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ABSTRACT

Precast concrete wall panels are common prefabricated building components
used to replace conventional burnt clay bricks as non-load bearing walls.
Recent researches focused on lightweight concrete wall panel due to its low
density which would lead to the reduction in total building load. This research
aimed to evaluate the engineering properties of precast rubberized lightweight
concrete wall panel subjected to compressive loading through numerical
analysis software, ABAQUS. Concrete smeared cracking was used to model
the behaviour of concrete. A comparative study was conducted to examine the
differences between the control sample and rubberized concrete wall panel
under compressive strength. Next, separate rubberized concrete wall panel
with calcium silicate board and concrete capping were modelled to evaluate
the confining effect. Lastly, a combined wall panel was modelled, which
comprises three single rubberized concrete wall panels to assess its actual
behaviour in real-life practice. At 7.5 % crumb rubber replacement, the
ultimate compressive strength reduced by 13 %, followed by an improvement
in ultimate strain by 5 %. Both concrete capping and calcium silicate board did
not cause any significant impact on the ultimate compressive strength but drop
in ultimate strain by 11 % and 5 %, respectively. The numerical results
underlined that the ultimate strain for the combined rubberized concrete wall
panel had significantly improved from 0.0018 to 0.0027. Further research
could be carried out with a higher crumb rubber replacement rate and different

slenderness ratio.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

The Government of Malaysia had launched several initiatives to promote
prefabricated construction or Industrialised Building System (IBS) within the
construction industry to cope with the rising housing market. This is because
the existing conventional in-situ construction method relies heavily on foreign
labour. The associated productivity is very low, which is inefficient to fulfill
the rapidly rising demand for housing. According to Vaghei, et al. (2014),
precast concrete wall panel is the most common prefabricated building
components used in Malaysia. In general, precast concrete wall panel is often
made up of lightweight concrete to replace conventional burnt clay bricks as
non-load bearing walls. Thus, a project's total cost can be reduced significantly
as both superstructure and substructure elements can be designed with smaller
dimensions due to the lower self-weight imposed.

Since concrete is known to be a brittle material, several kinds of
research were conducted on the possible replacement of concrete substituents
to improve ductility behaviour while retaining its high compressive strength.
Ductility is a favourable structural behaviour for both non-load bearing and
load-bearing precast concrete wall panel because it allows redistribution of
stress and provides early warning signs of failure upon reaching ultimate stress.
Rubberized concrete is one of the most studied concrete types, and it is made
up of partial replacement of mineral aggregates with rubber aggregates. Duarte,
et al. (2017) reported that rubberized concrete has higher ductility and lower
unit weight than normal-weight aggregate concrete. Thus, rubberized concrete
is suitable for non-load bearing precast wall panel, whereby high energy
absorption is obligatory and high strength is unnecessary.

It should be underlined that most of the previous studies on precast
rubberized lightweight concrete wall panel are fundamental of an experimental
nature. However, there is a lack of numerical studies on the precast rubberized
lightweight concrete wall panel's engineering properties. Before

commercializing the use of precast rubberized lightweight concrete wall panel,



it is vital to perform numerical analysis to investigate the effects of rubber
aggregates on precast concrete wall panel. Besides, it is crucial to define
appropriate boundary conditions and sheathing materials in the modelling,
which closely resembles the wall panel's actual condition in use. In this
research, ABAQUS, a type of finite element analysis (FEA) software, is
utilized to study the compressive behaviour of precast rubberized lightweight

concrete wall panel.

1.2 Problem Statement

Researchers suggested that waste rubber could replace mineral aggregates in
producing lightweight concrete due to its lower unit weight than mineral
aggregates, such as sand and gravel. Several research studies reported that
rubberized concrete could be utilized as the raw material for producing precast
concrete wall panel. This is because rubberized concrete has a higher ductility,
which allows the panel to have a larger capacity to deform and sustain higher
loads. Even though most of the research studies had already covered the
effects of rubber aggregates on concrete structural properties through
experimental tests, none of them demonstrated the complete stress distribution
within the concrete matrix as the loading increases. Therefore, it is impossible
to understand the failure mechanism of precast rubberized lightweight
concrete wall panel as the location of critical stress and strain is unknown.

To date, there were only a few published works on numerical analysis
of rubberized concrete, and none of the studies analyzed the effects of
incorporating rubberized concrete for producing precast concrete wall panel.
Besides, most of the existing numerical studies do not resemble the actual
condition of wall panels used in the industry. Moreover, the existing numerical
studies do not take into account the presence of insulation materials and the
actual boundary conditions. Thus, it can be concluded that the numerical study

on precast rubberized lightweight concrete wall panel was still lacking.



1.3 Aim and Objectives

This research aims to evaluate the engineering properties of precast rubberized
lightweight concrete wall panel subjected to compressive loading. The
objectives are as follows:

1. To determine suitable constitutive model for simulating actual
mechanical behaviour of precast rubberized lightweight concrete wall
panel.

2. To study the effect of crumb rubber as partial fine aggregate
replacement on the compressive strength of precast concrete wall panel.

3. To evaluate the confinement effect on precast rubberized lightweight
concrete wall panel.

4. To evaluate the mechanical behaviour of combined precast rubberized

lightweight concrete wall panels.

1.4 Scope and Limitation of the Study
This research comprises five different models for comparison purposes. The
boundary and loading conditions for the simulation models are based on
compressive loading test under ASTM E72-15. The first model is a plain
concrete wall panel with a 1500 mm x 600 mm x 63 mm dimension, which
acts as the control sample for this fundamental research. The second model is
made up of concrete with 7.5 % of crumb rubber as partial fine aggregates
replacement with the same dimension as the control sample. Next, separate
rubberized concrete wall panels with concrete capping and calcium silicate
board are modelled for the third and fourth model, respectively. The last model
is a combination of three single rubberized concrete wall panels.

The author of this study adopted the material properties for both plain
concrete and rubberized concrete from Siringi (2012), limiting to 7.5 % crumb
rubber replacement only. Besides, each simulation model has a similar

dimension, thus having the same slenderness ratio.



15 Importance of the Study

To resolve the environmental issues attributed to the disposal of waste tires
and mining of natural aggregates, this research aims to explore the possibility
of crumb rubber serving as a partial replacement of fine aggregates in precast
concrete wall panel. It is worth noting that rubberized concrete is
heterogeneous as crumb rubber behaves differently from the concrete matrix.
It is essential to understand the interaction mechanism between these two
materials and how they influence rubberized concrete's overall behaviour.
However, the experimental test cannot evaluate the complete stress
distribution of concrete specimens under loading; thus, it is impossible to fully
understand the precast rubberized lightweight concrete wall panel's failure
mechanism. Thus, the outcome of this research is to evaluate the stress-strain
behaviour of precast rubberized lightweight concrete wall panel through the
use of finite element method (FEM), which is a numerical technique to

simulate the stress concentration within the concrete matrix.

1.6 Layout of Thesis
Chapter 1: Introduction
Brief information on precast rubberized lightweight concrete wall panel is
discussed in this particular chapter. Besides that, the aim and objectives, scope
and limitations and significance of this study will enable readers to have a
general view of this study.

Chapter 2: Literature Review

Several research and journals have been reviewed on types of lightweight
concrete available in the current market and types of rubber to be incorporated
to produce rubberized concrete. Besides, this chapter reviews the existing
experimental works carried out to investigate the fresh and hardened properties
of rubberized concrete. Lastly, several journals on the topic of FEM for

simulating rubberized concrete have been reviewed.



Chapter 3: Methodology

This chapter covers the detailed steps in implementing the finite element
method for precast rubberized lightweight concrete wall panels from geometry
modelling to meshing in ABAQUS.

Chapter 4: Results and Discussion
In this chapter, the numerical results for precast rubberized lightweight
concrete wall panel are generated and presented. Complete discussion on the

compressive stress-strain behaviour is presented.

Chapter 5: Conclusion and Recommendations

Chapter 5 concludes the effect of incorporation crumb rubber as partial fine
aggregate replacement in precast concrete wall panel. Besides that,
recommendations are proposed to improve the existing flaws or limitations of

the current study.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Concrete can be classified based on respective unit density and application,
such as normal strength concrete, high-density concrete, high-strength
concrete and lightweight concrete. Generally, the compressive strength of
normal strength concrete ranges from 20 MPa to 40 MPa and the basic
ingredients are cement, sand, aggregates and water. As the name implies, the
density of high-density concrete is about 50 % greater than normal strength
concrete, which ranges from 3360 kg/m® to 3840 kg/m®. Therefore, it is
normally adopted for construction of nuclear power plant as it could reduce the
radiation to weaker state by absorbing both neutrons and gamma rays. On the
other hand, the compressive strength of high strength concrete is more than 40
MPa and it can be produced by lowering the water/cement ratio or through
addition of superplasticizer. Next, lightweight concrete can be termed as a type
of concrete containing partial or fully replacement of lightweight aggregates or
even foaming agent, which has lower unit density (300 kg/m® to 1840 kg/m®)
compared to normal strength concrete with density ranges from 2240 kg/m? to
2400 kg/m3. However, the compressive strength of lightweight concrete is
much lower compared to normal strength concrete due to its porous structure.
Hence, lightweight concrete is more suitable to be adopted for non-load
bearing purpose.

Since disposal of waste rubber tire has become a major concern, the
idea of incorporating waste rubber particles as synthetic aggregates in
producing precast lightweight concrete wall panel will certainly aid in creating
a sustainable environment. Several journals had been reviewed in terms of the
mechanical properties of rubberized concrete as to provide a clear direction in

identifying research gap.



2.2 Lightweight Concrete

Lightweight concrete can be further classified into 3 different types based on
types of aggregates being incorporated in the concrete mix: lightweight
aggregate concrete, aerated concrete, foamed concrete and no-fines concrete
(Newman and Choo, 2003).

2.2.1 Lightweight Aggregate Concrete

Lightweight aggregate concrete contains aggregates with relatively low
specific gravity, which is lower than the average specific gravity of 2.6 for
aggregates used in conventional concrete mix. According to EN 13055:2016,
lightweight aggregates (LWA) can be manufactured from natural sources or
even industrial by-product, with density not exceeding 2000 kg/m3. Thus, it
can be divided into two main categories, which are natural aggregates and
synthetic aggregates. Lightweight natural aggregates such as tuff, pumice and
scoria are the products of volcanic eruption and do not require any complex
processing apart from general screening. On the other hand, expanded shale,
clay and slag are considered as synthetic aggregates with low density due to
the pore structure within the aggregates. During the process of heating, the
temperature inside the rotary kiln can easily get up to 1180°C, thus allowing
the gas within inside of the aggregate to expand (Hoff, 2002). This results in
pore structure within the aggregates, contributing to lower density and specific
gravity. In addition, synthetic aggregates can also be termed as recycled waste,

such as waste tire rubber or even plastic.

2.2.2 Aerated Concrete

Both aerated and foamed concrete contain intentionally entrained voids within
concrete matrix, whereby it could be produced through addition of aluminium
powder and foaming agent respectively. Aerated concrete is made up of
cement, fine sand or fine aggregates, water and also aluminium powder. It can
be further classified into two types depending on the curing methods, which is
autoclave aerated concrete (AAC) and non-autoclave aerated concrete (NAAC)
(Saand, et al., 2019). Unlike NAAC, AAC is cured under high pressure in
autoclave chamber with temperature maintained at 180°C. On the other hand,

NAAC is cured under normal room condition and the end product has lower



compressive strength compared to AAC as higher temperature will accelerate
hydration process (Ekaputri, et al., 2013). Furthermore, Ekaputri, et al. (2013)
stated that the density of aerated concrete generally does not exceed 1000
kg/m® due to the absence of coarse aggregates and it’s widely adopted to

replace traditional clay bricks.

2.2.3 Foamed Concrete

Generally, foamed concrete is termed as mixture containing of cementitious
binder, fine sand, water and preformed foam, whereby the air content within
concrete matrix is over 25 % (Newman and Choo, 2003). Foaming agent is the
main constituent material that facilitates the air entraining process by reducing
the surface tension of concrete mix and it can be further divided into protein-
based and synthetic based foaming agent (Panesar, 2013). According to Jalal,
et al. (2017), the typical density of foamed concrete ranges from 300 kg/m? to
1600 kg/m?®. Due to its high flowability and also low density, foamed concrete
can be adopted for void filling purpose and also producing concrete block
(Jalal, et al., 2017).

2.2.4 No-fines Concrete

No-fines concrete does not contain any fine aggregates and it contains only
cement binder, water and coarse aggregates which ranges from 9 mm to 20
mm. Absence of fine aggregates will result in large number of air voids exist
within concrete body, thus contributing lower compressive strength and
density compared to normal weight concrete. The aggregates used should not
have irregular shape or sharp edges as it will increase the possibility of local
crushing under applied load.

2.3 Rubberized Concrete

Rubberized concrete can be considered as lightweight aggregate concrete as it
contains partial replacement of combination of both coarse and fine aggregates
with synthetic rubber scraps. The idea of incorporating rubber particles into
concrete mix does not change the chemical behaviour or properties of concrete
as rubber particles does not involve in hydration process. Hence, the presence

of rubber will only affect the mechanical properties of concrete in terms of



compressive strength, splitting tensile strength, elastic modulus, energy
absorption, ductility and impact resistance.

The waste tire needs to undergo special treatment, such as cryogenic
process in order to eliminate entrapped air, which contributes to low
compressive strength. Moreover, removal of constituent materials like filler,
steel wire and other textile components from the waste tires need to be carried
out as it might ends up affecting the desired properties of final product
(Sgobba, et al., 2010). In fact, tires can be categorized into two different
sources, which is car tires and truck tires and both tires have different
percentage of constituent materials. It was reported that the car or motor
vehicle tires have higher percentage of rubber, which is around 48 % and 43 %
for truck tires. Furthermore, car tires contain about 5 % of textile component
and 15 % of steel fibres while truck tires reported to have 0 % and 27 %
respectively (Fiore, et al., 2014).

According to Fiore, et al. (2014), the mechanical properties of concrete,
such as compressive strength, tensile strength and also elastic modulus will
drop significantly with partial or full replacement of aggregates with waste
rubber. Besides that, the workability of rubberized lightweight concrete will
decrease proportionally to the percentage of rubber replacement due to the
high viscosity nature of rubber. According to Segre and Joekes (2000),
soaking of rubber in sodium hydroxide solution will produce more hydration
products (C-S-H gel) on the surface of rubber, which aids in bonding with
cement matrix surrounding and further increase the performance of rubberized
concrete in terms of compressive strength by 10%.

