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Abstract

ABSTRACT

Concrete is the second most widely consumed substance on earth after water.
However, normal-weight concrete is a relatively heavy construction material
with a density of 2400 kg/m3, which adds extra load on structures, resulting in
larger foundations and structural elements section. The second issue 1is
reinforcement corrosion, which has been one of the main durability problems in
reinforced concrete. Therefore, there is a need for lightweight reinforced
concrete that resists corrosion. This research aims to produce sustainable
lightweight concrete reinforced with non-corrosive bars, which has the potential
to be used in structural applications. The use of Foamed Concrete (FC)
reinforced with Glass Fibre Reinforced Polymer (GFRP) bars in structural
elements will reduce permanent actions on structures and foundations,
contributes to more sustainable, energy-efficient construction and cost reduction
by reducing structural elements size, labour and energy during transportation

and construction stages, reinforcement corrosion repair and maintenance.

To investigate and develop the mechanical properties and structural behaviour
of FC to be suitable for structural applications, 876 specimens classified into six
different densities (800, 1000, 1200, 1400, 1600 and 1800 kg/m3) were tested.
For each concrete density, four mixes were designed including the control mix
and three different additives: metakaolin, silica fume and waste toner. The
waste toner additive was collected from used printer cartridges. The
experimental programme was considered to introduce a modified direct tensile
test, where splitting and flexural tests were conducted to confirm its reliability.
Full scale beams made of normal/ foamed concrete reinforced with steel/GFRP
bars were tested experimentally, theoretically and numerically using Finite

Element Modelling FEM.

The waste toner additive improved the FC mechanical properties by 30%. The
bond between FC and GFRP bars was found to be 95% of normal weight concrete
and steel bars. With the same total reinforcement amount of GFRP and steel
bars, the ultimate flexural capacity of the GFRP reinforced foamed concrete

beam was 87% of that in the steel-reinforced concrete beam, but the deflection

v
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and maximum crack width were larger than those of steel-reinforced concrete
beams under the same service load levels. The results from FEM, showed good
agreement with the experiment results. The theoretical equations developed in
this study reasonably predicted the failure moments of the steel/GFRP
reinforced. These results are promising and point to the significant potential of
developing eco-friendly lightweight concrete reinforced with lightweight and

anti-corrosive reinforcement bars.

KEYWORDS: Foamed concrete (FC); Waste toner; Mechanical property
development; Sustainability, Fibre Reinforced Polymer bars (GFRP); Flexural

behaviour.
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Chapter 1

Chapter 1

Introduction

1.1 Research Motivation

Concrete has been considered by the construction industry as the most essential building
material. It is widely used due to its many favourable characteristics such as workability,
durability, adequate strength and the availability of its raw materials (water, cement and
aggregates) (Mohammed and Hamad, 2014). Concrete by definition is a composite material
made of aggregate particles and a binding medium, which can be moulded into any shape
(Kosmatka, 2015). Reinforced concrete is a combination of reinforcement and concrete and
finds application in various types of construction works. Reinforced concrete is used for
construction, such as bridges, dams, piers, tall buildings and stadiums. It is most commonly

used in domestic construction for the footings and foundations.

Deolalkar (2016) stated that concrete has been the second most widely consumed substance
on earth after water in the last 30 years. Concrete structure with proper design and
construction is preferable in terms of durability, economy and functionality compared to
structures made from other structural materials, such as timber or steel. Concrete is the
favoured construction material for a wide range of civil engineering structures such as
bridges, roads and buildings (Tan et al., 2013). However, the use of normal concrete

reinforced with steel in the future construction industry is facing obstacles due to:

1- Normal weight concrete is a relatively heavy construction material with a density of
2400 kg/m3, with a weight/strength ratio of 4-5 times higher in concrete than that in
steel. In a concrete structure, self-weight represents an enormous percentage of the
total load of the structure.

2- Steel is often used as a reinforcing agent for concrete, and it is very energy-intensive.
The steel industry generates between 7 and 9% of direct emissions from the global use
of fossil fuel. 1.85 tonnes of CO, were emitted for every tonne of steel produced (World
Steel Association, 2020). Using GFRP bars to reinforce concrete instead of steel is more

sustainable where it can reduce carbon dioxide production by about 30%.
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Reinforcement corrosion has been one of the main durability problems in reinforced
concrete. It is the chief factor in limiting the life expectancy of RC structures (Abedini
et al., 2017). Figure 1-1 illustrates normal weight concrete reinforcement corrosion.

3- The inductive effect mainly affects the steel reinforcement embedded in concrete
foundations in high-voltage power electronics systems, due to the rebar’s high electric
conductivity. Steel rebar could act as a Faraday cage in some reinforced concrete
structures such as underground structures and tunnels, where the electromagnetic

waves are blocked outside and inside the cage.

