyzed using the numerical results of the control beam and the

test specimens.

4.4.1 Load-displacement Curve

Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8, and Figure 4.9 illustrate
the load-displacement curve of the respective numerical test specimen
compared with the control beam. Figure 4.10 and Figure 4.11 are the enlarged
view at the yield point and fracture zone respectively, to obtain more accurate
values for the yield strength and ultimate strength. Table 4.2 tabulates the shear
reinforcement area, yield strength, ultimate strength, maximum deflection, and

the percentage difference of the values as compared to the control beam.
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Figure 4.7: Load-displacement Curve of CO1 and N100.
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Figure 4.8: Load-displacement Curve of C01 and N125.
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Figure 4.11: Enlarged View at the Fracture Zone.
Table 4.2: Results of Test Specimens.
Specimen  Shear Yield Percentage Ultimate Percentage
Area  Strength  Difference  Strength  Difference
(mm2)  (kN) (%) (kN) (%)
Cco1 150 164.0 - 201.0 -
N50 264 167.5 2.13 204.2 2.10
N75 300 170.0 3.66 205.7 2.85
N100 339 172.0 4.88 205.8 2.90
N125 375 167.5 2.13 204.6 2.30
N150 376 167.5 2.13 204.7 2.35

The results show that the substitution of thin plates as the shear
reinforcement has a noticeable improvement in the ultimate performance of the
RC deep beam. Thin shear plates has 1.7 times to 2.5 times the shear
reinforcement area provided by conventional shear link. The provided shear
reinforcement area increases, as the spacing between the circular holes increases.
Thin shear plates also significantly improved the yield strength of the RC deep
beam for at least 2.13 % and up to 4.88 % when using 100 mm spacing circular
holes thin shear plates. The improvement of the ultimate strength is relatively

lower than the yield strength, which ranged from 2.10 % to 2.90 % increment.
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The relative small increment in the ultimate strength may be attributed to the
reduced bonding strength between steel plates and concrete. Conclusively, both
the improvement in yield strength and ultimate strength have proven the ability
of circular holes thin shear plates to substitute conventional shear links in RC
deep beam, and increasing the load carrying capacity. Besides, the test
specimens have improved stiffness as compared to the control beam.

Theoretically, the load carrying capacity of the RC deep beam shall
increase as the shear reinforcement area increases. However, the results of N125
and N150 did not comply with the theoretical assumption. The yield strength
and ultimate strength of N125 and N150 are lower than N75 and N100, which
have smaller shear reinforcement area. The possible cause of this phenomenon
is the misinterpretation of the failure point of the test specimens. Due to the lack
of experimental data, the failure point of the test specimens was assumed to have
occurred at the point where the upcoming numerical deflections were too large
and unrealistic, which in this case, was around 10 mm deflection. Therefore, the
ultimate strength of the test specimens was being underestimated due to the
misinterpretation of the failure point. On the other, the shear reinforcement area
of the shear plates was calculated using the full length of the plate. However, in
practice, the effective shear area in the form of a compressive strut would be
smaller, where located diagonally between the support and the loading point.
Thus, there would be an overestimation of the effective shear reinforcement area
of the test specimens.

Additionally, the difference in load carrying capacity of all the test
specimens is relatively small. This phenomenon is due to the increment of shear
reinforcement area has to be very large to yield desirable improvement in the
load carrying capacity. It is shown when the difference in shear reinforcement
area between C01 and N100 is 126 %, but the increment in ultimate strength is
merely 2.85 %. Therefore, the case where the small difference in load carrying
capacity between the test specimens is explainable since the specimens have
almost similar shear reinforcement area.

In conclusion, circular holes thin shear plates as the shear reinforcement
had improved the load-carrying capacity of RC deep beams. Thin plates are
proved to be a reliable substitute to conventional shear link to resolve

reinforcement congestion issue yet providing sufficient load-carrying capacity.
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4.5 Optimization
Based on Table 4.2, specimen N100 reinforced with 100 mm spaced circular
holes thin shear plates has the most optimized performance among the test
specimens. N100 has the highest improvement in the yield strength, which is
4.88 %. Furthermore, the improvement in the ultimate strength of N100 is an
impactful 2.90 %. Therefore, specimen N100 was chosen as the optimum design
for the shear plates to continue with further discussions in terms of the von
Mises stress distribution, PEMAG plastic strain, concrete tension damage.

The results of test specimen N50, N75, N125, and N150 are attached in
Appendix B for reference purposes.

4.6 Generalization and Comparison between Control Beam, C01 and
Test Specimen, N100
The discussion continues with the generalization and comparison between the
results of the control beam, CO1 and the optimized specimen N100. Four
subjects are discussed, including von Mises stress in concrete, von Mises stress
in reinforcement, concrete plastic strain magnitude (PEMAG), and concrete
tension damage. Adequate explanations are provided to clarify the results, and
graphical representations such as contours and figures were included to predict

the real-life behaviour of RC deep beam.