Despite the drawbacks, rubberized concrete is much lighter compared
to conventional concrete in terms of mass density depending on percentage of
rubber replacement. Since rubberized concrete has high ductility and low
brittleness index, it has the potential application for building elements that
stress the importance of high energy or vibration absorption (Fiore, et al.,
2014).

As a matter of fact, rubberized concrete had been used extensively in
the application of pavement due to its high performance of energy absorption

and impact resistance (Xu, et al., 2020). Nevertheless, the application of



10

rubberized lightweight concrete for structural purpose or support heavy
loadings are still limited and not much research had been carried out. This is
mainly due to the heterogenous properties of rubberized concrete as both
rubber and concrete are highly different from each other in terms of
mechanical properties. Unlike steel reinforcement which is great in tensile
strength helps in compensating the weakness of concrete and thus producing
concrete with all-round strength. However, presence of rubber induces
significant drop in compressive strength of concrete, which is the main
concern for engineers and respective authority. In view of the performance of
rubberized concrete in energy absorption and impact resistance, it’s much
suitable to be used in non-load bearing purpose, such as wall panel which is
much lighter than conventional brick-wall. Rubberized concrete wall panel
will certainly aid in reducing the overall cost for each project due to its

lightweight properties and able to sustain impact from surroundings.

2.4 Classification of Rubber

Based on past researches and journals, waste rubber tires can be further
processed into 3 different types: rubber chips, crumb rubber and ground rubber
powder. Since each of these rubbers has different size and surface texture, it

will induce significant effect on the final product of concrete.

2.4.1 Rubber Chips

Rubber chips can be termed as crushed rubber and the surface texture is found
to be very rough due to grinding and cutting process. Besides that, the size of
rubber chips is in between the range of 4mm and 15mm, as a result, it’s
considered to be the largest among other types of rubber (Zheng, Huo and
Yuan, 2008). Furthermore, Panda, Parhi and Jena (2012) explained that rubber
chip is normally used to replace coarse aggregates instead of fine aggregates.
Even though the cost for producing rubber chips tend to be lower, the
reduction in compressive strength is too significant to be ignored. The most
possible reason is that rubber chips cannot be distributed evenly during the
mixing process as the size is too large to fit into interfaces between aggregates
and concrete matrix (Zheng, Huo and Yuan, 2008).
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2.4.2 Ground Rubber Powder

Ground rubber particles has the smallest size among the other 3 types of
rubber, which typically ranges from 0.075mm to 0.475mm (Panda, Parhi and
Jena, 2012). Several studies had showed that concrete mix with ground rubber
powder exhibited better performance compared to rubber chips in terms of
compressive strength and also elastic modulus. Zheng, Huo and Yuan (2008)
stated that the compressive strength for concrete mix with ground rubber
powder decreased from 53.8 MPa to 27.3 MPa at 45 % of rubber content,
which is equivalent to almost 50% of strength reduction. However, the
reduction in strength for rubber chips is more than 50 % due to uneven
distribution of rubber particles within concrete matrix. Sofi (2018) highlighted
that ground rubber powder could be used as a type of filler material to replace

cement content and it could only be produced through micro-milling process.

2.4.3 Crumb Rubber

Generally, crumb rubber can be used as replacement for sand or fine
aggregates and it can be manufactured through milling process, whereby big
chunk of rubber is processed into smaller size of particles (Azmi, et al., 2015).
Panda, Parhi and Jena (2012) highlighted that the size of crumb rubber is in
between rubber chips and ground rubber powder, which ranges from 0.425
mm to 4.75 mm. Crumb rubber can be produced through a series of
mechanical process, such as granulation process, cracker milling process and
lastly magnetic separation process to remove inorganic materials such as steel
wire. In fact, the first two process are responsible to cut waste rubber into

smaller particles based on specific requirement.

2.5  Application of Crumb Rubber

Crumb rubber from waste tires had been widely used in construction of
pavement since last century (lbrahim, et al., 2013). It was reported that rubber
particles has the potential in improving the cracking resistance of asphaltic
mix. The improvement is attributed to swelling process of rubber particles,
which leads to higher viscosity of asphaltic mix. Ibrahim, et al. (2013) further

reported that rubber particles can swell up to five times of its original size by
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absorbing maltene, which is one of the major insoluble components of bitumen,
leaving only asphaltene in the mix (lbrahim, et al., 2013). Hofko, et al. (2016)
further explained that higher proportion of asphaltene resulted in lower creep
response, but increment in stiffness and viscosity of bituminous mix.

Besides that, crumb rubber had been adopted in construction of
ballasted track in order to lower the degradation rate of ballast particles due to
continuous impact force from moving train (Sol-Sénchez, et al., 2015). In fact,
crumb rubber exhibits elastic properties and it was found out that it could
reduce the settlement of ballast track by 50 % by replacing 10 % of ballast
particles with crumb rubber. Therefore, it could improve the design life of

ballast track, which leads to lower maintenance cost.

2.6 Crumb Rubber Lightweight Foamed Concrete
In view of the benefits obtained by incorporating rubber and foaming agent in
concrete, researchers had combined both materials in producing crumb rubber
lightweight foamed concrete (CRLFC). Therefore, crumb rubber lightweight
foamed concrete exhibits some of the properties of foamed concrete, which is
lightweight and good fire resistance, not to mentioned it also exhibits good
ductility and low brittleness index. Eltayeb, et al. (2020) had carried out an
experiment to evaluate the effect of rubber content and water/cement ratio on
the mechanical properties of CRLFC. As expected, the experiment showed
decrement in density of concrete along with increasing of rubber content.
Wang, et al. (2019) highlighted that foamed concrete should not be
mixed with large amount of crumb rubber particles as it will result in
tremendous drop in compressive strength. Since rubber particles do not
involve in the hydration process of cement, the bonding or adhesion force
between rubber particles and concrete matrix is very weak (Wang, et al., 2019).
Besides that, Wang, et al. (2019) stated that presence of rubber particles
interrupts the capability of cement to wrap the foaming bubbles, as a result, the
bubbles within concrete matrix tend to be unstable and eventually burst.
Furthermore, it was reported that rubber particles tend to float to the top
surface of foamed concrete mix due to its low density. In overview, it’s not

recommended to increase the rubber percentage more than 5 % as it will result
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in poor pore structure within foamed concrete mix, which ultimately leads to
deterioration of mechanical properties. However, increasing of rubber content
increases the impact resistance of foamed concrete as rubber is good in
absorbing impact energy and it allows larger deformation before fail (Eltayeb,
et al., 2020). Thus, it gives signal to users to take actions before failure of
structure occurs. Unlike crumb rubber lightweight foamed concrete, foamed
concrete tends to exhibit brittle behaviour upon deformation. Therefore,
Eltayeb, et al. (2020) concluded that improved impact resistance is one of the

significant and useful properties for crumb rubber lightweight foamed concrete.

2.7 Fresh Properties of Rubberized Concrete

Workability is one of the most important fresh properties that need to be paid
attention as it determines how efficient is the placement and mixing of
concrete. In addition, high workability indicates that the labour cost can be
reduced as the cost for hiring extra labours and buying admixtures can be cut

down.

2.7.1 Workability

According to Fiore, et al. (2014), it was reported that the workability of
concrete with 10 % and 20 % content of rubber particles is slightly higher
compared to control sample or normal concrete. Bing and Ning (2014)
explained that under the same water/cement ratio, the slump value of
rubberized concrete will be higher due to non-polar characteristics of rubber
particles, which has low water absorption capacity. However, decrement in
workability of concrete mix can be observed once the replacement with rubber
particles is up to 30 % or more as increasing percentage of rubber particles
will cause the mix to become more viscous (Fiore, et al., 2014). According to
Bing and Ning (2014), the spiky surface of rubber particles is the main reason
that leads to reduction of slump. This is because it will result in high friction
between the rubber particles and concrete mix, which ultimately reduces the

flowability of concrete by its own weight.
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2.8 Hardened Properties of Rubberized Concrete
For this particular study, the mechanical properties such as density,
compressive strength, splitting tensile strength and Young’s Modulus of

rubberized lightweight concrete are investigated.

2.8.1 Density

Based on the experiment carried out by Fiore, et al. (2014), seven concrete mix
with different rubber replacement percentage had been tested and coarse
aggregates was being omitted in the mix samples. Thus, suitable amount of
sand had been incorporated to produce concrete mix with good performance in
workability. Fiore, et al. (2014) reported that the average unit weight of
control sample decreased from 2137 kg/m® to 1939.5, 1815, 1669 and 1545
kg/m?® with rubber replacement percentage at 10, 20, 30 and 40 % respectively.
It was also reported that the density drops tremendously until 1154 kg/m?
when the percentage of rubber is up to 50% or more.

On the other hand, Zheng, Huo and Yuan (2008) had prepared a few
samples by replacing coarse aggregate in conventional concrete with different
percentage of waste rubber particles. Besides that, there are two types of
rubbers being adopted, which is ground rubber and crushed rubber or also
known as rubber chips. Zheng, Huo and Yuan (2008) reported that the
influence of rubber types is less significant on the unit weight of concrete mix.
At 45 % of rubber content, it was being observed that the average density of
concrete is 2006 kg/m?® and 2046 kg/m?® for ground rubber powder and crushed
rubber respectively.

The reason behind reduction of density is the large air voids created by
the angular shape of rubber particles, which leads to high porosity within the
concrete mix. Ling (2011) also mentioned that rubber particles tend to entrap
air from surroundings due to its non-polar behaviour, which in turn decreases
the density of concrete mix. Bing and Ning (2014) also explained that rubber
particles has lower density of 1150 kg/m® compared to normal coarse
aggregates, which has higher average unit density of 1650 kg/m3.Therefore,
rubberized concrete tend to have lower density compared to normal concrete.

For a given rubber replacement percentage, Ling (2011) found out that the
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density of rubberized concrete tend to increase along with increasing of
water/cement ratio. Ling (2011) further explained that this phenomenon might
be due to presence of free water, which fills up the pore or empty spaces

within concrete matrix, thus increasing the density.

2.8.2 Compressive Strength

Based on the experimental results carried out by Fiore, et al. (2014), it can be
deduced that the compressive strength of concrete reduces in a constant rate
with the increasing of rubber content. In addition, Fiore, et al. (2014) reported
that the average compressive strength on 28th day decreased from 30 MPa to
below 15 MPa at rubber percentage of 0 % and 30 % respectively. Thus, it can
be deduced that concrete mix with 10 % and 20 % of rubber content has
almost similar compressive strength as control sample, which is around 26
MPa to 28 MPa and it can be used for structural application with the addition
of small amount of coarse aggregates. On the other hand, concrete mix with
rubber content more than 30 % has very low compressive strength as well as
density. Hence, it’s much suitable to be used as non-load bearing application.

Kumaran, Mushule and Lakshmipathy (2008) explained that the reason
for strength reduction is due to the entrapped air, which increases with
percentage of rubber particles incorporated. Therefore, it is advisable to add
de-airing agent during the mixing process before casting. Ling (2011)
observed that the compressive strength decreased from 42.5 MPa to 12.4 MPa
when the percentage of rubber replacement is up to 50 % at constant
water/cement ratio of 0.55. Ling (2011) further explained that the strength
reduction is up to 70 % and it might be due to smooth surface texture of rubber
particles, which will significantly degrade the adhesion or bonding force
between rubber particles and concrete matrix.

Furthermore, Zheng, Huo and Yuan (2008) had studied the effects of
rubber types on the compressive strength of rubberized concrete by carrying
out cube and cylinder compressive test. It was reported that the reduction for
both cube and cylinder compressive strength of rubberized concrete is more
significant when rubber chips is being incorporated into the mix compared to

ground rubber powder. It can be explained that small particle size of ground
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rubber powder allows it to be distributed evenly within concrete matrix and fill
up the existing pores, which leads to higher compressive strength (Zheng, Huo
and Yuan, 2008).

2.8.3 Splitting Tensile Strength

Generally, the tensile strength of a normal concrete is around 10 % of its
targeted compressive strength, which is about 4 — 10 MPa. According to
Batayneh, Marie and Asi (2008), both experimental compressive strength and
tensile strength of lightweight concrete demonstrated linear relationship with
rate of strength reduction as the rubber content increases. In fact, concrete is
weak in tension and low bonding force between rubber particles and concrete
matrix will only further deteriorate the tensile strength. Based on the indirect
tensile test carried out by Duarte, et al. (2015), it can be observed that normal
concrete without presence of rubber particles will release loud sound when
breaking into halves. In fact, this is one of the characteristics for materials with
brittle behaviour. On the other hand, rubberized concrete is found to be remain
connected by rubber particles even though it breaks down into halves once
reaching maximum tensile stress. Thus, it indicates that presence of rubber
particles will change the behaviour of concrete from brittle to ductile
behaviour. Ductile failure mode is indeed useful for both structural and non-
structural application as it signals the users to take action for rectifying
purpose.

Zheng, Huo and Yuan (2008) mentioned that brittleness index (BI) can
be used as an indication of ductility. It was reported that the brittleness index
of rubberized concrete is lower compared to normal conventional concrete,
whereby low Bl signifies good performance in terms of ductility and energy
absorption capability. Next, it was reported that the brittleness index of
rubberized concrete decreases linearly with increasing percentage of rubber
particles. Thus, it signifies that higher rubber content will increase the ductility
of concrete, which will lead to larger plastic deformation when fracture occurs.
Zheng, Huo and Yuan (2008) stated that even though rubberized concrete with
rubber chips yielded lowest BI compared to ground rubber powder with 45 %

of rubber percentage but the BI for ground rubber was much lower than rubber
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chips at both 15 % and 30 % rubber content. When it comes to choosing
suitable rubber types to be incorporated in concrete mix, all mechanical aspect
of rubberized concrete should be taking into consideration besides brittleness
index. Thus, it would be wise to adopt ground rubber powder as the substitute
of aggregates for rubberized concrete as it exhibits higher ductility at lower
percentage of rubber content and the strength reduction is less drastic

compared to rubber chips.