NI e

U T o T

Figure 1-1: Normal weight concrete disadvantages (Heavyweight and reinforcement corrosion)
(www.nist.gov)

Reduction in self-weight in concrete structures may be achieved by reducing the density of
the concrete (Hama, 2017). The application of glass fibre bars GFRP could solve both issues;
the reinforcement corrosion and electromagnetic interaction as it is corrosion-resistant and
has low electric and nonmagnetic conductivity. Glass fibre bars GFRP provides the same
handling properties, bond characteristics and load-bearing capacity as reinforcing steel
whilst achieving even higher performance in terms of strength and durability (Abedini et al.,

2017).
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1.2 Lightweight Concrete

Concrete might be classified into three types regarding its density, which are normal weight,
heavyweight and lightweight concrete. Neville (2011) stated that the practical density range
of lightweight concrete is 300- 1800 kg/m?3, which may be achieved by replacing some of

the solid materials with air voids (bubbles) locating in three possible locations, which are:

e Inthe aggregate particles (lightweight aggregate concrete).
e Among the coarse aggregate particles by excluding fine aggregate (no- fines concrete).
e In the cement paste (cellular concrete), which can be divided according to the method
of production into two main types: Autoclaved aerated concrete (AAC) and foamed
concrete (LWFC).
Lightweight concrete can be classified in terms of density and its application according to
ACl 213R-87 into three classes, which are: (1) low-density concrete with a density between
300 and 800 kg/m3 used mainly for non-structural purposes such as thermal insulation with
a compressive strength between 1-5 MPa. (2) Semi-structural lightweight concrete with a
density from 800 to 1400 kg/m?3, with a compressive strength between 5 MPa and 17 MPa,
used for non- and semi-structural purposes. (3) Structural lightweight concrete density
greater than 1600 kg/m3 which has a minimum compressive strength of 17 MPa (Jalal et al.,

2017).

1.2.1 Foamed Concrete (FC)
Foamed concrete is a new generation of lightweight concrete, and nowadays it is the most

used type of aerated and cellular concrete. Foamed concrete is manufactured either by:

1- A mix-foam method, in this method air-entraining agent (AEA) is added to the mix,
which introduces air bubbles during the high-speed mixing process.

2- Pre-foamed method, in this method a stable pre-formed foam is added to the un-
foamed mixture during the mixing process or by adding a foaming agent to mortar or
cement paste (Neville, 2011). Thus, the mortar becomes lighter by incorporating small-

enclosed air bubbles within the un-foamed mixture (Ramamurthy and Nambiar, 2009).

The construction industry in recent years has shown a significant interest in using foamed

concrete (FC) as a construction material. It is light in weight, economic, easy to fabricate,
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durable and environmentally sustainable (Ramamurthy and Nambiar, 2009). The use of FC
has increased more rapidly than any other type of concrete product, with 1 million m3 of FC
used in the UK market alone every year (Ching, 2012). This growth in FC applications has
attracted numerous researchers all over the world to explore new ideas and opportunities
in its application. Mohammad (2011) stated that with the beginning of the 215 century a
number of published articles on aerated and foamed concrete showed a clear increase
compared to other types of concrete. However, there still no code of practice covers the
design of FC because of the lack of studies on certain behaviour and characteristics of
foamed concrete such as tensile strength, ultimate strain and bond with GFRP bars. Table
1-1 shows the mechanical properties of normal and foamed concrete. It should be noted
that this research is focusing only on foamed concrete, which is manufactured by using the
mix-foam method to introduce air bubbles with a size between 0.02 mm to 1.0 mm into the

cement paste.

Table 1-1: Mechanical properties of normal and foamed concrete (Amran et al., 2015a).

Mechanical properties Normal concrete Foamed concrete
Density (kg/m?) 2400 300-2000
Compressive strength (MPa) 15-150 1-40
Modulus of elasticity (GPa) 25-75 1-15
Ultimate compressive strain 0.0035 0.0035-0.004
Thermal expansion coefficient °C2 12 E-6 12 E-6
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1.3 Foamed Concrete in Structural Applications

Due to its advantage of higher strength to weight ratio, Foamed concrete (FC) can be used
in structural elements to decrease the self-weight of concrete structures resulting in a
reduction in the size of beams, columns, walls, foundations and load-bearing elements
(Jones and McCarthy, 2005). However, Jones et al., (2005) cited that producing FC with
similar or closer strengths to normal weight concrete and meeting other mechanical and

durability requirements is still a challenge in the construction industry.