46.1 Concrete Von Mises Stress Contour
The concrete von Mises stress contour of the control beam, CO1, and test
specimen, N100 were generated using ABAQUS contour plots. Generally, von
Mises stress is an indicator of the yield point and the fracture point of a material.
Hence, the von Mises contour was captured at two points in terms of the mid-
span deflection. The first point is the yield point assumed at 1.5 mm deflection,
followed by the ultimate point, which was assumed at 10 mm mid-span
deflection. Figure 4.12 and Figure 4.13 show the concrete von Mises stress
contour of the control beam, C01, while Figure 4.14 and Figure 4.15 show the
concrete von Mises stress contour of the test specimen, N100. Table 4.3
tabulates the peak concrete stress magnitude at respective capture points.

First, the von Mises contours describe the stress distribution in the

specimens. Stresses were concentrated at the compression region, higher at the
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middle and eventually dispersed to the beam ends. Upon yielding, stresses were
developed in the beam cross-section where the concrete compressive strut was
located. Stresses were then propagated diagonally along the concrete
compressive strut and penetrated towards the supports. The stresses continued
to develop until the ultimate point, and the peak stresses at the loading points
which indicated in red would cause concrete crushing at the tip of the diagonal
crack. Minimal flexural stress was developed at the beam mid-span. The beam
is concluded to be failed under shear compression failure along the concrete
compressive strut based on the stress development process.

Circular holes thin plates as shear reinforcement in N100 had aided in
distributing stress in the compression region. As shown in the contours, stresses
in N100 were distributed more evenly and broader over the compression region.
Comparing the peak stress magnitude at 10 mm deflection in Table 4.3, N100
had 2.23 % reduced peak stress than COl. The stress reduction could be
explained by the effective performance of the thin shear plates in the stress
distribution, thereby reducing the stress exerted to the concrete. Furthermore,
the stresses along the diagonal strut and near the compression region were also
dispersed and reduced in N100, as shown in Figure 4.15. Lastly, both C01 and
N100 had minimal flexural stress at the beam mid-span, with a smaller

magnitude in N100.
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Figure 4.12: Concrete Von Mises Stress Contour of CO1 at 1.5 mm.
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Figure 4.15: Concrete Von Mises Stress Contour of N100 at 10 mm.
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Table 4.3: Concrete Von Mises Stress Magnitude.

Specimen  Peak Stress Percentage Peak Stress Percentage

at 1.5 mm Difference at 10 mm Difference

(KkN/mm?) (%) (KkN/mm?) (%)
Co1 24.21 - 34.49 -
N100 18.55 -23.38 33.72 -2.23

4.6.2 Reinforcement Von Mises Stress Contour

Von Mises contours of the steel cage together with the steel plates were
generated to investigate the stress changes of the entire reinforcement system
throughout the loading process. Likewise, the von Mises stress contour was
captured at 1.5 mm and 10 mm deflection to represent the stresses in the
reinforcement at the yield point and the fracture point respectively. Figure 4.16
and Figure 4.17 show the reinforcement von Mises stress of the control beam,
CO01. Figure 4.18 and Figure 4.19 show the reinforcement von Mises stress
contour of the test specimen, N100. Table 4.4 tabulates the peak reinforcement
stress magnitude at respective capture points.

The stress distribution of the reinforcement is dissimilar to the stress
distribution in concrete. High tensile stress was first developed at the bottom
tension region, while only mild stress appeared on top. Accumulation of high
tensile stresses in the bottom reinforcement can be adequately explained by the
natural ability of steel bars in resisting high tension that developed at the
concave tension zone. As the loading proceeded to fracture, the high tensile
stresses in the bottom bars were spread to a further extent, and the top bars were
severely stressed as well. It is important not to overlook the increment of tensile
stresses from yield to fracture are merely 4.58 % and 6.88 % in CO1 and N100
respectively. A possible explanation is RC deep beam complies with the strut
and tie model where the loading is resisted by the concrete compressive strut,
thereby failing in shear instead of tension. Therefore, the increment of the
reinforcement tensile stresses between these two stages is insignificant.

Apart from that, the stress distribution of the circular holes thin shear
plates is similar to the steel bars, particularly at the beam midspan. Whereas, the
shear plates had clear existence of diagonal stresses as in the shape of a

compressive strut. It is possible to conclude that the shear plates resist shear
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stresses due to the arch action in a strut and tie model. Hence, shear plates are
proven to be a feasible alternative to replace shear links in deep beam.

Lastly, Table 4.4 shows that the reinforcement peak stress of N100 is
1.79 % higher than C01 at 10 mm deflection. However, the concrete peak stress
of C01 is 2.23 % higher than N100, as mentioned in Section 4.6.1. These results
appear to confirm the ability of shear plates to resist higher stress, thereby

reducing the stresses in concrete and increasing the beam’s capacity.
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Figure 4.16: Reinforcement VVon Mises Stress Contour of CO1 at 1.5 mm.
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Figure 4.17: Reinforcement VVon Mises Stress Contour of CO1 at 10 mm.
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Figure 4.18: Reinforcement Von Mises Stress Contour of N100 at 1.5 mm.
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Figure 4.19: Reinforcement VVon Mises Stress Contour of N100 at 10 mm.