2.8.4 Young’s Modulus
When it comes to designing a structural element for either load-bearing or
non-load bearing purpose, both strength and stiffness of the element should be
taken into consideration. Young’s Modulus can be termed as material’s
resistance towards elastic deformation under applied load and it can be used to
evaluate the stiffness of a material. Therefore, low Young’s Modulus indicates
an elastic material while stiff material has high Young’s Modulus as more
stress is required to produce considerable amount of strain. Strukar, et al.
(2018) concluded that the Young’s Modulus of concrete mix is inversely
proportional to the percentage of rubber content. Therefore, higher percentage
of rubber content will lead to lower elastic modulus, whereby it helps in
reducing the brittleness of concrete structures (Li, Ruan and Zeng, 2014).
Furthermore, Li, Ruan and Zeng (2014) had performed an experiment to
investigate stress-strain behaviour of rubberized concrete with five different
percentage of rubber content and also five different size of rubber particles. It
was reported that the elastic modulus of rubberized concrete decreases along
with decreasing size of rubber particles under the same rubber percentage.
Strukar, et al. (2018) highlighted that rubberized concrete will experience
larger deformation or strain of that normal concrete under same applied
loading condition, even though rubberized concrete exhibited decrement in
compressive strength. Li, Ruan and Zeng (2014) also reported that ultimate
strain capacity of rubberized concrete is inversely proportional to the size of
rubber particles, which signifies that smaller rubber particles tend to increase
the deformation capability and prevent cracks initiation. This is because

smaller size of rubber particles can be distributed more evenly within the
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concrete matrix and also the interfaces between aggregates and concrete
matrix (Li, Ruan and Zeng, 2014). In overview, incorporation of smaller size
of rubber particles will help to produce concrete with lower elastic modulus,

which has higher strain deformation capacity.

2.9  Finite Element Analysis

Experimental research is one of the most effective way adopted by past
research journals to investigate the properties of rubberized concrete. However,
the experimental results might not be that accurate due to unforeseen factors or
circumstances, as a result, numerical analysis comes in to validate the
experimental results without being influenced by surrounding external factors.
Besides that, since rubberized concrete is a highly heterogenous material,
numerical tools or finite element tools should be adopted to investigate the
influence on overall concrete composite behaviour due to the presence of
rubber particles.

Finite element analysis can be defined as computerized simulation
process to predict the behaviour of real-world object subjected to given
conditions with the aid of mathematical equations or FEM. The basic principle
behind FEM is that a real object will be modelled by breaking down into finite
number of small elements, whereby the individual behaviour of each element
is defined by sets of mathematical equations. Respective individual behaviour

of elements will then be added up to predict the actual behaviour of the object.

2.9.1 Constitutive Model for Concrete
There are three constitutive models available in ABAQUS to simulate
concrete's inelastic behaviour: concrete damaged plasticity (CDP), concrete
smeared cracking and brittle cracking model. However, it should be noted that
researchers seldom use brittle cracking model as it assumes that the concrete
compressive behaviour is always linear elastic, which does not resemble the
true nature of concrete.

According to the user manual of ABAQUS, CDP is primarily used to
simulate the inelastic behaviour of concrete structures under cyclic loading.

Next, CDP is the only constitutive model that can be used together with rebar
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to analyze reinforced concrete structures. Moreover, CDP also considers the
brittle failure mechanism of concrete, which is compression failure due to
concrete crushing and cracking failure.

Concrete smeared cracking is fundamentally designed to simulate
concrete's inelastic behaviour under monotonic loading (Siringi, 2012).
However, it should be noted that concrete smeared cracking does not take into
account the effect of bond-slip and dowel action when rebar is embedded
inside the concrete structures. In other words, the concrete behaviour
simulated under concrete smeared cracking is independent of the rebar. Thus,
concrete smeared cracking is often used to simulate plain concrete structures

only.

2.9.2 Numerical Analysis of Rubberized Concrete

To date, there were only a few published works on numerical analysis of
rubberized concrete. Duarte, et al. (2016) had carried out numerical analysis to
assess the ductility and compressive strength of steel tubes filled with
rubberized concrete. Based on the comparison between numerical and
experimental results by Duarte, et al. (2016), it was confirmed that CDP could
be extended to simulate rubberized concrete. Duarte, et al. (2016) had verified
that concrete-filled steel tubes with 5 % and 15 % rubber replacement had
relatively lower compressive strength and stiffness but higher ductility than
normal concrete-filled steel tubes. Besides, Al-Shwaiter and Al-Gaboby (2019)
had utilized ABAQUS to investigate the mechanical behaviour of rubberized
concrete-filled steel tubes analytically. The numerical results were consistent
with the experimental results, whereby the column capacity reduced with
increasing rubber replacement percentage.

Thomas, Gupta and Panicker (2015) had performed numerical analysis
to investigate the effect of crumb rubber replacement from 0 % to 20 % on the
compressive strength and flexural strength of high strength concrete. CDP was
utilized by Thomas, Gupta and Panicker (2015) for the simulation of
rubberized concrete, and the analytical results were then verified back with
experimental results. It was identified that the numerical results for both

compressive strength and flexural strength of high strength concrete showed a
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decreasing trend with the increase of crumb rubber replacement percentage. At
20 % crumb rubber replacement, both the compressive strength and flexural
strength reduced by 71 % and 27 %, respectively. Besides, Al-Azzawi, Shakir
and Saad (2018) had adopted CDP to investigate the effect of rubber fiber on
the flexural strength of the concrete beam. It was reported that incorporating
0.5 % rubber fiber increased the flexural strength of rubberized concrete by
21 %, while the ultimate displacement increased by 37 %. However, there was
a drop in the flexural strength by 4 % when the fiber content was increased to
1%. Thus, Al-Azzawi, Shakir and Saad (2018) highlighted that the numerical
results were in good agreement with experimental results, whereby the
optimum rubber fiber content was proved to be 0.5 %.

Instead of using CDP, Duarte, et al. (2017) had utilized Extended
Finite Element Method (XFEM) to simulate the inelastic behaviour of
rubberized concrete subjected to monotonic compressive loading. Unlike other
published works, Duarte, et al. (2017) were the first to present the use of
MATLAB Image Processing to model the rubberized concrete's actual
geometry by considering the heterogeneous distribution of rubber aggregates.
It is worth mentioning that other published works assumed that the developed
rubberized concrete model is a homogenous solid without considering that
rubberized concrete is a highly heterogeneous material. This is because the
mechanical properties of concrete and rubber aggregates differ from each other.
According to Duarte, et al. (2017), XFEM was capable of simulating cracks
initiation and propagation. The research had also provided important insight,
whereby high stresses tend to develop at the surrounding of rubber aggregates,
leading to cracks initiation. Duarte, et al. (2017) explained that the high-stress
concentration was due to rubber aggregates' low elastic modulus compared to
the concrete matrix, which may be deemed voids.

In general, it can be deduced that most published researches on
numerical analysis of rubberized concrete utilized CDP as the constitutive
model for simulating the inelastic behaviour of concrete. It is worth noting that
there is only one published work by Siringi (2012) that utilized concrete
smeared cracking to investigate rubberized concrete's flexural strength. Siringi

(2012) proved that the developed model with concrete smeared cracking
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showed good agreement with experimental results, whereby at 7.5 % crumb

rubber replacement, there was a 15 % drop in the flexural strength.

2.10 Summary

This chapter had explained the most common types of lightweight concrete
and their respective production process. Next, various types of rubber and their
respective function were discussed in detail. Besides, this research also
critically reviewed the existing experimental works carried out to test both
fresh and hardened properties of rubberized concrete. Furthermore, the
differences between each concrete constitutive model were reviewed.
Ultimately, the last section of this chapter had reviewed existing numerical
studies for assessing rubberized concrete behaviour. After going through the
literature review by past research studies, it can be deduced that previous
experimental works failed to address the complete stress distribution in
rubberized concrete upon loading. Therefore, the failure mechanism of precast
rubberized lightweight concrete wall panel is not well understood. Besides, it
is discovered that the topics on the numerical study of precast rubberized
lightweight concrete wall panel appear to be ill-defined. Therefore, this
research aims to address the existing research gap by proposing FEA software,
ABAQUS, to evaluate the compressive behaviour of precast rubberized

lightweight concrete wall panel.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

A three-dimensional finite element model for precast rubberized lightweight
concrete wall panel is simulated using one of the renowned commercial FEA
software, ABAQUS to investigate its engineering properties under
compressive loading. Chapter 3 begins with illustration of a flowchart, that
depicts the complete steps for numerical analysis of precast rubberized
lightweight concrete wall panel. Next, the parameters such as configuration of
model, material parameters, analysis steps, interaction properties, boundary
conditions, loading conditions and lastly, meshing to be considered in the
execution of numerical analysis using ABAQUS are discussed. A summary is

drawn at the end of Chapter 3.

3.2 Research Flowchart

Figure 3.1 shows the complete procedures for this entire research.
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Figure 3.1: Flowchart for methodology
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3.3  Modelling Considerations

In this research, all material properties that are defined in ABAQUS are
extracted from past literature and the selection of parameters will be discussed
in detail. The boundary and loading conditions for the simulation model are
based on compressive loading test under ASTM E72-15 as shown in figure 3.2.
ASTM E72-15 is a standard designed for testing the strength of wall panel
made up of new material under various conditions that reflect those
encountered during service, such as compressive load, tensile load, and

transverse load due to wind action.
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Figure 3.2: Compressive load test based on ASTM E72-15 (American Society
for Testing and Materials, 2015).
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3.4  System of Units
Before modelling, it is vital to decide which system of units to be adopted as
ABAQUS does not have built-in units. Table 3.1 shows the common units and

Sl unit (in meter) is adopted throughout this research.

Table 3.1: List of consistent units in ABAQUS.

Quantity Sl SI (mm) US Unit (ft) US Unit
(inch)
Length m mm ft in
Force N N Ibf Ibf
Mass kg tonne (10° kg) slug Ibf s?/in
Time S S S S
Stress Pa (N/m?) | MPa (N/mm?) Ibf/ft? psi (Ibf/in?)
Energy J mJ (102 J) ft Ibf in Ibf
Density kg/m?® tonne / mm?® slug/ft3 Ibf s%/in®

3.5  Extraction of Material Properties from Past Literature

It’s vital to obtain the engineering properties of a material through
experimental test or past literature before modelling in ABAQUS. In this study,
the author adopted the latter approach in which all the input data for defining
the material properties is extracted from Siringi (2012).

Siringi (2012) investigated the effect of crumb rubber and tire-derived
aggregates on the flexural strength of concrete beam using ABAQUS. Siringi
(2012) casted plain concrete, concrete containing 7.5% of crumb rubber as
partial fine aggregate replacement and concrete containing 7.5 % of tire-
derived aggregates as partial coarse aggregate replacement to evaluate the
engineering properties of the material. Each concrete batch is then tested with
compressive test and flexural test based on ASTM C39 and ASTM C78
respectively. The material properties obtained from the tests are then used by
Siringi (2012) to design the concrete beam model subjected to four-point
loading in ABAQUS.
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Siringi (2012) verified the output of finite element model with
experimental test and proved that the material properties defined in ABAQUS
has high accuracy and reliability. Therefore, the material properties of both
plain concrete and concrete containing 7.5 % crumb rubber are extracted by

this research for simulation of wall panel subjected to compressive loading.

3.6  Construct Geometry Model

Two different concrete batches are simulated, which are plain concrete acting
as control sample and concrete containing 7.5% of crumb rubber as partial
replacement of fine aggregates. A single wall panel with the standard
dimension of 1500 mm x 600 mm x 63 mm is being constructed for each
concrete batch and the designation for each model is shown in Table 3.2.
Figure 3.3 shows the size for Control-Wall and 7.5 % Crumb-Wall in
ABAQUS.

To further assess the confinement effect of sheathing material on
rubberized concrete wall panel, third model is simulated with 7.5 % Crumb-
Wall as the core panel with calcium silicate board acting as insulation layer.
Figure 3.4 illustrates the concept for the third model with designation of 7.5 %
Crumb-Wall + CS. The dimension of calcium silicate board is 1500 mm x 600
mm X 6 mm.

Since most of the precast wall panels in current practice are tied side by
side for preventing collapsing inwards, fourth model is simulated by
combining three single wall panel and each panel has similar material
properties and dimension as the second model, 7.5 % Crumb-Wall. Figure 3.5
shows the modelling for fourth model, 7.5 % Crumb-Comb Wall.

Besides that, the last model is simulated with concrete capping on top
of the surface of 7.5 % Crumb-Wall. The concrete capping is assigned with the

material properties of plain concrete.



Table 3.2: Designation and description for each simulation model.
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Model Designation Description

1 Control-Wall Single wall panel made of plain
concrete.

2 7.5 % Crumb-Wall Single wall panel made of
concrete containing 7.5 % of
crumb rubber.

3 7.5 % Crumb-Wall + CS Single wall panel made of
concrete containing 7.5 % of
crumb rubber with calcium
silicate  board as sheathing
material.

4 7.5 % Crumb-Comb Wall Combination of 3 single wall
panels made of concrete
containing 7.5 % of crumb
rubber.

5 7.5 % Crumb-Wall + CAP Single wall panel made of

concrete containing 7.5 % of
crumb rubber with concrete

capping on top of panel.

Figure 3.3: Standard dimension of 1500 mm x 600 mm x 63 mm for Control-
Wall and 7.5 % Crumb-Wall.
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Top skin: Calcium Silicate Board

Core Panel: Rubberized Concrete

Bottom skin: Calcium Silicate Board

Figure 3.4: lllustration for third model, 7.5 % Crumb-Wall + CS.

Figure 3.5: Modelling for fourth model, 7.5 % Crumb-Comb Wall in
ABAQUS.

Each part of the model is defined as three-dimensional, deformable
solid elements, including wall panel, calcium silicate board and concrete
capping. Figure 3.6 shows that the wall panel is defined as three-dimensional,
deformable solid elements under part module in ABAQUS. Even though
concrete has high heterogeneity character, whereby its constituents, such as
aggregates and crumb rubber particles pose different sizes and distributions,
it’s simulated as homogenous solid under property module as shown in Figure

3.7. The same goes for calcium silicate board.
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Create...
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Figure 3.6: Definition of wall panel as three-dimensional, deformable solid

elements under part module.

4> Section Manager X

Name Type

Core Wall Panel Solid, Homogeneous

Copy... Rename... | Delete.. Dismiss

Figure 3.7: Definition of wall panel as homogenous solid in property module.
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Before defining interactions, it’s vital to position each part instance
relative to each other by using position constraint feature that automatically
align selected fixed or moveable faces in assembly module. Figure 3.8
introduces the use of face-to-face constraint feature to align calcium silicate
board to the surface of core panel. In fact, the same feature can be applied for
positioning concrete capping to the top surface of panel and aligning wall

panels side by side as shown in Figures 3.9 and 3.10.

Create Constraint:
Face to Face

4= X Theinstance will be moved so that the arrows point in the same direction Flip

Figure 3.8: The use of face-to-face constraint to align calcium silicate board to

the surface of core panel.
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4= X Dragthe mouse in a viewport to pan the view

Figure 3.9: The use of face-to-face constraint to position concrete capping to

the top surface of panel.