From sustainability and environmental point of view, FCis a self-compacting concrete (SCC).
It helps productivity and reduces power and noise as it does not require vibration during
compaction and placement. Also reduces the power needed for handling and installation
in the case of precast concrete elements. All that resulting in a huge saving in the overall
cost. FC is ideally suitable for precast concrete elements as larger units can be lifted,
transferred and handled by down-sizing machinery, resulting in speed and economy in
construction and maximizing the number of concrete elements on lorries without

exceeding highway load limits, reducing transportation delivery costs (Ozlutas, 2015).

Functionally, using FC in structural elements such as roofs, floor slabs and walls provides
excellent thermal insulation reducing costs of operation such as air-conditioning and
heating. Furthermore, FC has good acoustic properties where it absorbs sound, unlike
dense concrete that reflects sound. Moreover, FC is a non-combustible material and it is
fire resistant (Hilal, 2015a). However, FC has low compressive strength compared to normal

weight concrete, which shows the importance of increasing it is strength using additives.

Structurally, the use of FC which is light in weight reduces structural element size, requires
less reinforcing steel and reduces concrete volume leading to a reduction of overall
structure weight. That makes the structure behaves better under seismic loads. Jones et
al., (2005) cited that FC is well-suited material for seismic design since the lateral forces on
a structure during an earthquake are directly proportional to the structure’s weight. A
study in 1982 by (National Science Foundation) showed that reinforced FC columns under
seismic loads performed better than similar strength columns made of normal weight

concrete (Kudyakov et al., 2015). With all of these advantages and improvements in FC, it
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is not yet accepted as a structural material due to its low compressive strength compared
to normal weight concrete and there is no official design codes or guidelines exist for its

use structurally.

1.4 Fibre-Reinforced Polymer (FRP)

Fibre-reinforced polymer (FRP) refers to composite materials consisting of two phases: the
matrix phase and the reinforcing phase. The matrix phase provides protection and support
for fibres as well as transfers local stress. The reinforcing phase is short or long continuous
fibre reinforcement, which is the load-carrying element of FRP and controls its stiffness and

strength.

The reinforcement fibres can be aramid, carbon, or glass. Aramid fibre reinforced polymer
(AFRP) is a polyamide that provides exceptional flexibility and high tensile strength. It is an
excellent choice as a structural material for resisting high stresses and vibration (GangaRao
et al., 2006). Carbon fibre reinforced polymer (CFRP) is produced from synthetic fibres
through heating and stretching. It has high strength-to-weight ratios, high tensile strength,
and low coefficient of thermal expansion. Glass fibre reinforced polymer (GFRP) is
produced from silica-based glass compounds that contain several metal oxides. It has been
used as an alternative to steel rebar because it offers high tensile and great corrosion
resistance. The mechanical properties of GFRP composites depend on several factors
including the types of fibre and resin matrix, fibre volume and orientation (Krasnigi et al.,

2018).

1.5 Glass Fibre Reinforced Polymer (GFRP)

Glass fibre reinforced polymer (GFRP) bars have been developed for use as an alternative
to steel reinforcing bars in various structural applications due to the main benefit of being
cost-competitive, non-corrodible, high strength and stiffness to weight ratio, good fatigue
properties, more control over thermal expansion and damping characteristics, high

electromagnetic and chemical attack resistance (Kemp and Blowes, 2011).

Since the 80s, research has been carried out on fibre-reinforced polymer composites bars

(GFRP) for use as a reinforcement material in concrete structures owing to the high
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strength to weight ratio which is 8-10 times higher than that in steel, high resistance to
harsh corrosive environments, decent health and safety advantage due to low weight and

low maintenance requirements (Johnson, 2009).

Despite the significant amounts of research being carried out showing the suitability of
GFRP, the adoption of reinforcement bars in concrete structures in the UK construction

industry has been very slow compared to Japan and China (Hoffmann, 2016).

1.6 Problem Statement

FC has a lighter weight compared to conventional concrete. However, the low compressive
strength of FC is recognised. Ramamurthy and Nambiar (2009) mentioned that the
compressive strength of FC needs more improvement, the reinforcement bond and flexural
strength still requires a better understanding and the mechanical properties and structural
behaviour of the material required more investigations. (Markin et al., 2019) stated that FC
is disregarded for use in structural applications and that further improvements of the
material are required to reduce brittleness and increase strength and introduce innovative

reinforcing systems that will lead to improved bond performance.