Table 4.4 Reinforcement VVon Mises Stress Magnitude.

Specimen  Peak Stress Percentage Peak Stress Percentage

at 1.5 mm Difference at 10 mm Difference
(KN/mm?) (%) (KN/mm?) (%)
Cco1 485.40 - 507.30 -

N100 482.90 -0.52 516.40 1.79
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4.6.3  Plastic Strain Magnitude (PEMAG) Diagram

Plastic strain magnitude (PEMAG) diagrams illustrated the crack distribution in
the concrete in terms of the concrete plastic strain. PEMAG diagrams of the RC
deep beams were captured at the yield point and the fracture point of the
concrete to study the crack development across these two stages. The 1.5 mm
mid-span deflection was the first capture point to represent the plastic strain at
yield, while 10 mm mid-span deflection was the second capture point to
represent the plastic strain at fracture. Figure 4.20 and Figure 4.21 illustrate the
PEMAG diagram of the control beam, COl. Figure 4.22 and Figure 4.23
illustrate the PEMAG diagram of the test specimen, N100.

PEMAG diagrams provide a clear illustration of the plastic strain
development in concrete. In both C0O1 and N100, plastic strain started to develop
at the tension region during yield, thereby forming scattered vertical cracks at
the midspan. Diagonal plastic strain with smaller magnitude indicates the
development of diagonal microcracks origin from the supports and propagated
along the concrete compressive strut. As the loading increased to fracture, both
the existing vertical and diagonal plastic strain magnitude increased drastically,
and deeper cracks were formed. Moreover, the presence of plastic strain at the
compression region shows concrete crushing between the two loading points.

The PEMAG diagrams show a significant difference in the plastic strain
distribution area between the control, CO1, and test specimen, N100 at both the
compression and tension region. Plastic strain in N100 propagated over a
narrower area as compared to CO1. The convergence of the plastic strain in the
test specimen shows that circular holes thin shear plates are effective in limiting
the spread of cracks in RC deep beams. On the other hand, the peak plastic strain
magnitude was compared to investigate the increment of the plastic strain from
yield to fracture. Peak plastic strain of C01 are 0.01312 mm and 0.04786 mm at
yield and fracture respectively, which is an increment of 265 %. In comparison,
N100 has a higher increment of peak plastic strain from 0.01066 mm to 0.04894
mm, which is 360 %. The more severe plastic strain increment in N100 can be
attributed to the increased beam stiffness and the reduced bonding strength

between the thin shear plates and concrete.
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Figure 4.20: PEMAG Diagram of C01 at 1.5 mm.
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Figure 4.21: PEMAG Diagram of C01 at 10 mm.
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Figure 4.22: PEMAG Diagram of N100 at 1.5 mm.
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Figure 4.23: PEMAG Diagram of N100 at 10 mm.

4.6.4  Concrete Tension Damage Contour

Concrete tension damage contour is another graphical illustration of cracks
development in concrete by the definition of post cracking damage due to tensile
stresses. Tension damage contour is a preferable option to simulate crack pattern
numerically in RC deep beam due to its ability to yield accurate and precise
simulations (Ibrahim, et al., 2018; Jasim, et al., 2020). Tension damage contour
were captured at the yield point and the fracture point of the concrete, which
were 1.5 mm deflection and 10 mm deflection respectively. One additional
capture point was included at 6 mm deflection to obtain a more detailed
observation on the developed cracks. Figure 4.24 to Figure 4.26 show the
tension damage contour of C01, while Figure 4.27 to Figure 4.29 show the
tension damage contour of N100 at 1.5 mm, 6 mm, and 10 mm respectively.

In both CO1 and N100, vertical cracks started to develop at the beam
midspan at 1.5 mm deflection, and mild diagonal cracks started from the
supports. Vertical cracks at the midspan can be accounted by the tensile stress
generated in the vertical direction of the tensile tie, which is known as the
bursting tensile force. At 6 mm deflection, there were only a few new vertical
cracks added in the midspan. However, there were a significant growth of
diagonal cracks along the concrete compressive strut and extended to the
loading points. The diagonal concrete strut formed an arch action connected by
a tension tie at the bottom, and illustrated the strut and tie mechanism in RC
deep beams. Furthermore, the compression region at the loading points

experienced minor loss in strength. When the beam was loaded to 10 mm, severe
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diagonal cracks were developed in the shear span and the concrete compressive
strut towards the loaders, thus indicating a shear compression failure in the deep
beam. Eventually, the beam failed upon the crushing of concrete strut due to
diagonal compression.

Tension damage contour generates an identical crack pattern simulation
to the cracks stimulated using plastic strain magnitude (PEMAG) diagrams.
However, tension damage contour provides more sensitive and accurate results
because it included diagonal cracks development that defined the failure mode
of the deep beams. The tension damage contour noted that the tension variable
was 0.9, which indicates a nearly total loss in concrete strength. Consequently,
severe cracks are formed, and crushing of concrete will occur.