;— X| The instance will be moved so that the arrows point in the same direction Flip

Figure 3.10: The use of face-to-face constraint to align the wall panels side by

side.
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3.7  Flowchart for Defining Material Properties

Figure 3.11 illustrates the flowchart for defining material parameters for plain
concrete, rubberized concrete and calcium silicate board in this research.
When it comes to modelling concrete in ABAQUS, the material properties can
be separated into both linear elastic and non-linear behaviour. In order to
model highly non-linear behaviour of concrete under compressive loading,
concrete smeared cracking model has been proposed in this research and it
must be used in conjunction with both tension stiffening and failure ratios.
Since ABAQUS does not have any built-in material model for calcium silicate,
Extended Finite Element Method (XFEM) has been utilized to simulate plastic

behaviour and failure of calcium silicate board.
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Figure 3.11: Flowchart for defining material properties in ABAQUS.
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3.8 Material Properties for Plain Concrete and Rubberized Concrete
3.8.1 Elastic Behaviour

To define elastic behaviour of a material, ABAQUS requires input data for
both Young’s Modulus, E and Poisson’s Ratio, v. Table 3.3 shows the value of
Young’s Modulus adopted for plain concrete and rubberized concrete
respectively. The Poisson’s Ratio of concrete generally ranges from 0.15 to
0.20, thus an average value of 0.18 is being adopted for both plain concrete
and rubberized concrete (Siringi, 2012). Figures 3.12 and 3.13 show the input
parameters for elastic behaviour of plain concrete and rubberized concrete wall

panel under property module, respectively.

Table 3.3: Young’s Modulus for plain concrete and rubberized concrete

(Siringi, 2012).

Material Young’s Modulus (N/m?)
Plain Concrete 247E +10
Rubberized Concrete (7.5% Crumb Rubber) 2.08E + 10
&= Edit Material X

Name: Control Concrete

Description:

7
Material Behaviors
Failure Ratios €3
Tension Stiffening
Maxps Damage
Damage Evolution
:
General Mechanical Thermal Electrical/Magnetic  Other ¥
Elastic
Type: | Isotropic ~ ¥ Suboptions

[[]Use temperature-dependent data

Number of field variables: 0%
Moduli time scale (for viscoelasticity): | Long-term v

] No compression

[] No tension
Data
Young's Poisson’s
Modulus Ratio
1 24700000000 0.18

Figure 3.12: Input parameters for elastic behaviour of control concrete wall

panel.
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% Edit Material >

Name: Core Wall Panel

Description:

Material Behaviors

Failure Ratios

Tension Stiffening
Maxps Damage

Damage Evolution

T

General Mechanical Thermal Electrical/Magnetic  Other ¥
Elastic

Type: | Isotropic I ¥ Suboptions

[] Use temperature-dependent data
Number of field variables: 0's
Moduli time scale (for viscoelasticity): | Long-term e

[J No compression

[] No tension
Data
Young's Poisson's
Modulus Ratio
1 20800000000 0.8

Figure 3.13: Input parameters for elastic behaviour of rubberized concrete wall
panel.

3.8.2 Plastic Behaviour

It is insufficient to model both plain concrete and rubberized concrete having
only linear elastic behaviour as it’s vital to examine its load-deformation
behaviour when subjected to severe overload. Therefore, non-linear analysis
has been introduced with the consideration of geometric non-linearity in this
research and ABAQUS provides a list of constitutive models to define both
linear and non-linear behaviour for different categories of material. Concrete is
considered as brittle material and its inelastic behaviour can be modelled with
three different plasticity models: concrete smeared cracking, brittle cracking

model and concrete damaged plasticity.
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3.8.2.1 Concrete Smeared Cracking

In this research, concrete smeared cracking was chosen to simulate the
inelastic behaviour of concrete and it must be used in conjunction with tension
stiffening and failure ratios. The main reason for choosing concrete smeared
cracking is that it takes into account both cracking and post-cracking
behaviour, whereby presence of cracks will affect subsequent stress and
stiffness of the concrete. This modelling approach also does not require
remeshing of the entire model after cracks occur, which aids in improving the
computational efficiency (Gregori, et al., 2021).

Besides, Chaudhari and Chakrabarti (2012) reported that stress over-
estimation tends to occur for concrete damaged plasticity model under coarser
meshing size but smeared cracking model is able to provide desired results
with relatively coarser mesh. Concrete damaged plasticity is designed for
concrete structures subjected to cyclic or dynamic loading. Therefore, it is not
compatible with the loading applied in ASTM E72-15, static monotonic
loading. Brittle cracking model is also not suitable for this particular research
as it assumes that respective material behaves linearly during compression,
which does not reflect the true nature of concrete accurately (Dassault
Systemes, 2014).

Under concrete smeared cracking, the information required is the
absolute value of compressive stress and respective plastic strain. In fact,
Siringi (2012) stated that both compressive stress and plastic strain can be
extracted from concrete cylinder compressive test based on ASTM C309.
Tables 3.4 and 3.5 summarized the value of compressive stress and plastic
strain adopted for both plain concrete and rubberized concrete wall panel
respectively. It can be deduced that the initial value of compressive stress can
be taken at initial yield point or 50 % of ultimate compressive strength,
whereby the onset of plastic strain is zero. As for the second value, it can be
estimated by taking compressive stress at 75 % of ultimate compressive
strength while the third value denotes the maximum compressive strength for
each concrete type. Figures 3.14 and 3.15 show the use of concrete smeared
cracking to simulate non-linear behaviour of control concrete and rubberized

concrete wall panel in ABAQUS.
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Table 3.4: Absolute compressive stress and plastic strain for plain concrete

beyond elastic range (Siringi, 2012).

Compressive stress, o (N/m?)

Plastic strain, ¢

Plain Concrete

143 E + 07 0
216 E+07 0.00033
2.86 E +07 0.00079

Table 3.5: Absolute compressive stress and plastic strain for rubberized

concrete beyond elastic range (Siringi, 2012).

Compressive stress, o (N/m?) Plastic strain, ¢
1.24 E + 07 0
Rubberized Concrete 191E+07 0.00038
(7.5 % Crumb Rubber) 2.48 E +07 0.00083
<= Edit Material X
MName: Control Concrete
Description: >
Material Behaviors
ConareesmearedCocing |8
Failure Ratios
Tension Stiffening
Maxps Damage
Damage Evolution v
General Mechanical Thermal Electrical/Magnetic  Other v

Concrete Smeared Cracking

[] Use temperature-dependent datal

¥ Suboptions

Number of field variables:

Data

Comp

Stress
1 14300000
2 21600000
3 28600000

0

Plastic
Strain
0
0.00033
0.00079

Figure 3.14: Input values for concrete smeared cracking to simulate non-linear

behaviour of control concrete wall panel.
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%= Edit Material X

Name: Core Wall Panel

D tion:
escription 7

Material Behaviors

g — Crackmg e

Failure Ratios
Tension Stiffening
Maxps Damage

Damage Evolution v
General Mechanical Thermal Electrical/Magnetic  Other 4

Concrete Smeared Cracking

[[] Use temperature-dependent data ¥ Suboptions
Number of field variables: 03
Data
Comp Plastic
Stress Strain
1 12400000 0
2 19100000 0.00038
3 24800000 0.00083

Figure 3.15: Input values for concrete smeared cracking to simulate non-linear

behaviour of rubberized concrete wall panel.

3.8.2.2 Failure Ratios
Cracking will occur when the stress reaches the failure surface or crack
detection surface. There are total four failure ratios to be specified for defining

the shape of failure surface as described in Table 3.6.

Table 3.6: Definition of each failure ratios.

Ratio 1 | Ratio of biaxial compressive stress to uniaxial compressive stress.

Ratio 2 | Ratio of uniaxial tensile stress at failure to uniaxial compressive

stress at failure.

Ratio 3 | Ratio of principal plastic strain at ultimate stress for both biaxial

compression and uniaxial compression.

Ratio 4 | Ratio of the tensile principal stress value at cracking in plane stress

to tensile cracking stress for uniaxial tension.

In overview, the parameters for ratio 1, 3 and 4 require biaxial tests to
be conducted. However, the complexity of the test setup and high cost of
triaxial machine are the reasons for limited information on biaxial experiment
data (Chiew, et al., 2019). Therefore, the default value suggested by ABAQUS
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for ratio 1, ratio 3 and ratio 4 have been adopted while ratio 2 can be
calculated by having information from both compressive and tensile
experimental test conducted by Siringi (2012). Table 3.7 illustrates the default
value for ratio 1, 3 and 4 while Table 3.8 summarizes the value calculated by
Siringi (2012) for failure ratio 2. Figures 3.16 and 3.17 show the value of each
failure ratio for plain concrete wall panel and rubberized concrete wall panel,

respectively.
Table 3.7: Default value for failure ratio 1, 3 and 4.
Ratio Default value suggested by ABAQUS
1 1.16
3 1.28
4 0.333
Table 3.8: Values for failure ratio 2 (Siringi, 2012).
Ratio Material Calculated value
2 Plain Concrete 0.15
Rubberized Concrete (7.5% Crumb Rubber) 0.17
Description: »
Material Behaviors ’
Concrete Smeared Cracking n

Failure Ratios

Tension Stiffening
Maxps Damage

Damage Evolution v

4% Suboption Editor X

Failure Ratios

[[] Use temperature-dependent data

Number of field variables: 0's

Data

Ratio 1 Ratio 2 Ratio 3 Ratio 4
1 1.16 0.15 1.28 0.333
OK Cancel

Figure 3.16: Defining failure ratios for control concrete wall panel.
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Py
-
Name: Core Wall Panel

Description:

Material Behaviors
Concrete Smeared Cracking A
Tension Stiffening
Maxps Damage
Damage Evolution v
% Suboption Editor X | ¥
Failure Ratios
Cuse temperature-dependent data ns
Number of field variables: 0's
Data
Ratio 1 Ratio 2 Ratio 3 Ratio 4
1 1.16 0.17 1.28 0.333
OK Cancel

Figure 3.17: Defining failure ratios for rubberized concrete wall panel.

3.8.2.3 Tension Stiffening

Tension stiffening is an important parameter that can be used to model post-
failure behaviour of concrete, which is termed as strain-softening whereby
concrete experiences rapid declination in stress beyond peak value of stress
followed by considerable deformation. Since there’s no reinforcement being
modelled, it’s recommended to specify tension stiffening with fracture energy
cracking criterion rather than post-failure stress-strain relation. This is because
post-failure stress-strain relation will induce mesh sensitivity and convergence
problem for concrete model with little or no reinforcement. Fracture energy
cracking utilizes the concept of brittle fracture, whereby it’s characterized by
stress-displacement instead of stress-strain response. Thus, it requires the
value of ultimate displacement, U, for each concrete type under tension. Table
3.9 summarizes the value for ultimate displacement for both plain concrete and

rubberized concrete in meter.

Table 3.9: Tension stiffening values (Siringi, 2012).

Material Displacement, U, (meter)

Plain Concrete 0.000254

Rubberized Concrete (7.5% Crumb Rubber) 0.0003048
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£ Edit Materia x

Name: Control Concrete

Description: 9

Material Behaviors

Concrete Smeared Cracking "
Failure Ratios

Tension Stiffening

Maxps Damage

Damage Evolution v
General Mechanical Thermal Electrical/Magnetic  Other ¥
4 Suboption Editor X

Tension Stiffening ¥ Suboptions

Type: | Displacement v
[] Use temperature-dependent data
Number of field variables: 0
Data
Disp
1 0.000254

0K Cancel

Figure 3.18: Defining tension stiffening for control concrete wall panel.

#Ec(‘;ate'a b |
Name: Core Wall Panel

Description: 9

Material Behaviors

Concrete Smeared Cracking ~
Failure Ratios

Tension Stiffening

Maxps Damage

Damage Evolution v

General Mechanical Thermal Electrical/Magnetic  Other Ed
4% Suboption Editor x

Tension Stiffening ¥ Suboptions

Type: Displacement
[] Use temperature-dependent data
Number of field variables: 0's
Data
Disp
1 0.0003048

oK Cancel

Figure 3.19: Defining tension stiffening for rubberized concrete wall panel.
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3.9  Material Properties for Calcium Silicate Board

3.9.1 Elastic Behaviour

The Young’s Modulus of calcium silicate board has been extracted from
catalogue under the brand name Promat. In general, Promat comprises three
categories of calcium silicate board, which are high performance calcium
silicate board, structural calcium silicate board and composite insulation
boards (Promat, 2014). In this particular research, PROMINA structural
calcium silicate board has been adopted and the given value for Young’s
Modulus is 3.4E+09 N/m?2. Drobiec (2017) stated that the value of Poisson’s
Ratio for calcium silicate masonry block is 0.16 and the value is being adopted
in this research. Figure 3.20 shows the definition of elastic behaviour for

calcium silicate board under property module.

&= Edit Material x

Name: Calcium Silicate Board

Description:

Material Behaviors

Maxps Damage
Damage Evolution

General Mechanical Thermal Electrical/Magnetic  Other ¥
Elastic
Type: | lsotropic e ¥ Suboptions

[] Use temperature-dependent data
Number of field variables: 0
Moduli time scale (for viscoelasticity):  Long-term o

] No compression

[] No tension
Data
Young's Poisson's
Modulus Ratio
1 3400000000 0.16

Figure 3.20: Input parameters for elastic behaviour of calcium silicate board.
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3.9.2 Extended Finite Element Method (XFEM)

Even though ABAQUS does not have any built-in material constitutive model
for calcium silicate board, there’re numbers of material model for simulating
the inelastic behaviour and failure pattern of calcium silicate board. Damage
for traction-separation laws has been adopted among other material models
available in ABAQUS due to its simplicity. This is because damage for
traction-separation laws utilizes XFEM, which requires users to input two

parameters only, which are damage initiation criteria and damage evolution.

3.9.2.1 Damage Initiation Criteria

Maximum Principal Stress (MAXPS) is adopted for the damage initiation
criteria for calcium silicate board and it is based on maximum flexural stress
given in the catalogue for PROMINA structural calcium silicate board with the
value of 8E+06 N/m?. MAXPS can be represented in equation 3.1 and the
initiation criteria will only be satisfied when the MAXPS ratio, f reaches
value of 1 within predefined tolerance as illustrated in equation 3.2. According
to user manual of ABAQUS, the default value for tolerance is 0.05. Even
though the tolerance can be defined by user but the default value is adopted by

this research for high accuracy purpose.

MAXPS = f = {U"gni} (3.1)

max

where:
0% max = Maximum allowable principal stress

Omax = principal stress
1.0< f < 1.0+ fior (3.2)

where;

ftor = predefined tolerance
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Besides, MAXPS does not require users to specify the direction of
crack propagation as all initiated cracks will always occur at right-angle of the
direction of MAXPS (Dassault Systemes, 2014). The remaining damage
initiation criteria requires users to specify the direction of cracks to be
orthogonal to local material axis. Figure 3.21 illustrates MAXPS value for

calcium silicate board under property module.