FC has a high volume of air between 10- 75% of the total volume, which makes the material
very porous, therefore, steel bars need to be coated before being used with FC as it
provides low reinforcement protection. Anti-corrosion coating reduces the bonding
between concrete and steel bars. Dunn and Rooyen (2018) further explored the structural
mechanics and bond behaviour of FC. However, it was concluded that both the bond
behaviour and fracture energy of FC is considerably lower than normal-weight concrete
and it was suggested that new materials might be added to the concrete to improve the

bond or that another type of reinforcement bar be used rather than steel bars.

Sustainable development has become more and more significant in the 215 century and
the concrete industry undoubtedly is not exceptional. The need for low-cost lightweight

concrete made by using waste materials is in high demand.
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1.7 Aim, Objectives, and Methodology

1.7.1 Aim

This research aims to produce lightweight reinforced foamed concrete with enhanced
mechanical properties, which is suitable for structural purposes and investigate the flexural
behaviour of FC beams reinforced with steel/GFRP experimentally, theoretically and

numerically using Finite Element Method.

1.7.2 Objectives
In order to achieve the aim of the research, the study includes the following specific

objectives:

1- To review the mechanical properties and current use of foamed concrete and the
potential of FC to be developed using recycled materials

2- To produce a range of FC with target density (800-1800 kg/m3) with different mix
designs.

3- To investigate the mechanical properties (Compressive strength, tensile strength,
flexural strength, modulus of elasticity and poisson’s ratio) of the produced FC. A
programme was set to improve the mechanical properties of the concrete, by testing
concrete with different cement/sand ratios, water/cement ratios and adding different
additives including waste materials to enhance its mechanical properties. This
programme includes loads of casting and testing to produce FC with compressive
strength higher than 25 MPa and other developed mechanical properties that make
the material suitable for structural applications.

4- To investigating the bond behaviour of FC with steel and GFRP experimentally by using
poll-out and beam tests.

5- To investigate the flexural behaviour experimentally including load-deflection, crack
pattern and the mode of failure in simply supported beams.

6- To investigate the structural behaviour of full-scale beams numerically using Finite
Element Analysis programme (ABAQUS) to simulate models and compare with the

experimental results.
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1.8 Scientific Novelty

To the author’s best knowledge, yet there has not been any specific study to investigate
and develop foamed concrete mechanical properties using direct and indirect methods and
improve these properties by adding recycled materials such as Waste Toner as additive
which make it more sustainable construction material, aiming to test the structural

behaviour of the developed foamed concrete experimentally and numerically.

In addition, it is the first study to investigate the bond behaviour of enhanced foamed
concrete and GFRP bars using different methods (Pull out and beam method). The research
also studies the flexural behaviour of full scale foamed concrete beams reinforced with
Glass Fibre Reinforced Polymer (GFRP) rebar. In this study, the improved mechanical
properties of FC were applied in Finite Element Analysis programme (ABAQUS) for

modelling and numerically analysis using the nonlinear method.

1.9 Scope of Research

This research concentrates on investigating the mechanical properties of FC and developing
these properties to be suitable for structural use. The structural behaviour will be
investigated experimentally and numerically using a Finite Element Analysis programme

(ABAQUS) software.

This research is divided into four main phases; the first phase focusing on producing a range
of mix-design trials, cast and tested to get the mechanical properties of FC. The second
phase is all about the development of these mechanical properties so the material can be
used in structural applications, including an experimental programme to investigate the

bond behaviour between FC and steel/ GFRP.

In the third phase, full-scale beams of foamed concrete reinforced with steel and GFRP are
tested to investigate the load-displacement, the moment of resistance, crack patterns and
failure modes. In the fourth phase, a numerical analysis (Structural Simulation) using Finite
Element Analysis programme (ABAQUS) of full-scale beams using the mechanical
properties from phase two, then the results are compared with the experimental

programme outcome in phase three.
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1.10 Methodology

This research consists of the following tasks: see Figure 1-2.

Task 1: Critical literature review study to review the mechanical properties of foamed

concrete and the potential of FC to be developed using recycled materials.

Task 2: Design mix trials by means of the absolute volumes method with density not
exceeding 2000 kg/m3to have a decent understanding of the mixing procedure (pre-
foamed mix) with initial testing to establish a general picture of the materials properties,

equipment and testing machine’s ability in the laboratory.

Task 3: Produce a range of foamed concretes with a density between (800-1800 kg/m?3),
with and without additives and different sand/cement and water/cement ratios. An
intensive testing procedure took place in this task to investigate the mechanical properties
of FC including (compressive strength, tensile strength, flexural strength, shear strength,

stress-strain relation and modulus of elasticity)

Task 4: Study the effects of the density and additives on FC’s mechanical properties and

develop these properties to be suitable for structural use.