Additionally, concrete tension damage in N100 appears to be fewer as
compared to CO1, as shown over the three capture points. N100 had
comparatively lesser cracks at both the loading region and beam midspan in
contrast to CO1. Moreover, the less diagonal cracks in the compressive strut are
worth noting because diagonal cracks are governing deep beam failures. Hence,
the reduction of cracks at all region provided clear evidence that circular holes
thin shear plates as a substitute for conventional shear links are effective in

improving the capacity of deep beam.
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Figure 4.24: Tension Damage Contour of CO1 at 1.5 mm.
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Figure 4.26: Tension Damage Contour of C01 at 10 mm.
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Figure 4.27: Tension Damage Contour of N100 at 1.5 mm.
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Figure 4.28: Tension Damage Contour of N100 at 6 mm.
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Figure 4.29: Tension Damage Contour of N100 at 10 mm.

4.7 Summary

Chapter 4 started by comparing the numerical results generated using ABAQUS
software and the experimental results published by Jasim, et al. (2020). Good
matching of the results was observed, thereby proving the validity of the
material properties and simulation technique. Numerical modelling continued
to generate results for the control beam with conventional shear links, and test
specimens with circular holes thin shear plates. Load displacement curves were
plotted to investigate the strength performance of the specimens, and the
optimum spacing was determined. The last section of Chapter 4 investigated the
stress capacity and numerical deformation of the optimized design based on the
von Mises stress contour, plastic strain magnitude (PEMAG) diagram, and

concrete tension damage contour.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

In conclusion, a finite element analysis (FEA) was completed using ABAQUS
software. Seven numerical specimens were developed, including one reference
beam, RO1, one control beam, C01, and five test specimens with 50 mm, 75 mm,
100 mm, 125 mm, and 150 mm circular holes spacing, which are denoted as
N50, N75, N100, N125, and N150 respectively. The study objectives were
achieved throughout the numerical analysis process.

The first objective is to verify the numerical results of the reference
beam with the experimental results. A referential numerical model was
established according to the modelling methodology as listed in Chapter 3,
including material properties modelling, interaction properties modelling,
element type, mesh size, boundary conditions, and loading definition. The
numerical results generated were verified with experimental results published
by Jasim, et al. (2020). A good matching load-displacement curve was observed,
and the percentage difference in the yield strength was merely 8.62 %. Besides,
the concrete tension damage contour generated to predict the crack pattern is in
good agreement with the experimental observations. The established numerical
model was reliable to carry on with the numerical analysis of the control beam
and the test specimens.

The second objective is to evaluate the load-displacement behaviour of
RC deep beam with circular holes thin shear plates. Based on the results, the
yield strength of the test specimens has improved by 2.13 % to 4.88 %. Also,
the improvement of the ultimate strength is 2.10 % to 2.90 %. Low bonding
strength between the steel plates and concrete is a contributing factor to the
relatively small increment in the load-carrying capacity.

The third objective is to determine an optimum design of RC deep beam
embedded with circular holes thin shear plates of various opening spacing. Test
specimen embedded with 100 mm holes spacing shear plates, N100 has the
largest improvement in yield strength and ultimate strength, which are 4.88 %

and 2.90 % respectively. Hence, N100 was determined as the optimum design.
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Discussions were continued to investigate the stress capacity and numerical
deformation of the optimum design. Von Mises stress contour of concrete and
reinforcement were plotted. N100 was found to have a 2.23 % reduced concrete
peak stress than CO1. Reduced stress in concrete is due to N100 reinforcement
resisted 1.79 % greater stress than C01. Moreover, according to the plastic strain
magnitude (PEMAG) diagram and tension damage contour, N100 was predicted
to deform and fail in shear at the concrete compressive strut.

The accomplishment of all the study objectives had constituted the
achievement in the study’s aim to perform a numerical analysis of reinforced
concrete (RC) deep beam with circular holes thin shear plates.

This study concluded that 100 mm circular holes thin shear plate is a
viable alternative to replace conventional shear links in RC deep beams to
resolve the problem statements of improving load carrying capacity and
eliminating concrete honeycomb. In addition, FEA using ABAQUS is an
accurate, time, and cost-saving approach in solving complex engineering
problems. Establishing the above-mentioned solutions confirm the significancy

of this study's significance to the civil engineering field.

5.2 Recommendations

The proposed circular holes thin shear plate is a relatively novel and
undiscovered reinforcement design for the RC deep beam. Hence, there is space
for improvements and modifications to match different aims and objectives. The
following recommendations are proposed for future studies.