2% Edit Material e

MName: Calcium Silicate Board

Description:

Material Behaviors

Maxps Damage

Damage Evolution
Elastic

General Mechanical Thermal Electrical/Magnetic  Other 4

Maxps Damage
Tolerance: 0.05 ¥ Suboptions
Position: | Centroid v
[J Use temperature-dependent data
Number of field variables: 0's
Data

Max Principal
Stress

1 8000000

Figure 3.21: MAXPS value for calcium silicate board.

3.9.2.2 Damage Evolution

Energy type is adopted for defining the evolution of damage due to limited
availability of experiments test conducted for assessing the maximum
displacement failure of calcium silicate board. Yu, Hoogenboom and Rots
(2021) had performed bending test on masonry wall made up of calcium
silicate blocks and the fracture energy of calcium silicate wall was given as
0.015 N/mm and it can be converted to 15 N/m. Figure 3.22 shows the input

value for defining damage evolution of calcium silicate board in ABAQUS.
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i
w
Name: Calcium Silicate Board

D tion:
escription 9

Material Behaviors

Maxps Damage

Damage Evolution

Elastic

1‘; Suboption Editor

Damage Evolution

Type: | Energy I

Softening: | Linear ™

Degradation: Maximum ™

Mixed mode behavier: | Mode-Independent v

Meode mix ratio: |Energy |~

[[] Use temperature-dependent data

Number of field variables: =
Data
Fracture
Energy
1 15
0K Cancel

Figure 3.22: Defining damage evolution for calcium silicate board using

fracture energy criterion.

3.10 Specify Steps and Field Output Request

Static, general is being applied for the entire analysis of this research because
inertia effect is not taken into account for the simulation of wall panel
subjected to compressive loading. Besides that, static, general takes into
account the effects of non-linearities present in the model, which might arise
from non-linear behaviour of concrete material and large displacement effects.
Figure 3.23 shows that static, general has been defined under step module and
Nlgeom has been turned on to include geometry non-linearity or large-

displacement effects for respective step.
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wr Step Manage

Name Procedure Nigeom Time
' Initial (Initial) N/A N/A

[l Loading Static, General ON 1

Replace..|  Rename.. Delete... Nigeom... Dismiss

Figure 3.23: Both static, general and Nlgeom have been defined in step

module.

The time period for the analysis in this research has been set to default,
which is 5 seconds. Inside the incrementation tab, automatic control has been
chosen as it could react to the non-linear response of the model and
automatically select suitable increment size, which results in least
computational time for obtaining convergent solution. The maximum number
of increments has been set to 1000 increments to tackle the non-linear
response, in which the analysis might takes more increment to converge. In
general, the solution for a static, general model is being obtained in a series of
increments, whereby each increment will iterate to reach equilibrium state.
Therefore, it’s vital to keep the incrementation size small as shown in Figure

3.24 for high accuracy modelling of non-linear response of concrete wall panel.

4% Edit Step X

Name: Loading

Type: Static, General

Other
) Fixed

Maximum number of increments: | 1000

Type: ® Automatic

Initial Minimum  Maximum

Increment size: | 0.001 1E-60 0.1

Figure 3.24: The increment size has been kept small with automatic control
being selected.



47

By selecting automatic control, ABAQUS will automatically select
suitable increment size between the range of minimum increment size and
maximum increment size. However, analysis will be terminated if ABAQUS
requires smaller increment size than specified minimum increment size.
Therefore, the minimum increment size has been set to a very small value for
reducing the number of trial and error in selecting suitable minimum
increment size.

Once specifying the sequence of analysis, it’s essential to specify the
output request, whereby it defines which variables to be displayed for each
analysis step. Since XFEM has been adopted to simulate initiation and
propagation of cracks, it’s vital to request output for both signed distance
functions, PHILSM and PSILSM for showing the location of cracked elements
in the enriched region, or else it will be invisible. Besides that,
STATUSXFEM has been requested for showing the status of enriched element,
whereby it’ll show value of 1.0 if the element is completely cracked and 0.0
for element that does not crack. On the other hand, STATUSXFEM will show
value between 0.0 and 1.0 for partially cracked element. Figure 3.25 shows
that PHILSM, PSILSM and STATUSXEM have been requested for showing

cracked elements in output database.
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4% Edit Field Output Request X
Name: F-Output-1
Step: Loading

Procedure: Static, General
Domain: Whole model ~| [] Exterior only
Frequency: Every n increments Vo1

Timing:  Qutput at exact times
Qutput Variables
(@ Select from list below () Preselected defaults () All () Edit variables

CDISP,CF,CSTRESS, LE,PE,PEEQ,PEMAG, PHILSM,PSILSM, RF, 5, STATUSXFEM,U,
[ CSQUAUULRI, QUaQratic aispiacement aamage INtiation Criterion ToF conesive suma
PHILSM, Level set value phi
E| PSILSM, Level set value psi
[] ENRRTXFEM, Strain energy release rates for lefm based xfem

p [ Thermal
P[] Electrical/Magnetic
P[] Porous media/Fluids
P[] Volume/Thickness/Coordinates
P [ Erorindicators
W [m] State/Field/User/Time
[1SDV, Solution dependent state variables
[C] ESDV, Element solution dependent variables
[J Fv, Predefined field variables
] MFR, Predefined mass flow rates
D UVARM, User-defined output variables
[J STATUS, Status (some failure and plasticity models; VUMAT)
[ EACTIVE, Status of the element
STATUSXFEM, Status of xfem element v
< >

Figure 3.25: PHILSM, PSILSM and STATUSXFEM have been requested to

output database.

3.11 Specify Interactions
Under interaction module, ABAQUS provides a list of contact algorithm for
defining the interaction between surfaces or even edges. Both general contact

and tie constraint have been utilized in this research.

3.11.1 General Contact

Both tangential behaviour and normal behaviour have been defined for the
interaction between concrete capping and top surface of wall panel. Tangential
behaviour with penalty contact has been defined to simulate friction between
the surfaces of concrete capping and wall panel as shown in Figure 3.26.
According to EN 1992-1-1:2004, clause 6.2.5(2), it mentions that the friction
coefficient between the interface of concrete layers is largely influenced by the
degree of surface roughness. Since the interface between concrete capping and
wall panel is assumed to be rough, the friction coefficient, p can be taken as

0.7 as shown in Figure 3.26.
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2= Edit Contact Property X

MName: Friction

Contact Property Options

Tangential Behavior

Normal Behavior

Mechanical Thermal Electncal v
Tangential Behavior
Friction formulation:  Penalty v

Friction ~ Shear Stress  Elastic Slip

Directionality: (@ lsotropic (O Anisotropic (Standard only)
[[] Use slip-rate-dependent data

[[1 Use contact-pressure-dependent data

[] Use temperature-dependent data

-

Number of field variables: 0
Friction
Coeff
0.7
Figure 3.26: Input value for friction coefficient between concrete capping and

wall panel.

Furthermore, the interaction between concrete capping and wall panel
in the normal direction has been specified by normal behaviour as hard contact,
which allows both surfaces to be separated by tensile force but it does not
allow both surfaces to penetrate each other (Duarte, et al., 2016). Figure 3.27
shows that hard contact has been chosen for normal behaviour with allow

separation after contact being toggled on.

4= Edit Contact Property X

Name: Friction
Contact Property Options

Tangential Behavior

Normal Behavior

Mechanical Thermal Electrical ‘4
Normal Behavior

Pressure-Overclosure: "Hard" Contact o

Constraint enforcement method: Default v

(] Allow separation after contact

Figure 3.27: Definition of normal behaviour as hard contact between concrete

capping and wall panel.
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3.11.2 Tie Constraint

In general, both core panel and sheathing material are held together by tie
connection, which is a type of mechanical connection that allows both core
panel and sheathing material to act as a composite material (Gombeda, Quiel
and Naito, 2019). In other words, it allows force or stress transfer between
core panel and sheathing material. Surface-based tie constraint has been
applied to tie the wall panels side-to-side to form a combined wall panel for
7.5 % Crumb-Comb Wall as shown in Figure 3.28. The same goes for 7.5 %
Crumb-Wall + CS, whereby the calcium silicate board is being tied to the wall
panel as shown in Figure 3.29. Surface-based tie constraint allows nodes on
both surfaces to have the same translational and rotational motion. In short,
surface-based tie constraint allows stress to be transferred between two tied
surfaces. Moreover, it ties the two surfaces for the entire duration of
simulation, which prevents slippage from occurring (Mohamad, et al., 2017).

4% Edit Constraint

Name: Left Side Tie Constraint
Type: Tie

P Master surface: Middle Wall Left Surf [

]

f Slavesurface: Left Wall Right Surf [}
Discretization method: | Analysis default
[ Exclude shell element thickness

Position Tolerance
@ Use computed default
O Specify distance:

Note: Nodes on the slave surface that are
considered to be outside the position
tolerance will NOT be tied.

Adjust slave surface initial position
Tie rotational DOFs if applicable

Cancel

Figure 3.28: Defining tie constraint for tying wall panels side-by-side.
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4> Edit Constraint

Name: Tie Constraint (Front Layer)
Type:  Tie

§ Master surface: Rear Surf of Front Layer CaSi Board [y

f Slavesurface:  Front Surf of Core Wall Panel [}

Discretization method: | Analysis default
[ Exclude shell element thickness
Position Tolerance

@ Use computed default

O Specify distance:

Note: Nodes on the slave surface that are
considered to be outside the position
tolerance will NOT be tied.

[ Adjust slave surface initial position
[ Tie rotational DOFs if applicable

Figure 3.29: Defining tie constraint between the surfaces of calcium silicate

board and core panel.

3.11.3 Define Enriched Region for XFEM

Besides defining damage initiation criteria and damage evolution for XFEM,
it’s vital to specify the enriched region, whereby the elements within this
region will be enriched with additional functions for simulation of cracks
initiation. Figures 3.30 show that calcium silicate board have been specified as
enriched region. Since XFEM is capable of simulating multiple cracks in a
specific enriched region without any initial defects or cracks present in the

model, the crack location feature is not activated.
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P Yy e
S Crack Manage

Name Type
¢/ Core Wall Panel XFEM XFEM

[ Front Layer CaSi XFEM XFEM

¢ Rear Layer CaSi XFEM XFEM

Create... Edit... Copy... Rename... Delete... Dismiss

4% Edit Crack

Name: Front Layer CaSi XFEM
Type:  XFEM

Region: f (Picked) [y

[ Allow crack growth
[ Crack location: f (None)

[] Specify contact property:

0K

Figure 3.30: Specifying enriched region for calcium silicate board.

3.12  Specify Boundary Conditions

In this study, the bottom surface of the wall panel is defined as fixed support
by restraining it from translational and rotational movement in X, y and z-axis.
Thus, the bottom end of wall panel is restrained from any movement, which is
similar to experimental test setup for ASTM E72-15 (Al-Fakih, et al., 2020).
Figure 3.31 shows that the bottom end of the wall panel can be assigned as
fixed support by selecting ENCASTRE, which constrains all degrees of
freedom.
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4 Edit Boundary Condition

Name: Bottom Fixed End

Type:  Symmetry/Antisymmetry/Encastre
Step: Initial

Region: Bottom Fixed End [

CSYS: (Global) [3 A

(O XSYMM (U1 = UR2 = UR3 = 0)

(O YSYMM (U2 = UR1 = UR3 = 0)

(O ZSYMM (U3 = UR1 = UR2 = 0)

(O XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only)
O YASYMM (U1=U3=UR2=0; Abaqus/Standard only)
(O ZASYMM (U1=U2=UR3=(; Abaqus/Standard only)
(O PINNED (U1=U2=U3=0)

(® ENCASTRE (U1 = U2= U3 = UR1 = UR2= UR3 = 0)

Cancel

Figure 3.31: Defining ENCASTRE for bottom surface of wall panel.

Next, the top surface of wall panel is being treated as pinned support,
which allows rotation along all three axes. However, the translations in both x
and z-axis are being restrained as shown in Figure 3.32. Since loading will be
applied on top surface of wall panel in y-direction, displacement or
deformation will then occur along the direction of applied load. If translation
in y-axis is being restrained, the analysis might end up with very small

deformation value, which does not simulate the true behaviour of wall panel.
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4% Edit Boundary Condition

Name: Top Pinned End
Type:  Displacement/Rotation

Step: Initial
Region: Top Pinned End [

CSYS: (Global) [y L
Mu

Ou2

M u3

[ ur1

O ur2

[ ur3

Note: The displacement value will be
maintained in subsequent steps.

oK Cancel

Figure 3.32: Defining top surface of wall panel as pinned support.

3.13  Specify Loading Conditions

Based on the setup for ASTM E72-15 in Figure 3.2, an I-beam is installed on
top of wall panel to distribute point load into uniform pressure load across the
entire top-loaded surface of tested panel. Inside the simulation, maximum
pressure load is then applied on top of the wall panel to assess the actual
stress-strain behaviour of wall panel under compressive loading. To obtain the
maximum value of pressure load, simple calculations have been performed as
follows.

The first step is to calculate the maximum compressive load that can be
sustained by respective concrete grade used. Since the characteristic strength
of concrete, fck used by Siringi (2012) is 30 MPa, the respective value for
characteristic compressive cube strength, fe cuwe IS 37 MPa and is being
defined in Equation 3.3.

fck,cube = 37 N/mmz = % (33)

where:
F = maximum compressive load, N

A = surface area of concrete cube subjected maximum compressive load, mm?
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Under European Standard, characteristic compressive cube strength is
tested with 150 mm size concrete cube and thus the surface area of concrete
cube subjected to loading is taken as 150 mm x 150 mm. By substituting the
surface area into Equation 3.3, the ultimate compressive load for C30/37
concrete is 832.5 kN.

The subsequent step is to determine the top surface area of a single
wall panel subjected to loading, excluding the thickness of calcium silicate
board. The top surface area of a single wall panel is found to be 0.0378 m?2.
Therefore, the value for maximum uniform pressure load can be obtained by
dividing maximum compressive load, 832.5 kN with respective surface area,
0.0378 m?, which gives the value of 2.2E+07 N/m?.

Since the simulation in this research is static analysis, the loading is
therefore independent of time and the rate of loading will not have any
tremendous effect on the analysis. Hence, ramp function, which is the default
amplitude has been specified as shown in Figure 3.33. Ramp function allows

loading to be applied linearly with time throughout the step.