Task 5: Investigate the bond behaviour of FC with steel and glass fibre reinforced polymer

(GRP) reinforcing bars using the pull-out test and beam bond test.

Task 6: Experimentally, study the flexural behaviour; load-displacement, moment capacity,
crack patterns and modes of failure of full-scale simply sported beams reinforced with steel

/GRP bars.

Task 7: Theoretical and numerical, investigation to study the flexural behaviour of simply
supported beam using nonlinear finite element analysis programme (ABAQUS) to simulate

the model and study its flexural behaviour by applying FC enhance mechanical properties.

Task 8: Finally compare the experimental results with numerical outcomes to evaluate the

foamed concrete reinforced beams behaviour.

10
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Chapter 2

Literature Review

2.1 Introduction

This chapter provides a comprehensive review of the literature on lightweight foamed
concrete, covers lightweight concrete main types, production methods, specifications,
developments and current applications, as well as it covers foamed concrete constituent
materials, mix design and fresh and hardened properties. This chapter also covers a wide-
ranging review of the literature on alternative materials of steel bars such as GFRP bars that
might be used as reinforcement in structural concrete elements to replace conventional

steel reinforcement.

Since the last century, concrete has been the most extensively used construction material
worldwide. It is widely used due to its many favourable characteristics such as workability,
durability, adequate strength and the availability of its raw materials (cement, aggregates
and water) (Jones et al., 2005a). However, Harmon (2010) stated that concrete needs to be
developed to be used as future construction material and one of the properties that
required improvement is concrete self-weight. One of the most successful methods to
reduce the total load in a multi-storey concrete building is to reduce its self-weight by using

light construction materials.

Lightweight concrete (LWC) is a light construction material with satisfactory strength and
excellent thermal insulation. Therefore, LWC is not beneficial in reducing the total load
from the structure only, but achieving energy conservation advantages and reducing

air/heating -conditioning costs as well (Neville, 2011).

The FRP types, physical and mechanical properties, advantages and disadvantages and
highlight the design philosophy and design guides as well. Investigated The applicability of
the current design guides to predict the flexural behaviour of concrete structural members

reinforced with GFRP.

12
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2.1.1 Lightweight Concrete

Lightweight concrete (LWC) is not a new material, according to Brady and Jones (2001),
LWC first patent and recorded use dates back to the early 1920s, limited scale production

began in 1923 and, in 1924 Linde described its properties, production and applications.

Neville (2011) stated that the practical density range of LWC is 300- 2000 kg/m3 which can
be achieved by replacing some of the solid materials with air voids locating in three possible

locations, which are:

e Inthe aggregate particles (lightweight aggregate concrete).

e Between the coarse aggregate particles by omitting fine aggregate (no- fines
concrete).

e Inthe cement paste (cellular concrete), which can be divided according to the method
of production into two main types: Autoclaved aerated concrete (AAC) and foamed

concrete (LWFC), as shown in Figure 2-1.

Kumar and Tomar, (2018) mentioned that LWC can be produced with densities ranging
from 350 to 1800 kg/m3 and corresponding compressive strength between (1- 30) MPa.
LWC has been used to enhance thermal insulation. However, a few types of LWC are used
as structural materials such as lightweight aggregate concrete. Nowadays, huge demand in
the modern construction industry for LWC to be used in structural applications, due to its
advantage of lower thermal conductivity and higher strength/weight ratio (Hilal, 2015a).
Hama (2017) stated that structural LWC with a density ranging from 1350 to 1850 kg/m3
is found to have compressive strength exceeding 17 MPa after 28-day similar to normal

weight concrete, which is primarily used to reduce the dead load in concrete members.

13
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Figure 2-1: Different methods to produce lightweight concrete (Newman and Choo, 2003)

2.2 Cellular or Aerated Concrete

In 1997, the ACl committee 523.2R-96 mentioned that aerated or cellular concrete, can be

defined as; lightweight material consisting of Portland cement, siliceous fine material such

as sand, fly ash, and slag mixed with water to form a slurry that has a consistent cell or void

structure. The use of mechanical incorporation of air or gas-releasing chemical reaction,

resulting in macroscopic voids with size between 0.1 - 1 mm as a dimeter (Gangatire and

Suryawanshi, 2016).