The first recommendation is the application of an alternative concrete
stress-strain relationship model. The proposed Carreira and Chu (1985) stress-
strain equations have limited ability in modelling the real-life behaviour of
concrete. For instance, Carreira and Chu (1985) equations consider the complete
cylinder strength as the ultimate stress, fck. However, the modified Hognestad
model established by MacGregor and Wight (2011) introduce a 0.9 reduction
factor to include the water-gain effects during the curing and placing of concrete,
the modified ultimate stress is considered as fo« = 0.9 fek. Additional parameter
provided in the equations could increase the modelling accuracy, thereby

generating numerical results that fit better with experimental results.
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The second recommendation is the modification in the proposed
detailing. In this study, the results show a minute difference in the load carrying
capacity between various spacings. Future studies could implement steel plates
with different thickness or circular holes configuration to investigate the effect
on the load carrying capacity. Also, manipulation in the types of steel plates
such as using hot-rolled steels, and cold-formed steels could be used to study
the relationship between steel yield strength and beam load carrying capacity.

The last recommendation is to include experimental results for the test
specimens for verification purposes. In the midst of the COVID-19 pandemic,
this study encountered physical constraint to conduct laboratory testing for
experimental results. The model validation was completed using the reference
by Jasim, et al. (2020), which is rather insufficient, especially in the
visualization of the crack pattern. Therefore, laboratory testing should be
conducted to produce experimental results and verify the numerical results to

write up a more convincing conclusion.
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Reference

Calculation

Specification
Concrete grade = C25/30

Concrete cover = 30 mm
Beam length = 1100 mm
Beam depth = 275 mm

Beam width = 150 mm

’_‘_\ 3(](}—/_1_‘

 E— | E—

Figure A-1: Strut Detailing of Control Beam.

Goodchild, et
al. (2014)

Tie Depth and Lever Arm Design

Minimum tie depth required,

= 0.12 X min (length, depth)
=0.12 X 275 mm

=33 mm

Actual tie depth,

= 46 mm (> 33 mm) OK!

Lever arm requirement,

= [0.6 X 275 mm, 0.7 X 275 mm]
= [165 mm, 192 mm]

Actual lever arm depth,

= 275 mm — 45 mm — 46 mm

= 189 mm(> 165 mm < 192 mm) OK!
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BS EN 1992-
1-1:2004
6.5.4

BS EN 1992-
1-1:2004
6.5.4

BS EN 1992-
1-1:2004
6.5.4

Node Allowable Stress

CCC node, o(rdmax)ccc

fck
250

- 1.0 (1 - ) (0.85£,,)

—10(1 25)(085><25)
o 250/

= 19.1 MPa

CCT node, 6(Rd,max)ccT

fck
250

— 0.85 (1 _ )(0.85fck)

25

= 16.3 MPa

Concrete strut, 6(rd,max)strut

fck
250

— 0.85 (1 - )(O.85fck)

—085(1 25) 0.85 x 25)
= u. _ﬁ ( X

= 16.3 MPa

Internal Force Analysis

avlz

= 300 mm/ 189 mm

=1.59 (< V3)

~Type Il Plastic model. Shear is taken by 1 major strut and 2

minor struts, as shown in Figure A-2.

1P

—1 —

@ © @ e
7 N
anes NS\ ]JQ

//// e AN 3\ \
@ : ! @ |\ | ® ‘
—150—1—150—

Tp
Figure A-2: Type Il Plastic Model of Control Beam.
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Figure A-3: Type Il Concrete Strut.

55

CIQL
|

@)

300

Figure A-4: Major Strut.

@

41

O 50—

Figure A-5: Minor Strut.

Vertical compenent of minor strut,
W_q

- (&5)F
1.59-1

- ( V3-1 )P

= 0.81pP

= Tyg

Vertical compenent of major strut,
=(1-0.86)P
= 0.14P
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Compression at major strut,

355
= 0.14P X (E)
= 0.26P
= (13
At Node 2,
@ Ca3
A
Cu ng:nxlp

Figure A-6: Node 2.
JE, =0
(Clz)COSSBO = T28
(Cy3)co0s38° = 0.81P
ClZ = 103P
JE. =0
623 = (Clz)Sin38o
C,3 = (1.03P)sin38°
623 = O63P
At Node 1,

C,,=1.03P
/ C,5=0.26P
PN
s
@ 32°
TIH

Figure A-7: Node 1.

JE, =0

Ty = (C12)c0s52° + (C13)c0s32°
Tyg = (1.03P)cos52° + (0.26P)cos32°
T18 = 085P
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At Node 8,

N
7
T,=0.85P Tog

T,=0.81P /i\/
/C?S
4
o
y i

Figure A-8: Node 8.

Since Cazg has similar angle as C1»
o C3g = Cy = 1.03P

JE, =0

T,g = T1g + (C35)c0s52°

T,g = 0.85P + (1.03P)cos52°

T78 = 1.4‘8P
At Node 3,
@\r
C,:=0.63P / Cay
o
C,5=0.26P - /
Cey=1.03P
Figure A-9: Node 3.
JE, =0

C34 = C23 + (C13)C05320 + (C83)C05520
Cs4 = 0.63P + (0.26P)co0s32° + (1.03P)cos52°
C34 = 1.48P
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Summary of internal forces,

@ / 0.85P 1.48P
Tp

Figure A-10: Summary of Strut Interal Forces.