4 Edit Load

Name: Pressure Load
Type:  Pressure
Step:  Loading (Static, General)

Region: Loading Surface [3

Distribution: | Uniform
Magnitude: | 2.2E+07

Amplitude: | (Ramp)

Figure 3.33: Applying maximum value of uniform pressure load on top surface

of wall panel with linear ramp pattern.
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3.14 Meshing

Under mesh module, it’s essential to define the types of mesh elements before
seeding the model. According to the user manual of ABAQUS, it’s not
recommended to use linear tetrahedral and wedge-shaped elements as these
two elements are too stiff and might result in slow convergence rate of
solution. However, both tetrahedral and wedge-shape elements can be utilized
for meshing of a complex shape to capture stress concentration in those critical
areas. For a regular shape model, like rectangular, a good mesh of hexahedral
elements provides solution with almost same accuracy with lower
computational cost compared to those using tetrahedral and wedge-shaped
elements (Dassault Systemes, 2014). Therefore, C3D8R, which is an 8-node
linear hexahedral meshing element has been specified for all material parts,
including wall panel, calcium silicate board and concrete capping as shown in
Figure 3.34. Moreover, reduced integration has been specified to cut down the
total running time by reducing the number of integration points within an
element type. When it comes to defining seed density for respective part
instance, approximate global size of 0.03 has been defined as shown in Figure
3.35.

4% Element Type X

Element Library Family
Biandard O Explici 2
Acoustic
Geometric Order Cohesive

@ Linear O Quadratic Cohesive Pore Pressure

Hex Wedge Tet
[] Hybrid formulation [] Reduced integration [] Incompatible modes
] Improved surface stress visualization

Element Controls

Hourglass stiffness:

Viscosity: @ Use default O Specify

Kinematic split: (@ Average strain O Orthogonal (O Centroid

Second-order accuracy: O Yes @ No
<

C3D8R: An 8-node linear brick, reduced integration, hourglass control.

Note: To select an element shape for meshing,
select "Mesh-> Controls” from the main menu bar.

OK Defaults Cancel

Figure 3.34: Specifying C3D8R as mesh elements under mesh module.
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4 Global Seeds

Sizing Controls

Approximate global size: | 0.03
& of

Maximum deviation factor (0.0 < h/L < 1.0): | 0.1
(Approximate number of elements per circle: 8)

Minimum size control

@ By fraction of global size (0.0 < min < 1.0) |0.1

O By absolute value (0.0 < min < global size) |0.003

OK Defaults Cancel

Figure 3.35: Defining seeding size of 0.03 for wall panel.

3.15 Summary

ABAQUS depends heavily on the input parameters for each material
properties for solution convergence. Therefore, each input parameters should
be evaluated carefully by considering the objectives of the research. Besides,
it’s vital to select suitable material constitutive for simulating different
material properties. For instance, ABAQUS comprises three material models
for simulating concrete beyond elastic range. This particular research has
adopted concrete smeared cracking as the model is subjected to static
monotonic loading and it takes into account both cracking and post-cracking
behaviour. XFEM has been adopted for simulating inelastic behaviour for
calcium silicate board as there’s no built-in model for calcium silicate board. It
is important to ensure that both boundary and loading conditions are correct
and similar to actual experimental setup for getting desired results. Lastly,
both incrementation size and meshing size should be kept as smaller as
possible without compromising the computational efficiency.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

This chapter examines the effect of crumb rubber as partial fine aggregate
replacement on the compressive strength of precast concrete wall panel.
Stress-strain graph for each model is generated and discussed in detail. This
chapter also discusses the frictional and confining effect on rubberized
concrete wall panel due to concrete capping and calcium silicate board. The
last section of this chapter studies the mechanical behaviour of combined

precast rubberized lightweight concrete wall panel.

4.2 Control Sample for Concrete Wall Panel

4.2.1 Influence of Slenderness Ratio

Slenderness ratio (H/t) plays a vital role in determining the ultimate load
capacity and failure mode of the wall panel. It can be calculated through
Equation 4.1.

H/ __ Height of Wall Panel
" Thickness of Wall Panel

(4.1)

In general, a wall panel with a higher slenderness ratio tends to fail
under buckling with large lateral deformation at the panel’s mid-height.
Mohamad, et al. (2017) reported that wall panel with H/t < 25 tends to fail
from crushing at either top or bottom half of the panel, while H/t > 25 will
result in buckling failure as mentioned earlier. The calculated slenderness ratio
for Control-Wall was 23.81, and it was considered to be a non-slender wall.
Figure 4.1 showed the failure mode for Control-Wall with the deformation
scale factor of 80. Figure 4.1 highlighted the concrete bulging occurred at the
corner of the panel's bottom. Thus, the Control-Wall tended to fail due to

material failure rather than buckling failure.
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Figure 4.1: Failure mode for Control-Wall and the location of concrete bulging.

4.2.2  Compressive Strength

In this study, von Mises stress was plotted against logarithmic strain (LE) to
evaluate the compressive stress-strain behaviour of the model. Von mises
stress was used to determine whether the given concrete material yielded,
while LE strain was defined to evaluate large plastic deformation.

The compressive stress-strain graph for the control sample was
presented in Figure 4.2. The first segment of the stress-strain graph showed
that Control-Wall exhibited linear elastic behaviour where the deformation
could be recoverable upon unloading. The yield stress of Control-Wall was
14.84 MPa, while the corresponding yield strain was 0.00013, as shown in
Figure 4.2. The stress-strain curve for Control-Wall exhibited non-linear
behaviour upon entering the plastic stage. Larger strains were recorded
compared to initial elastic stage. The ultimate compressive stress for Control-
Wall was 30.59 MPa, while the corresponding ultimate strain was 0.0017, as
indicated in Figure 4.2. Moreover, the same graph showed that the Control-
Wall exhibited sudden brittle failure right after reaching maximum

compressive stress.
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Figure 4.2: Numerical compressive stress-strain graph for Control-Wall.

From the study, it was identified that the percentage difference
between the numerical value and the theoretical value of ultimate compressive
stress for the Control-Wall was 2 %. Besides, it was vital to assess the
accuracy of numerical prediction for the ultimate strain of Control-Wall.

Equation 4.2 illustrates the formula for calculating the theoretical value for

ultimate strain.

E=2 (4.2)

where:
E = Young’s modulus, N/mm?
o = characteristic cylinder strength, N/mm?

€ = theoretical value for ultimate strain

The elastic modulus defined in the model for Control-Wall was 24700
N/mm?. Based on Equation 4.2, it was reported that the theoretical value for

the ultimate strain was 0.0012, and the corresponding percentage difference

was about 42 %.
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The position of critical yield stress (14.84 MPa) for Control-Wall was
indicated by the red circles in Figure 4.3 (a). The blue circle in Figure 4.3 (b)
illustrated the maximum yield strain of 0.00013 that occurred near the panel’s
bottom end. The magnified view for the location of maximum yield strain for
Control-Wall was illustrated in Figure 4.4. Since the bottom end of the panel
was restrained from translational and rotational movement along all axes, the
increasing load will result in maximum stress and strain at the panel's bottom
corner. Figure 4.3 (a) showed that Control-Wall displayed high von Mises
stress of 13.95 MPa at the top and bottom half of the panel, as indicated by the
yellow circles. A plausible explanation is that the highlighted regions are
under compression, which are responsible to sustain the applied load from the
top surface. It should be noted that the lowest von Mises stress occurred at the
bottom end of the panel in Figure 4.3 (a), represented by a dark-blue contour
plot with a magnitude of 11.28 MPa. A possible explanation is that most of the
applied force has been taken by the concrete at the top region of the panel,

resulting in lower stress magnitude at the bottom end.

S, Mises IR LE, Max. Principal
(Avg: 75%) “ - (Avg: 75%)
- +1.484e+07 ] i r +1.302e-04
+1.455e+07 . +1.258e-04
- +1.425e+07 +1.215e-04
- +1.395e+07 +1.171e-04
+1.366e+07 +1.128e-04
+1.336e+07 +1.084e-04
+1.306e+07 +1.040e-04
+1.276e+07 4+9.968e-05
+1.247e+07 +9.533e-05
+1.217e+407 - +9.097e-05
+1.187e+407 - +8.661e-05
+1.157e+07 +48.225e-05
~ 4+1,128e+07 +7.78%e-05

Max: +1.302e-04
Elem: Conctrol concrete-1,49
Node: 203

Max: +1.302e-04

(@) Von Mises Stress (b) LE Strain
Figure 4.3: Contour plot for Control-Wall at the yield point.
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Figure 4.4: Magnified view for showing the location of critical yield strain for
Control-Wall.

Figures 4.5 (a) and (b) showed the location for ultimate compressive
stress (30.59 MPa) and ultimate strain (0.0017) for Control-Wall, respectively.
The ultimate compressive stress and strain developed at the bottom corner of
the Control-Wall could be attributed to the bottom support's restraining effect.
The yellow circle in Figure 4.5 (a) depicted that the top half of the Control-
Wall was highly stressed with a magnitude of 28.98 MPa. Furthermore, it can
be observed that the bottom end of Control-Wall exhibited the lowest von
Mises stress of 20.90 MPa. Overall, it can be concluded that the location
indicated by the red dotted circles for Control-Wall in Figure 4.5 (a) were

prone to concrete crushing upon reaching ultimate compressive stress.
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Figure 4.5: Contour plot for Control-Wall before failure.

4.3 Precast Rubberized Lightweight Concrete Wall Panel

4.3.1 Influence of Slenderness Ratio

The failure mode for 7.5 % Crumb-Wall upon reaching ultimate compressive
stress was illustrated in Figure 4.6. The 7.5 % Crumb-Wall had considerable
convexity at the lower end compared to Control-Wall, as indicated in Figure
4.6. It tended to fail at crushing at the lower end corner rather than the local
buckling effect at the panel's mid-height.

Figure 4.6: Failure mode for 7.5 % Crumb-Wall and the location of concrete
bulging.
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4.3.2  Compressive Strength

The compressive stress-strain graph for 7.5 % Crumb-Wall was presented in
Figure 4.7. The first segment of the stress-strain graph showed that 7.5 %
Crumb-Wall exhibited linear elastic behaviour where the deformation could be
recoverable upon unloading. The yield stress of 7.5 % Crumb-Wall was 12.70
MPa, while the corresponding yield strain was 0.00013, as shown in Figure
4.7. The stress-strain curve for 7.5 % Crumb-Wall exhibited non-linear
behaviour upon entering the plastic stage. Larger strains were recorded
compared to initial elastic behaviour. The ultimate compressive stress for 7.5 %
Crumb-Wall was 26.57 MPa, and the corresponding ultimate strain was
0.0018, as shown in Figure 4.7. Similar to Control-Wall, the 7.5 % Crumb-
Wall exhibited sudden brittle failure as there was no plastic deformation after

reaching maximum compressive stress.
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Figure 4.7: Numerical compressive stress-strain graph for 7.5 % Crumb-Wall.

From the study, it was identified that the percentage difference
between the numerical value and the theoretical value of ultimate compressive
stress for the 7.5 % Crumb-Wall was 11.43 %. The difference may be
attributed to low elastic modulus of crumb rubber that significantly degrades

its load-carrying capacity compared to mineral aggregates.
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The elastic modulus defined in the model for 7.5 % Crumb-Wall was
20800 N/mm?. Based on Equation 4.2, it was identified that the theoretical
value for the ultimate strain was 0.0014, and the percentage difference was
about 22 %.

The position of critical yield stress (12.70 MPa) for 7.5 % Crumb-Wall
was indicated by the red circles in Figure 4.8 (a). The blue circle in Figure 4.8
(b) illustrated the maximum vyield strain of 0.00013 that occurred near the
panel's bottom end. The magnified view for the location of maximum vyield
strain for 7.5 % Crumb-Wall was illustrated in Figure 4.9. The maximum yield
stress and strain developed at the bottom corner of 7.5 % Crumb-Wall could
be attributed to the bottom support’s restraining effect. Figure 4.8 (a) showed
that 7.5 % Crumb-Wall displayed high von Mises stress of 11.93 MPa at the
top half of the panel, as indicated by the yellow circle. A plausible explanation
is that the top region of the panel is under compression, which is responsible
for sustaining the load from the top surface. It should be noted that the lowest
von Mises stress occurred at the bottom end of the panel in Figure 4.8 (),
represented by a dark-blue contour plot with a magnitude of 9.60 MPa. A
possible reason is that most of the applied force has been taken by the concrete
at the top region of the panel, resulting in lower stress magnitude at the bottom

end.

S, Mises TR LE, Max. Principal
(Avg: 75%) : HIR (Avg: 75%)

- +1.270e+07 , +1.299%-04
+1.244e+07 SHH Ll +1.257e-04
+1.218e+07 TSN +1.214e-04
+1.193e+07 - ' - +1.171e-04
+1.167e+07 +1.128e-04
+1.141e407 - +1.086e-04
+1.115e+07 +1.043e-04

- +1.08%+07 _ +1.000e-04
+1.063e+07 +9.577e-05

-~ +1.037e+07 - 49.151e-05

- +1.011e+07 +8.724e-05
+9.854e+06 L 4+8.297e-05
+9.595e+06 L_L 47.870e-05

(@) Von Mises Stress (b) LE Strain
Figure 4.8: Contour plot for 7.5% Crumb-Wall at the yield point.
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Figure 4.9: Magnified view for showing the location of critical yield strain for
7.5% Crumb-Wall.

Figures 4.10 (a) and (b) showed the location for ultimate compressive
stress (26.57 MPa) and ultimate strain (0.0018) for 7.5% Crumb-Wall,
respectively. The yellow circles in Figure 4.10 (a) depicted that both the top
and bottom half of 7.5 % Crumb-Wall were highly stressed with a magnitude
of 25.17 MPa. A possible explanation is that the increasing load beyond the
yield strength of concrete leads to crack propagation, which results in lower
stiffness of the concrete material at the top region of the panel. Thus, high
stress concentration developed at the lower region of 7.5 % Crumb-Wall as
there was less material available to sustain the stress caused by the applied
force. Furthermore, it can be observed that the bottom end of 7.5 % Crumb-
Wall exhibited the lowest von Mises stress of 18.14 MPa. Overall, it can be
concluded that the location indicated by the red circles for 7.5 % Crumb-Wall
in Figure 4.10 (a) were prone to concrete crushing upon reaching ultimate

compressive stress.
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Figure 4.10: Contour plot for 7.5 % Crumb-Wall before failure.
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4.4 Precast Rubberized Lightweight Concrete Wall Panel with
Calcium Silicate Board

4.4.1 Influence of Slenderness Ratio

Since the rubberized concrete core panel of 7.5 % Crumb-Wall + CS was
insulated with calcium silicate board on both sides, it had a total thickness of
75 mm. The calculated slenderness ratio for 7.5 % Crumb-Wall + CS was 20,
and it was considered to be a non-slender wall. Figure 4.11 depicted the failure
mode for 7.5 % Crumb-Wall + CS upon reaching ultimate compressive stress.
The 7.5 % Crumb-Wall + CS had considerable convexity at the lower end
compared to 7.5 % Crumb-Wall. It tended to fail at crushing at the lower end

corner rather than the local buckling effect at the panel's mid-height.