Cellular (aerated) concrete might be produced in several ways including, see Figure 2-2:

Lightweight concrete main types;

Chemically Aerated Concrete (CAC), might be produced by adding aluminium/ zinc
powder to cement mortar to generate hydrogen or adding hydrogen peroxide

(H202) to the mix to generate oxygen or produce acetylene gas (C2Hz) by using

Autoclaved Aerated Concrete (AAC) when concrete is cured in steam at normal or
high pressure in an autoclave, has higher strength, stability and volume compared

to non-autoclaved concrete (NAAC). However, it is limited to specified mould and

1-

calcium carbide (CaCy).
2-

factory production.
3-

Non-autoclaved concrete (NAAC), is a cellular concrete and Foamed concrete, it
might be produced by mixing air-entraining agents with dry cement and sand mix
in special high-speed mixers (pre-formed method) or using a foam generator and
air compressor to generate foam and then adding a given quantity to cement-sand

mortar in the mixer (mix-form method) (Jose et al., 2021).
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Figure 2-2: Lightweight concrete main types (Sldozian et al., 2021)

2.3 Foamed Concrete

Ching (2012) mentioned that the research activities related to foamed concrete
preparation and technology dated back to 1923 when a foamed concrete patent was
granted to J. A. Eriksson. Foamed concrete defines as lightweight concrete weighing from
200 to 1600 kg/m3 (dry densities), having homogeneous void or cell structures containing
no large aggregates, only fine sand (Jalal et al., 2017). Amran and Ali (2015) also defined
foamed concrete as “a cementitious material, where the air is entrained by the mechanical
incorporation of a preformed foam or admixture into a mortar”. However, The Concrete
Society (2009) defined foamed concrete as “highly aerated mortar with air content greater
than 20% by volume of mechanically entrained foam in the plastic mortar” (Mohammed
and Hamad, 2014). Foamed concrete is a material consisting of either cement filler matrix
(mortar) or only Portland cement paste, with a homogeneous pore structure created by

entrained 0.1-1.0 mm size air voids (Ramamurthy and Nambiar, 2009), see Figure 2-3.
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Figure 2-3: The main components of foamed concrete (Raj et al., 2019)

Saidani et al., (2016) stated that creating pores inside foamed concrete may be achieved
mechanically by mix foaming (mixing foaming agent with the matrix) or preformed foaming
(preformed foam before being added to the mix). Foamed concrete may be cured either at
ambient temperature, slightly raised temperature or even in high pressure and
temperature environment (Sldozian et al., 2021). It is worthwhile mentioning that the
foamed concrete investigated in this research has been manufactured using the preformed

foaming method and cured at ambient temperature and pressure, see Figure 2-4.

Due to the presence of air voids, foamed concrete may have a number of advantages and
be widely used in the construction industry as void filling material and sound, thermal
insulation (Hilal et al.,, 2015). Foamed concrete with higher strength is used in semi-
structural applications as well such as floor and roof screeding, road sub-bases, bridge
abutments (Wahyuni, 2012). Additionally, some applications taking advantage of foamed
concrete’s ability to absorb energy such as roadway crash barriers, ballistic range targets

and vehicle arresters on airport aprons (Hu et al., 2016).
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Figure 2-4: Foamed concrete production using the pre-foamed method (Alkurdi et al., 2020)

2.3.1 Specifications

British Cement Association in 1991 published the first report including specifications for
the foamed concert in the UK (BCA, 1991) (Ozlutas, 2015). More publications by BCA were
followed between 1992 and 1995 contained further details on the advantages, properties,
guidelines on strength and recommendations for applications. Foamed concrete first was
recognised as a ground stabiliser and void fillings; therefore, the publications were aimed
to specify the use of it for groundworks and trench reinstatement. However, in 1992 a
major movement was made when the Highway Authorities and Utilities Committee (HAUC)
drew a specification for the reinstatement of openings in Highways. The specification was
approved as a Code of Practice in late 1992 included an Appendix entitled ‘Foamed
Concrete for Reinstatement’, this Code of Practice took effect from January 1993 (Hilal,

2015b).

The Highways Agency and Transport Research Laboratory in 2001 with an assistant from
Concrete Technology Unit (CTU) in Dundee University published an application guide AG39
titled “Specification for foamed concrete”. The guideline covers quality control, properties,
applications and acceptance criteria in more detail (Highways agency and TRL, 2001)
(Young and Darlington, 2016). The UK Water Industry in 1995 published further

specifications including the use of foamed concrete as reinstatement material and the use
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of foamed concrete for insulated building foundations in 2004 (Mehta, 2017) and (Ozlutas,

2015). In Japan, an industrial standard was published (JIS A 1162:1973) titled Testing

Methods for Volume Change of Cellular Concrete.

It should be mentioned that yet there is no single standard or code of practice to specify

the properties, quality control and applications of foamed concrete as a structural material,

Table 2-1 main published specifications for foamed concrete in the UK.

Table 2-1: Main published specifications for foamed concrete in the UK (Hilal, 2015a).