Combing major strut (Node 1-3) and minor strut (Node 1-2)

©)
Q S
) 4
@ CEN 1 R v
<
'\'QI
52°¢ b
@ \
Ry

Figure A-11: Combined Struts.

RV = (Clz)SinSZO + (C13)Sin32°
Ry = (1.03P)sin52° + (0.26P)sin32°
Ry = 0.95P

Ry = (Cy3)co0s52° + (Cy3)cos32°
Ry = (1.03P)cos52° + (0.26P)cos32°

Ry = /(0.95P)2 + (0.85P)2 = 1.27P

0.95

— -1
6 = tan (0.85

) = 48°
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Hee, M. C.
(2014)

Shear Design
Bursting tensile force in strut,

Figure A-12: Bursting Tensile Force in Strut.

Consider ultimate limit state,
tan(a) = 1/5

Bursting tensile force,

Tp = Ry tan(a)

T, = 1.27P(1/5)

T, = 0.25P

b.V

eztso
Tb H

Figure A-13: Components of Bursting Tensile Force.

Tb,V = (Tb)Sin48o
T,y = (0.25P)sin48°
Tpy = 0.19P

Tyy = (Ty)cos48°
Ty = (0.25P)cos48°
Tyy = 0.17P
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For bursting,

AsV,req = Tb,V/ f; vk

Agy req = 0.19P/500

Agy req = (0.00038P)mm?

AsH,req = Tb,H/fyk
AsH,req = (0.17P/500

Astireq = (0.00034P) mm?

For vertical shear,

Asv,req = T28/fyk
Asv,req = 0.81P /500

Aspreq = (0.00162P) mm?

Total reinforcement area required,

(Asvreq)total = max{AsV,req' ASH,req} + Aspreq
(Asy,req)totar = max{0.00038P, 0.00034P} + 0.00162P
(Asv,req)total = (O.OOZP)mm2

Reinforcement area provided,

Agsyprov = 2 sides X T8
Asyprop = 2 sides X w x (4 mm)?

Asyprop = 100.50 mm?

Allowable shear force (from shear reinforcement only),

(Psv,allow)reinforcement = Asv,prov/(Asv,req)total
(Psv,allow)reinforcement = 100-50/0-002

(Psv,allow)reinforcement =50 kN
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Effective depth,
d=h—Cpom — 0.50,4,
d =275 — 44 — 0.5(12)
d = 225 mm

Shear resistance of concrete,

1004
v, = min { v ®,0.8,/fck,5 N/mmz}

1004,  100(2 X 7 X 62)
bd 150 x 225

0.8,/ fck = 0.8V25 = 4 N/mm?

v, = min {0.67,4,5} = 0.67 N/mm?

= 0.67

Allowable shear force (from concrete only),
V.=v.XbXxd

V. = 0.67 x 150 x 225

V. = 23kN

Total allowable shear force,

(Psv,allow)total = (Psv,allow)reinforcement + Vc

(Psv,allow)total =50+ 23
(Psv,allow)total = 73kN

Hee, M. C.
(2014)

Tension Tie Design

Reinforcement area required,

(Asf,req)total = max{TlS: T87}/fyk
(Asf,req)total = max{0.85P, 1.48P}/500

(Asf,req)total = (0-00296P)mm2

Reinforcement area provided,
Asf prov = 2T12
At prop = 2 X 1 X (6 mm)?

A prov = 226.19 mm?
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Total allowable flexural force,

(Psg atiow)totar = Asprov/(Asreq)total
(Psf,allow)total = 226.19/0.00296

(Psf,allow)total = 76kN

Conclusion

From the calculations above, the total allowable flexural force
is larger than the total allowable shear force.

(Pst,atiow)totat = 76kN > (Psy anow)totar = 73kN

It can be concluded that the designated specimen would fail in

shear instead of flexural, thereby meeting the scope of study.
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APPENDIX B: Test Results Graphics

8, Mises

(Avg: 75%)
+1.869e+01
+1.714et+01
+1.558e+01
+1.403e+01
+1.248e+01
+1.092e+01
+9.369e+00
+7.815e+00
+6.262e+00
+4.708e+00
+3.154e+00
+1.601e+00
+4.697e-02

Figure B-1: Concrete Von Mises Stress Contour of N50 at 1.5 mm.

3, Mises

(Avg: 75%)
+3.323et+01
+3.047e+01
+2.770et+01
+2.494e+01
+2.218e+01
+1.942et+01
+1.665e+01
+1.389¢+01
+1.113et+01
+8.368e+00
+5.606et+00
+2.843e+00
+8.111e-02

Figure B-2: Concrete Von Mises Stress Contour of N50 at 10 mm.
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S, Mises

(Avg: 75%)
+3.122e+02
+2.868et+02
+2.615e+02
+2.361et02
+2.107e+02
+1.854et+02
+1.600e+02
+1.346e+02
+1.092e+02
+8.388et+01
+5.851et01
+3.313et01
+7.762e+00

Y

A

Z X

Figure B-3: Reinforcement VVon Mises Stress Contour of N50 at 1.5 mm.