Figure 4.11: Failure mode for 7.5 % Crumb-Wall + CS and the location of
concrete bulging.

4.4.2 Compressive Strength

The compressive stress-strain graph for 7.5 % Crumb-Wall + CS was
presented in Figure 4.12. The first segment of the stress-strain graph showed
that 7.5 % Crumb-Wall + CS exhibited linear elastic behaviour where the
deformation could be recoverable upon unloading. The yield stress of 7.5 %
Crumb-Wall + CS was 12.69 MPa while the corresponding yield strain was
0.00013, as shown in Figure 4.12. The stress-strain graph for 7.5 % Crumb-
Wall + CS exhibited non-linear behaviour upon entering the plastic stage.
Larger strains were recorded compared to initial elastic stage. The ultimate
compressive stress for 7.5 % Crumb-Wall + CS was 26.51 MPa, and the
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corresponding ultimate strain was 0.0016, as shown in Figure 4.12. Similar to
7.5 % Crumb-Wall, the 7.5 % Crumb-Wall + CS exhibited sudden brittle
failure upon reaching the ultimate compressive stress.

From the study, it was identified that the percentage difference for the
ultimate compressive stress and ultimate strain of 7.5 % Crumb-Wall + CS
was 11.63 % and 14.29 %, respectively.
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Figure 4.12: Numerical compressive stress-strain curve for 7.5 % Crumb-Wall
+CS.

The position of critical yield stress (12.69 MPa) for the rubberized
concrete core panel of 7.5 % Crumb-Wall + CS was indicated by the red circle
in Figure 4.13 (a). Besides, Figure 4.13 (a) showed that the calcium silicate
board displayed significantly lower critical yield stress of 3.87 MPa at the top
edge of the board, as indicated by the yellow circle. A possible explanation is
that the low Young’s Modulus of calcium silicate board (3.4 GPa) results in
lower stiffness or load-carrying capacity. Thus, the rubberized concrete core
panel will carry most of the loading applied due to its higher Young’s
Modulus (20.8 GPa). The orange circle in Figure 4.13 (b) illustrated the
maximum vyield strain of 0.0002 that occurred at the calcium silicate board's
top edge. The reason might be attributed to the low stiffness of the calcium

silicate board compared to that of the core panel.
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Figure 4.13: Contour plot for the calcium silicate board of 7.5 % Crumb-Wall
+ CS at the yield point.

Since this research aimed to study the confining effect of calcium
silicate board, the front layer calcium silicate board was hidden for having a
more precise insight of the stress concentration within the rubberized concrete
core panel. As illustrated in Figure 4.14 (a), the red circles denoted the critical
yield stress of 12.69 MPa for the rubberized concrete core panel, as mentioned
earlier. Figure 4.14 (a) showed that the entire core panel of 7.5 % Crumb-Wall
+ CS displayed a uniform stress distribution of 11.71 MPa, represented by the
red contour plot. A possible explanation may be attributed to the confinement
effect of calcium silicate board, which aids in redistributing the stress. The
yellow circle in Figure 4.14 (a) indicated that the rubberized concrete core
panel exhibited the lowest von Mises stress of 9.75 MPa at the top surface. A
possible explanation is that the top surface of the rubberized concrete core
panel is not fully restrained, resulting in lowest stress concentration and also

lowest strain, as shown in Figure 4.14 (b).
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Figure 4.14: Contour plot for the rubberized concrete core panel of 7.5 %
Crumb-Wall + CS at the yield point.

The blue circles in Figure 4.15 (a) depicted the location for ultimate
compressive stress (9.20 MPa) for the calcium silicate board. The maximum
compressive stress developed at the bottom corner of the calcium silicate
board could be attributed to the bottom support’s restraining effect; the
maximum compressive stress developed at the top edge of the calcium silicate
board may due to direct contact with the applied loading.

The front layer calcium silicate board was hidden to assess the
rubberized concrete core panel's confining effect, as shown in Figure 4.16.
Figures 4.16 (a) and (b) showed the location for ultimate compressive stress
(26.51 MPa) and ultimate strain (0.0016) for the rubberized concrete core
panel of 7.5 % Crumb-Wall + CS. The yellow circles in Figure 4.16 (a)
depicted that both the top and bottom half of the core panel were highly
stressed with a magnitude of 24.59 MPa. A possible explanation is that the
increasing load beyond the vyield strength of concrete leads to crack
propagation, which results in lower stiffness of the concrete material at the top
region of the panel. Thus, high stress concentration developed at the lower
region of the core panel as there was less material available to sustain the
stress caused by the applied force. Overall, it can be concluded that the

location indicated by the red circles for 7.5 % Crumb-Wall + CS in Figure
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4.16 (a) were prone to concrete crushing upon reaching ultimate compressive
stress.
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Figure 4.15: Contour plot for the calcium silicate board of 7.5 % Crumb-Wall

+ CS before failure.
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Figure 4.16: Contour plot for the rubberized concrete core panel of 7.5 %
Crumb-Wall + CS before failure.
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4.5 Comparative Study between Control-Wall, 7.5 % Crumb-Wall
and 7.5 % Crumb-Wall + CS

45.1  Suitability of Concrete Constitutive Model

Table 4.1 summarised the percentage difference for each model in terms of
ultimate compressive stress and ultimate strain. Based on Table 4.2, it
appeared that the constitutive model used, concrete smeared cracking,
overestimated the ultimate strain for each model. However, the overestimation
was due to the use of Nlgeom, as mentioned in previous Chapter 3, to account
for material non-linearity and large deformation. The stiffness matrix for a
given FE model will be updated constantly after each loading increment. Thus,
the numerical value for each model's ultimate strain was more accurate and
resembled the model’s true nature. According to EN 1992-1-1:2004, Table 3.1,
the ultimate strain for normal concrete (fcx < 50 MPa) is given as 0.002. Thus,
the numerical value for each model's ultimate strain was deemed valid as it did
not exceed 0.002.

The numerical simulation for Control-Wall showed a discrepancy of 2 %
for ultimate compressive stress. However, 7.5 % Crumb-Wall exhibited a high
percentage discrepancy of 11.43 % in ultimate compressive stress. The high
discrepancy was attributed to the low elastic modulus of crumb rubber, which
lowered the concrete compressive strength from 30 MPa to 26.57 MPa. The
same goes for 7.5 % Crumb-Wall + CS. In other words, concrete smeared
cracking was capable of simulating the behaviour of rubberized concrete.

In conclusion, concrete smeared cracking was proven to be a suitable
constitutive model together with the use of Nlgeom to simulate the actual

mechanical behaviour of precast rubberized lightweight concrete wall panel.
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Table 4.1: Percentage difference between numerical and theoretical value for

ultimate compressive stress and ultimate strain.

Model Percentage Difference | Percentage Difference
for Ultimate for Ultimate Strain (%)
Compressive Stress (%)
Control-Wall 2.00 42.00
7.5 % Crumb-Wall 11.43 22.00
7.5 % Crumb-Wall + CS 11.63 14.29

Table 4.2: Summary of numerical and theoretical value in terms of ultimate

compressive stress and ultimate strain.

Numerical Results

Theoretical Results

Model

Ultimate Ultimate Ultimate Ultimate
Compressive Strain Compressive Strain
Stress (MPa) Stress (MPa)
Control-Wall 30.59 0.0017 30.00 0.0012
7.5% 26.57 0.0018 30.00 0.0014
Crumb-Wall
7.5% 26.51 0.0016 30.00 0.0014
Crumb-Wall
+CS
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45.2  Compressive Stress-Strain Behaviour

The compressive stress-strain curve for Control-Wall, 7.5 % Crumb-Wall and
7.5 % Crumb-Wall + CS were presented in Figure 4.17. It was identified that
7.5 % Crumb-Wall had a lower yield stress of 12.7 MPa, but similar yield
strain of 0.00013 compared to Control-Wall. The reduction in yield stress was
mainly due to extremely low Young’s Modulus of crumb rubber compared to
mineral aggregates, such as sand and gravel. Siringi (2012) reported that
Young’s Modulus of crumb rubber generally ranged from 1.24 MPa to 5.17
MPa, which tended to deform more easily. Thus, 7.5 % Crumb-Wall had a
lower load-carrying capacity as irrecoverable plastic deformation can occur

with lower stress.

35 30.59 MPa
30 e Control-
Wall
.25
e
z Crumb-
7 15 2657 MPa. \al
“ 10 —7.5 %
Crumb-
5 Wall +
CS
0
0 0.0005 g.OQl 0.0015 0.002
train

Figure 4.17: Numerical compressive stress-strain graph for Control-Wall, 7.5 %
Crumb-Wall and 7.5 % Crumb-Wall + CS.

Figure 4.17 showed that the ultimate compressive stress of 7.5 %
Crumb-Wall was 26.57 MPa, which was about 13 % lower than that of
Control-Wall, 30.59 MPa. The results proved that the reduction in
compressive strength was unavoidable due to the lower elastic modulus of
crumb rubber. It should be noted that the ultimate strain of 7.5 % Crumb-Wall
in Figure 4.17 was 0.0018, which was 5 % higher than Control-Wall, 0.0017.
The results showed good agreement with Hassanli, Youssf and Mills (2017)
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findings, whereby the compressive strain capacity of concrete will increase by
incorporating crumb rubber. Therefore, 7.5 % Crumb-Wall had reduced
compressive strength but improved ductility, whereby it could undergo more
considerable plastic deformation without failing.

Figure 4.17 showed that both 7.5 % Crumb-Wall and 7.5 % Crumb-
Wall + CS had similar yield strength (12.7 MPa) and yield strain (0.00013).
The results proved that the yield strength of 7.5 % Crumb-Wall was unaffected
despite the calcium silicate board's presence. Figure 4.17 showed that the
ultimate compressive stress for 7.5 % Crumb-Wall + CS was 26.51 MPa,
which was slightly lower than 7.5 % Crumb-Wall, 26.57 MPa. The reduction
in ultimate compressive stress for 7.5 % Crumb-Wall + CS was less than 1 %
and can be neglected. Nevertheless, 7.5 % Crumb-Wall + CS had a relatively
lower ultimate strain of 0.0016, which was 11 % lower than 7.5 % Crumb-
Wall, 0.0018. The reduction in ultimate strain may be attributed to the
presence of calcium silicate board, which increased the panel’s overall
stiffness. Thus, it can be deduced that incorporating calcium silicate board as
insulation material can provide moisture protection and insulating effects

while retaining rubberized concrete wall panel strength.

45.3  Stress Distribution
The location of critical yield stress for each model was indicated by the red
circles in Figures 4.18 (a), (b) and (c), respectively. As mentioned earlier, the
maximum vyield stress at the bottom corner may be attributed to the bottom
fixed support's restraining effect. The yellow circles in Figure 4.18 (a)
depicted that both the top and bottom half of Control-Wall were highly
stressed with a magnitude of 13.95 MPa. On the other hand, the yellow circle
in Figure 4.18 (b) showed that only the top half of 7.5 % Crumb-Wall was
highly stressed with a magnitude of 11.93 MPa. A plausible explanation is that
Control-Wall has a higher elastic modulus of 24700 N/mm? compared to 7.5 %
Crumb-Wall, 20800 N/mm?. Thus, the Control-Wall required more stress to
create the same amount of strain as 7.5 % Crumb-Wall, resulting in high stress
distribution at the lower region of the panel.

Unlike Control-Wall and 7.5 % Crumb-Wall, the entire core panel of
7.5 % Crumb-Wall + CS displayed a uniform stress distribution of 11.71 MPa,
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represented by the red contour in Figure 4.18 (c). A possible explanation may
be due to the confinement effect of calcium silicate board, which aids in
redistributing the stress. Furthermore, it can be observed that the stress
concentration at the bottom end of 7.5 % Crumb-Wall + CS (10.73 MPa) was
slightly larger than 7.5 % Crumb-Wall (9.60 MPa). A plausible explanation is
that the bottom end of 7.5 % Crumb-Wall + CS is stiffer due to the restraining

effect of calcium silicate board and bottom fixed support.
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Figure 4.18: Contour plot of von Mises stress for each model at the yield point.

The position of ultimate compressive stress for each model was
indicated by the red circles in Figures 4.19 (a), (b) and (c), respectively. Since
each model had a similar slenderness ratio of 23.81, it was considered to be a
non-slender wall, whereby it will collapse due to material failure without
undergoing significant lateral deformation. Figures 4.19 (a), (b) and (c) further
proved that each model tended to fail at crushing at the lower end corner rather
than buckling failure.

Figure 4.19 (a) showed that Control-Wall displayed high von Mises
stress of 28.98 MPa at the top half of the panel, as indicated by the yellow
circle. However, it should be noted that both the top and bottom half of 7.5 %
Crumb-Wall in Figure 4.19 (b) were highly stressed with a magnitude of 25.17
MPa, as represented by the yellow circles. A possible reason is that 7.5 %
Crumb-Wall has a lower Young’s modulus of 20800 N/mm? than Control-
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Wall, 24700 N/mm?. Therefore, 7.5 % Crumb-Wall tended to deform more
compared to Control-Wall under the same amount of stress, resulting in high
stiffness degradation of the concrete material at the upper part of the panel.
Hence, the lower part of 7.5 % Crumb-Wall experienced high stress as there
was less material available to sustain the applied force.

The yellow circles in Figure 4.19 (c) denoted that both the top and
bottom half of the core panel of 7.5 % Crumb-Wall + CS were highly stressed,
but with a lower magnitude of 24.59 MPa compared to 7.5 % Crumb-Wall,
25.17 MPa. Since a small portion of the applied load had been carried by the
calcium silicate board, the core panel exhibited slightly lower stress magnitude
compared to 7.5 % Crumb-Wall. However, it should be noted that the stress
developed at the bottom end of the core panel for 7.5 % Crumb-Wall + CS
(20.74 MPa) was slightly larger than 7.5 % Crumb-Wall (18.14 MPa).
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Figure 4.19: Contour plot of von Mises stress for each model before failure.
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4.6 Precast Rubberized Lightweight Concrete Wall Panel with
Concrete Capping

4.6.1 Influence of Slenderness Ratio

The failure mode for 7.5 % Crumb-Wall + CAP upon reaching ultimate

compressive stress was presented in Figure 4.20. The 7.5 % Crumb-Wall +

CAP exhibited considerable convexity at the lower end compared to 7.5 %

Crumb-Wall, as indicated in Figure 4.20. It tended to fail at crushing at the

lower end corner rather than the local buckling effect at the panel's mid-height.