Publishing Body/year

Title of the specification

Contents

BCA /1991

Foamed concrete

Definition, properties,
advantages

BCA /1994

Foamed concrete
composition and properties
Specification

Definition, properties,
advantages, and potential
applications

UKWIR /1995

Specification of foamed
concrete

Use as a reinstatement material

HAUC (2010) 1st & 2nd
Publications / 1992 &
2002

Specification for the
reinstatement of openings in
highways

General requirements for
foamed concrete as an
alternative reinstatement
material

TRL- Brady et. al with
contributions of
University of Dundee
/2001

TRL Report AG39 —
Specification for foamed
concrete

Constituents, production,
properties, uses, a guideline for
specifications, uses and quality

control

WRAP /2005

Recycled and secondary
aggregates in foamed
concrete

Specification on the use of
recycled and secondary
aggregates in the production

WRAP /2007

Specification and quality
control of foamed concrete
incorporating RSA

Constituent materials,
requirements, production
control, and end-of-life and
recycling of RSA foamed
concrete

Concrete Society /2009

Concrete Guide 7 - Foamed
concrete: application &
specification

Case studies, practicalities,
properties, quality control
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2.3.2 Developments

Substantial improvements in foamed concrete materials, production processes, quality
control and properties over the past 15 years, which have created wide choices for FC to
be used in different construction applications (Ashrafian et al., 2020). Since the first
production of foamed concrete, it has been used for ground stabilisation, trenches, filling
voids, slabs, and road sub-base owing to the advantages of flow self-levelling, self-

compacting, lightweight and low dimensional change (Hashim, 2014).

Contemporary technology has allowed the usage of foamed concrete on a bigger scale to
study its behaviour accurately, furthermore, scientists and researchers can produce better
FC quality by improving the quality of surfactants (foaming agents) (Hashim and Tantray,
2021). Several universities including Nottingham Trent University studied foamed concrete

from different points of view and achieved some significant development see Table 2-2.

Shawnim and Mohammad, (2018) investigated the effect of toner as new material on
enhancing permeability and compressive strength of foamed concrete (FC). The study
aimed to develop FC through testing the reaction of toner with the cement, to produce a

hydrophobic lightweight FC, and the current study aims to carry on the investigations.
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Table 2-2: The main UK researchers/universities developments in Foamed Concrete (Hulusi et al., 2020).

Researcher/University

Main Development

Jones, M.R. and McCarthy
(2004) / The University of
Dundee

Development of thermally insulating foundations and evaluating
several fresh properties of FC with plastic densities range from 1000
to 1400 kg/m?3

Rao (2008) / The
University of Dundee

Characterising 1000 and 1400 kg/m3 foamed concretes produced
with a wider range of recycled secondary aggregates (RSA) than fly
ash and demolition fines.

Developed foamed concrete with no/minimal primary aggregates
with a plastic density of 500 kg/m3

Yerramala, (2008) / The
University of Dundee

Evaluated the energy absorption potential of foamed concrete.
Explored the recycling potential of RSA foamed concrete for utilising
it as fine aggregate in new foamed concrete.

Othuman, (2010) The
University of Manchester

Evaluate the thermal and mechanical properties of FC at high
temperatures and structural performance of composite walling
system with FC core.

Mohammad (2011) / The
University of Dundee

Attempted to solve the stability issues in 300 kg/m?3 foamed
concrete and gained further understanding of instability.

Hilal, (2015) / The
University of Nottingham

A comprehensive study on Properties and microstructure of pre-
formed foamed concretes.

Shawnim and
Mohammad,
(2018)/Nottingham Trent
University

Foamed concrete development for structural purposes: An
investigation to the viability of using alternative materials

Numerous materials may improve the physical, chemical and mechanical, properties of FC

such as Silica fumes, Metakaolin, slag, rice husk ash and fly ash. Silica fumes and MK has

been used in very recent years as filler replacement material to improve foamed concrete

workability, quality, durability and strength with lower permeability (Lesovik et al., 2020).

2.4 Advantage of Fresh Foamed Concrete

The key advantages of fresh-foamed concrete are: It is not a hazardous material. Does not

settle therefore, it does not require any compaction. It is reliable quality control material

thus batches are easy to reproduce, small or large amounts can be placed rapidly. It is self-
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compacting concrete (SCC), helps productivity and reduces power and noise, as it does not
require vibration during compaction and placement. It can be placed easily by pouring and
it can be pumped long vertical or horizontal distances. It is made on-site, thus the mix

design can be optimised for site conditions if required (Yao et al., 2019)