S, Mises

{Avg: 75%)
+3.625e+02
+3.331et+02
+3.038e+02
+2.745e+02
+2.451e+02
+2.158e+02
+1.865e+02
+1.571et02
+1.278e+02
+9.847e+01
+6.914e+01
+3.981et01
+1.048e+01

Y

A

Z X

Figure B-4: Reinforcement Von Mises Stress Contour of N50 at 10 mm
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PEMAG

(Avg: 75%)
+1.111e-02
+1.018e-02
+9.257e-03
+8.331e-03
+7.405e-03
+6.480e-03
+5.554e-03
+4.628e-03
+3.703e-03
+2.777e-03
+1.851e-03
+9.257e-04
+0.000et+00

Y

A

Z X

Figure B-5: PEMAG Diagram of N50 at 1.5 mm.

PEMAG

(Avg: 75%)
+5.330e-02
+4.886e-02
+4.442e-02
+3.997e-02
+3.553e-02
+3.109e-02
+2.665e-02
+2.221e-02
+1.777e-02
+1.332e-02
+8.883¢-03
+4.442e-03
+0.000e+00

Figure B-6: PEMAG Diagram of N50 at 10 mm..
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DAMAGET

(Avg: 75%)
+9.000e-01
+8.250¢-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Y

A

Z X

Figure B-7: Tension Damage Contour of N50 at 1.5 mm.

DAMAGET

(Aveg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Figure B-8: Tension Damage Contour of N50 at 6 mm.

DAMAGET

(Avg: 75%)
+9.000e-01
+8.2506-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2,250e-01
+1.500e-01
+7.500e-02
+0.000e+00
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Figure B-9: Tension Damage Contour of N50 at 10 mm.
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8, Mises

(Avg: 75%)
+1.861let01
+1.706e+01
+1.551et01
+1.396e+01
+1.241et+01
+1.086e+01
+9.317e+00
+7.769e+00
+6.221e+00
+4.673¢+00
+3.125e+00
+1.577e+00
+2.884¢-02

Figure B-10: Concrete Von Mises Stress Contour of N75 at 1.5 mm.

8, Mises

(Avg: 75%)
+3.341et+01
+3.063e+01
+2.785e+01
+2.508e+01
+2.230e+01
+1.952e+01
+1.674et+01
+1.396e+01
+1.118e+01
+8.406e+00
+5.628e+00
+2.850e+00
+7.139e-02

Figure B-11: Concrete Von Mises Stress Contour of N75 at 10 mm.



93

S, Mises

{Avg: 75%)
+3.217e+02
+2.955e+02
+2.694e+02
+2.433et+02
+2.172e+02
+1.910et+02
+1.649e+02
+1.388e+02
+1.127e+02
+8.654et01
+6.042e+01
+3.42%9e+01
+8.165e+00

Y

A

Z X

Figure B-12: Reinforcement VVon Mises Stress Contour of N75 at 1.5 mm.

S, Mises

(Avg: 75%)
+3.499e+02
+3.217et+02
+2.935e+02
+2.653et+02
+2.371et02
+2.089%e+02
+1.807e+02
+1.525e+02
+1.243e+02
+9.609e+01
+6.788e+01
+3.968e+01
+1.147e+01

Figure B-13: Reinforcement VVon Mises Stress Contour of N75 at 10 mm.
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PEMAG

(Avg: 75%)
+1.08%e-02
+9.987e-03
+0.07%e-03
+8.171e-03
+7.263e-03
+6.355e-03
+5.447e-03
+4.53%9e-03
+3.631e-03
+2.724e-03
+1.816e-03
+9.079e-04
+0.000et+00

Y

A

Z X

Figure B-14: PEMAG Diagram of N75 at 1.5 mm.

PEMAG

(Avg: 75%)
+5.429e-02
+4.977e-02
+4.524e-02
+4.072e-02
+3.620e-02
+3.167e-02
+2.715e-02
+2.262e-02
+1.810e-02
+1.357e-02
+9.049¢-03
+4.524e-03
+0.000e+00

Figure B-15: PEMAG Diagram of N75 at 10 mm.



DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Y

A

z X

Figure B-16: Tension Damage Contour of N75 at 1.5 mm.

DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Figure B-17: Tension Damage Contour of N75 at 6 mm.

DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000¢-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Figure B-18: Tension Damage Contour of N75 at 10 mm.
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8, Mises

(Avg: 75%)
+1.844et+01
+1.690e+01
+1.537et+01
+1.384e+01
+1.230et+01
+1.077et+01
+9.238e+00
+7.705e+00
+6.172e+00
+4.639¢+00
+3.106et+00
+1.573e+00
+3.958e-02

Figure B-19: Concrete Von Mises Stress Contour of N125 at 1.5 mm.