Figure 4.20: Failure model for 7.5 % Crumb-Wall + CAP and the location of
concrete bulging.

4.6.2 Compressive Strength

The compressive stress-strain graph for both 7.5 % Crumb-Wall and 7.5 %
Crumb-Wall + CAP were presented in Figure 4.21. It was identified that the
stress-strain curve for both panels exhibited linear elastic behaviour before
entering the plastic stage. Figure 4.21 provided clear evidence that both 7.5 %
Crumb-Wall and 7.5 % Crumb-Wall + CAP had similar yield strength (12.70
MPa) and yield strain (0.00013). Next, it can be observed that both stress-
strain curves became non-linear upon entering the plastic stage. Figure 4.21
showed that the ultimate compressive stress of 7.5 % Crumb-Wall + CAP was
26.53 MPa, where the difference was insignificant compared to that of 7.5 %
Crumb-Wall, 26.57 MPa. The drop in ultimate compressive stress for 7.5 %

Crumb-Wall + CAP could be attributed to friction losses, which is a
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consequence of the rough surface defined between the concrete capping and
the panel. Figure 4.21 depicted that the ultimate strain for 7.5 % Crumb-Wall
+ CAP was 0.0017, which was 5.5 % lower than 7.5 % Crumb-Wall, 0.0018.
The lower compressive strain can be attributed to the presence of concrete
capping, which slightly increases the panel's overall stiffness. Similar to 7.5 %
Crumb-Wall, the 7.5 % Crumb-Wall + CAP exhibited sudden brittle failure
upon reaching ultimate compressive stress.

From the study, it was identified that the percentage difference for
ultimate compressive stress and ultimate strain of 7.5 % Crumb-Wall + CAP
was 11.57 % and 21.43 %, respectively. The difference for the ultimate
compressive stress may be attributed to low elastic modulus of crumb rubber
that significantly degrades its load-carrying capacity compared to mineral
aggregates; the difference for the ultimate strain may due to the use of Nlgeom,

where the stiffness matrix of the FE model constantly updated.
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Figure 4.21: Numerical compressive stress-strain curve for 7.5 % Crumb-Wall
and 7.5 % Crumb-Wall + CAP.

The position of critical yield stress (12.70 MPa) for 7.5 % Crumb-Wall
+ CAP was indicated by the red circles in Figure 4.22 (a). The blue circle in
Figure 4.22 (b) illustrated the maximum yield strain of 0.00013 that occurred
near the panel’s bottom end. The maximum yield stress and strain developed
at the bottom corner of 7.5 % Crumb-Wall + CAP could be attributed to the
bottom support’s restraining effect. Figure 4.22 (a) showed that 7.5 % Crumb-
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Wall + CAP displayed high von Mises stress of 11.73 MPa at the top half of
the panel, as indicated by the yellow circle. A plausible explanation is that the
top region of the panel is under compression, which is responsible for
sustaining the load from the top surface. Since the concrete capping acted as a
medium for transferring the applied load, it appeared to exhibit the slightest
pressure of 8 MPa, represented by a dark-blue contour in Figure 4.22 (a).
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Figure 4.22: Contour plot for 7.5 % Crumb-Wall + CAP at the yield point.

Figures 4.23 (a) and (b) showed the location for ultimate compressive
stress (26.53 MPa) and ultimate strain (0.0017) for 7.5 % Crumb-Wall + CAP,
respectively. The yellow circle in Figure 4.23 (a) depicted that the top half of
7.5 % Crumb-Wall + CAP was highly stressed with a magnitude of 25 MPa.
Furthermore, it can be noticed that both concrete capping and bottom end of
7.5 % Crumb-Wall + CAP exhibited the lowest von Mises stress of 17.48 MPa.
A plausible explanation for the lowest stress magnitude at the bottom end may
due to most of the applied force has been taken by the concrete at the top
region of the panel. Overall, it can be concluded that the location indicated by
the red circles for 7.5 % Crumb-Wall + CAP in Figure 4.23 (a) were prone to

concrete crushing upon reaching ultimate compressive stress.
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Figure 4.23: Contour plot for 7.5 % Crumb-Wall + CAP before failure.

Figures 4.24 (a) and (b) demonstrated that both panels exhibited
ultimate compressive stress at the bottom corner. The yellow circles in Figure
4.24 (a) indicated that both the top and bottom half of 7.5 % Crumb-Wall were
highly stressed with a magnitude of 25.17 MPa. It should be noted that only
the top half of 7.5 % Crumb-Wall + CAP exhibited high von Mises stress of
25 MPa, as indicated by the yellow circle in Figure 4.24 (b). A plausible
explanation is that part of the applied force has been absorbed by the concrete
capping or lost due to friction losses, which results in a lower magnitude of

stress distribution at the lower part of the panel.
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Figure 4.24: Contour plot of ultimate von Mises stress before failure.

4.7 Combination of Three Precast Rubberized Lightweight Concrete
Wall Panel

4.7.1  Influence of Slenderness Ratio

The failure mode for 7.5 % Crumb-Comb Wall upon reaching ultimate

compressive stress was illustrated in Figure 4.25. The 7.5 % Crumb-Comb

Wall had considerable convexity at the lower end compared to 7.5 % Crumb-

Wall, as indicated in Figure 4.25. It tended to fail at crushing at the lower end

corner rather than the local buckling effect at the panel's mid-height.

Figure 4.25: Failure mode for 7.5 % Crumb-Comb Wall and the location of

concrete bulging.
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4.7.2  Compressive Strength

The compressive stress-strain curve for both 7.5 % Crumb-Wall and 7.5 %
Crumb-Comb Wall were presented in Figure 4.26. It was identified that both
panels exhibited linear elastic behaviour before entering the plastic stage.
Figure 4.26 provided clear evidence that both panels had similar yield strength
(12.70 MPa) and yield strain (0.00013). Next, it can be observed that both
stress-strain curves became non-linear upon entering the plastic stage. Figure
4.26 showed that the ultimate compressive stress for 7.5 % Crumb-Comb Wall
was 26.88 MPa, which was slightly higher than 7.5 % Crumb-Wall, 26.57
MPa. The slight increase in the ultimate compressive stress for 7.5 % Crumb-
Comb Wall may be attributed to the increased stiffness of the entire combined
panel. Figure 4.26 depicted that the ultimate strain for 7.5 % Crumb-Comb
Wall had improved from 0.0018 to 0.0027. Similar to 7.5 % Crumb-Wall, the
7.5 % Crumb-Comb Wall exhibited sudden brittle failure upon reaching
ultimate compressive stress.

From the study, it was identified that the percentage difference for
ultimate compressive stress and ultimate strain of 7.5 % Crumb-Comb Wall
was 10.4 % and 43 %, respectively. The difference for the ultimate
compressive stress may be attributed to low elastic modulus of crumb rubber
that significantly degrades its load-carrying capacity compared to mineral
aggregates; the difference for the ultimate strain may due to the use of Nlgeom,
where the stiffness matrix of the FE model constantly updated.
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Figure 4.26: Numerical compressive stress-strain curve for 7.5 % Crumb-Wall
and 7.5 % Crumb-Comb Wall.

The position of critical yield stress (12.72 MPa) for 7.5 % Crumb-
Comb Wall was indicated by the red circles in Figure 4.27 (a). The blue circles
in Figure 4.27 (b) illustrated the maximum vyield strain of 0.00013 that
occurred near the panel’s bottom end. The maximum vyield stress and strain
developed at the bottom corner of 7.5 % Crumb-Wall could be attributed to the
bottom support’s restraining effect. Figure 4.27 (a) showed that the middle
panel of 7.5 % Crumb-Comb Wall displayed high von Mises stress at the mid-
height, as indicated by the yellow circle, ranging from 9.32 MPa to 11.21 MPa.
A plausible explanation is that the middle panel has a higher lateral stiffness
due to the restraining effect by the side panels. It should be noted that lowest
von Mises stress occurred at the sides and top and bottom surfaces of 7.5 %
Crumb-Comb Wall, represented by a dark-blue contour plot with a magnitude
of 8.19 MPa. A plausible explanation is that most of the applied force has been
taken by the middle panel, resulting in lower stress magnitude at the

highlighted areas.
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Figure 4.27: Contour plot for 7.5 % Crumb-Comb Wall at the yield point.

Figures 4.28 (a) and (b) showed the location for ultimate compressive
stress (26.88 MPa) and ultimate strain (0.0027) for 7.5 % Crumb-Comb Wall,
respectively. The yellow circle in Figure 4.28 (a) depicted that the middle
panel of 7.5 % Crumb-Comb Wall displayed high von Mises stress of 24.35
MPa at the mid-height. It was identified that the side panels were more crucial
than the middle panels as the side panels exhibited concrete crushing failure at
the bottom corner upon reaching the ultimate load. Figure 4.28 (a) proved that
7.5 % Crumb-Comb Wall did not collapse due to connection failure but
crushing failure at the bottom corner. Although the simulation showed that the
connections between panels behaved satisfactorily, the wall panels need to be

appropriately tied during construction.
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Figure 4.28: Contour plot for 7.5 % Crumb-Comb Wall before failure.
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4.8 Summary

In summary, the comparison between numerical and theoretical results
demonstrate that concrete smeared cracking is capable of simulating both plain
concrete and rubberized concrete under elastic and plastic range. However, the
large discrepancy associated to ultimate strain is attributed to the use of
Nlgeom, whereby the stiffness matrix of a given FE model will be constantly
updated, results in higher ultimate strain. Next, a comparative study is
conducted to determine the effect of crumb rubber as partial fine aggregate
replacement on the compressive strength of precast concrete wall panel.
Furthermore, separate rubberized concrete wall panel with calcium silicate
board and concrete capping are modelled to evaluate the confining effect.
Lastly, a combined wall panel is modelled, which comprises three single
rubberized concrete wall panels to assess its actual behaviour in real-life

practice.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion
Based on the FEA results generated from ABAQUS, the following
conclusions can be made corresponding to the objectives of the study.

The first objective is to determine suitable constitutive model for
simulating the actual mechanical behaviour of precast rubberized lightweight
concrete wall panel. Concrete smeared cracking was proven to be a suitable
constitutive model together with the use of Nlgeom.

The second objective is to study the effect of crumb rubber as partial
fine aggregate replacement on the compressive strength of precast concrete
wall panel. It was identified that at 7.5 % crumb rubber replacement, the
ultimate compressive strength reduced by 13 %, followed by an improvement
in ultimate strain by 5 %. Both control sample and rubberized concrete wall
panel exhibited concrete crushing failure at the bottom corner upon reaching
ultimate compressive stress. Besides, the top and bottom half of the rubberized
concrete wall panel were also highly stressed, unlike the control sample, which
had only the top half of the panel with high-stress concentration. Overall, it
can be concluded that the precast concrete wall panel with 7.5 % of crumb
rubber as partial fine aggregate replacement had reduced compressive strength
but improved ductility, whereby it could sustain more plastic deformation
before failing.

The third objective is to evaluate the confinement effect on precast
rubberized lightweight concrete wall panel by modelling separate rubberized
concrete wall panels with concrete capping and calcium silicate board. Both
the rubberized concrete wall panel yield stress and yield strain were unaffected
despite the calcium silicate board’s presence. However, there was a slight drop
in ultimate compressive strength from 26.57 MPa to 26.51 MPa. Thus, the
reduction in ultimate compressive strength was less than 1 % and can be
neglected. Moreover, there was also an 11 % reduction in ultimate strain from

0.0018 to 0.0016. Upon reaching ultimate compressive stress, the rubberized
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concrete core panel exhibited concrete crushing failure at the bottom corner.
Although both the top and bottom half of the core panel were also highly
stressed but with a lower stress magnitude than 7.5 % Crumb-Wall. Since a
small portion of the applied load had been carried by the calcium silicate board,
the core panel exhibited slightly lower stress magnitude. The bottom end of
the core panel for 7.5 % Crumb-Wall + CS exhibited a larger stress magnitude
than 7.5 % Crumb-Wall.

Next, both the rubberized concrete wall panel yield stress and yield
strain were unaffected despite the concrete capping’s presence. However, there
was a slight drop in ultimate compressive strength from 26.57 MPa to 26.53
MPa. The reduction in ultimate compressive strength was less than 1 % and
can be neglected. The presence of concrete capping had also led to a drop in
ultimate strain by 5 %. Upon reaching ultimate compressive stress, 7.5 %
Crumb-Wall + CAP exhibited concrete crushing failure at the bottom corner.
Besides, the top half of 7.5 % Crumb-Wall + CAP was also highly stressed,
unlike 7.5 % Crumb-Wall.

The last objective is to evaluate the mechanical behaviour of combined
precast rubberized lightweight concrete wall panel. It was identified that both
yield stress and yield strain for 7.5 % Crumb-Comb Wall remained the same
as 7.5 % Crumb-Wall. The numerical results underlined that combined
rubberized concrete wall panels had led to an improvement in ultimate strain
from 0.0018 to 0.0027. Besides, there was also a slight increase in ultimate
compressive strength of 7.5 % Crumb-Comb Wall from 26.57 MPa to 26.88
MPa. The side panels were more crucial than the middle panels as the side
panels exhibited concrete crushing failure at the bottom corner upon reaching
the ultimate load. Lastly, 7.5 % Crumb-Comb Wall did not collapse due to
connection failure but crushing failure at the bottom corner.

Overall, this research has highlighted that ABAQUS is a powerful
numerical tool that allows in-depth understanding on the stress distribution and

the failure mechanism of precast rubberized lightweight concrete wall panel.
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5.2 Limitations and Recommendations for Future Research

Due to the ongoing Covid-19 pandemic, the material parameters for both plain
concrete and rubberized concrete were extracted from Siringi (2012). Thus,
this study did not consider crumb rubber replacement beyond 7.5 %. Further
FE modelling of the rubberized concrete wall panel with a higher crumb
rubber replacement rate would then be required.

Next, it is recommended to conduct further study on wall panel with
different slenderness ratio. It should be noted that the current study only
focused on the non-slender wall panel, whereby the failure mode is governed
by material failure rather than buckling failure. Thus, the impact of crumb
rubber on the failure mode of slender wall panel was not taken into account.

Since the wall panels in actual practice are constantly subjected to
wind load, the transverse load test could be carried out for precast rubberized
lightweight concrete wall panel to assess its lateral load capacity.
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