5, Mises

(Avg: 75%)
+3.226et+01
+2.958e+01
+2.690et+01
+2.422e+01
+2.153¢t+01
+1.885e+01
+1.617e+01
+1.349e+01
+1.081et+01
+8.126e+00
+5.444e+00
+2.763e+00
+8.097e-02

Figure B-20: Concrete Von Mises Stress Contour of N125 at 10 mm.
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S, Mises

(Avg: 75%)
+2.671e+02
+2.455et+02
+2.239e+02
+2.024et+02
+1.808e+02
+1.592e+02
+1.376e+02
+1.161et02
+9.449e+01
+7.202et01
+5.135e+01
+2.977et01
+8.199e+00

Figure B-21: Reinforcement VVon Mises Stress Contour of N125 at 1.5 mm

S, Mises

(Avg: 75%0)
+3.389e+02
+3.116e+02
+2.843e+02
+2.570e+02
+2.207e+02
+2.024e+02
+1.751et+02
+1.478e+02
+1.205e+02
+9.320et01
+6.589e+01
+3.859et01
+1.129e+01

Figure B-22: Reinforcement VVon Mises Stress Contour of N125 at 10 mm
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PEMAG

(Avg: 75%)
+9.292e-03
+8.518e-03
+7.744e-03
+6.969e-03
+6.195e-03
+5.421e-03
+4.646e-03
+3.872e-03
+3.097e-03
+2.323e-03
+1.549e-03
+7.744e-04
+0.000et+00

Vs

Figure B-23: PEMAG Diagram of N125 at 1.5 mm.

PEMAG

(Avg: 75%)
+5.403e-02
+4.953e-02
+4.503e-02
+4.052e-02
+3.602e-02
+3.152e-02
+2.702e-02
+2.251e-02
+1.801e-02
+1.351e-02
+9.005e-03
+4.503e-03
+0.000e+00

Figure B-24: PEMAG Diagram of N125 at 10 mm.



DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Y

A

Z X

Figure B-25: Tension Damage Contour of N125 at 1.5 mm.

DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Figure B-26: Tension Damage Contour of N125 at 6 mm.

DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000¢-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Figure B-27: Tension Damage Contour of N125 at 10 mm.
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8, Mises

(Avg: 75%)
+1.834et+01
+1.681e+01
+1.529e+01
+1.376e+01
+1.224¢t+01
+1.071et+01
+9.187e+00
+7.662et+00
+6.138e+00
+4.613¢+00
+3.088e+00
+1.563e+00
+3.767e-02

Figure B-28: Concrete Von Mises Stress Contour of N150 at 1.5 mm.

8, Mises

(Avg: 75%)
+3.219e+01
+2.951et+01
+2.684e+01
+2.416et+01
+2.149e+01
+1.881e+01
+1.614et+01
+1.346e+01
+1.078e+01
+8.108e+00
+5.433e+00
+2.757et+00
+8.151e-02

Figure B-29: Concrete Von Mises Stress Contour of N150 at 10 mm.
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S, Mises

(Avg: 75%)
+2.706e+02
+2.487et02
+2.269e+02
+2.050et+02
+1.832e+02
+1.614et+02
+1.395e+02
+1.177e+02
+9.583e+01
+7.399et+01
+5.215e+01
+3.031et01
+8.472e+00

Y

A

Vi X
Figure B-30: Reinforcement VVon Mises Stress Contour of N150 at 1.5 mm

S, Mises

(Avg: 75%0)
+3.367e+02
+3.097e+02
+2.827e+02
+2.556e+02
+2.286e+02
+2.016e+02
+1.746e+02
+1.475e+02
+1.205e+02
+9.347et01
+6.644et+01
+3.942e+01
+1.239e+01

Y

A

Z X
Figure B-31: Reinforcement VVon Mises Stress Contour of N150 at 10 mm
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PEMAG

(Avg: 75%)
+9.256e-03
+8.485e-03
+7.713e-03
+6.942e-03
+6.171e-03
+5.39%9e-03
+4.628e-03
+3.857e-03
+3.085e-03
+2.314e-03
+1.543e-03
+7.713e-04
+0.000e+00

T

Figure B-32: PEMAG Diagram of N150 at 1.5 mm.

PEMAG

(Avg: 75%)
+5.385e-02
+4.936e-02
+4.488e-02
+4.039e-02
+3.590e-02
+3.141e-02
+2.693e-02
+2.244e-02
+1.795e-02
+1.346e-02
+8.975e-03
+4.488e-03
+0.000e+00

Figure B-33: PEMAG Diagram of N150 at 10 mm.



DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00
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Figure B-34: Tension Damage Contour of N150 at 1.5 mm.

DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750¢-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Figure B-35: Tension Damage Contour of N150 at 6 mm.

DAMAGET

(Avg: 75%)
+9.000e-01
+8.250e-01
+7.500e-01
+6.750e-01
+6.000e-01
+5.250e-01
+4.500e-01
+3.750e-01
+3.000e-01
+2.250e-01
+1.500e-01
+7.500e-02
+0.000e+00

Figure B-36: Tension Damage Contour of N150 at 10 mm.
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