2.5 Advantage of Hardened Foamed Concrete

Foamed concrete is a lightweight construction material. It has excellent load distribution
characteristics. However, it is weak compared to normal weight concrete. It has high freeze
and thaws damage resistance. It has excellent sound and thermal insulation properties,
where the thermal conductivity of FC of density 1800 kg/m?3 is less than 20% of the value
of normal concrete. It is extremely fire resistant and well suited to applications where a fire
is a risk (Rafey and Mulhem, 2016). The use of FCin construction reduces structural element
size, less reinforcing bars and reduced concrete volume leads to a reduction of overall
weight, which makes the structure behaves better under seismic loads. It reduces the
power needed for handling and installation in the case of precast concrete elements.
Furthermore, since the material is typically formed on-site, one cubic meter of the base mix
can produce up to six cubic meters of FC, resulting in a reduction in CO; emission, embodied
energy, manpower and transport cost to produce a given volume of material (Jones and

McCarthy, 2005).

2.6 Lightweight Foamed Concrete Current Applications

Foamed concrete as a new generation of lightweight concrete, first was mostly used for
applications for groundworks such as road sub-bases, high volume void fills, reinstatement
of utility trenches, soil stabilisation, grouting tunnel walls and trench reinstatement. With
the improvements in techniques and foaming agents, the use of foamed concrete has
increased more rapidly than any other type of concrete. Foamed concrete currently has
been extensively used for floor screed and insulation, sub-base in highways, precast blocks,
prefabricated insulation boards, precast wall elements/panels, and cast-in-situ / cast-in-

place walls (Jalal et al., 2017), see Figure 2-5.
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Figure 2-5: Some of the lightweights foamed concrete applications (www.dr-luca.com, 2009)

More foamed concrete applications are shown in Table 2-3. It may be noticed that the
current utilization of foamed concrete is limited to none and semi-structural purposes only
such as thermal insulation, void filling, soil stabilisation, precast wall elements/panels.
However, the use of foamed concrete in structural elements is very limited due to its low

compressive strength.

22



Chapter 2

Table 2-3 Applications of lightweight foamed concrete

Compressive

L. Dry Density
Application 3 Strength Range Advantages Image
Range (kg/m~)
(MPa)
Roof Insulation S d Has excellent thermal insulation properties and Does
00" MSUTION >¢ree 300 - 600 1.0-3.0 o Prope
http://alliedfoamtech.com not add significantly to the overall weight of the roof
Road Sub-Base
https://compositecellularco 300 - 1000 1.0-35 Reduce loads on weak underlying soils
ncrete.com
. No compaction needed, less weight, High-
Raising Floor Level . T .
400 - 1200 1.0-4.5 performance void-filling, used for skin friction piles -

(Prabha et al., 2017)

Reduced foundation cost
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Decorative Panels

Enhance the appearance of buildings without adding

o >1000 3.5-5.5 much extra loading to the structure
www.fsiwi.com
Trench Reinstatement . . . . .
. Self-levelling, filling small cavities, easily to pump with
www.rusmarinc.com/cell >1200 45-55 .
low pressure over long distances
ular-concrete
Ground Stabilisation ) . . .
o . Reducing loading on burden soil imposes a little
www.greenbuildingadviso 600 - 1000 2.0-55 .
vertical stress on the substructure -
r.com
Building blocks Foamed blocks are lightweight with excellent sound
oo 400 - 1000 2.0-8.0 . . .
www.indiamart.com and thermal insulation properties.
Voids fill ) .
. loading reduction on the basement floor and roof
www.rusmarinc.com/cell 300 - 1600 1.0-10.0

ular-concrete

column piers
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Harbour fill
o . Used as impact layer due to its energy-absorbing
www.greenbuildingadviso 400 - 1600 1.0-10.0 .
properties
r.com
Floor Slabs It can be pre-cast or cast in-situ. It is solid and light in
1200 - 1600 4.5-10.0 .
(Mohamad et al., 2014) weight.
Less overburden on the structure and underlying
Bridge Abutments soils--dropping the thickness of the walls, and the size
o 400 - 1650 1.5-10.0 . X
www.fsiwi.com of the foundations, thus huge cost savings can be
achieved
Non-Structural Walls
o . Foamed concrete walls
www.greenbuildingadviso 800 - 1600 3.0-10.0 ) ] )
are both lightweight and low in cost
r.com
. It is possible to build walls from pre-cast reinforced
Semi-Structural Walls - .
1200 - 1600 6.5-12.0 foamed concrete elements. It is lightweight and

www.fsiwi.com

strong enough to take some load.
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2.7 Production of Foamed Concrete

2.7.1 Constituent Materials

Foamed concrete is foamed cement slurry or mortar, where cement slurry is made from
cement and water and mortar is cement, sand (fillers) and water. Foamed concrete does
not contain any coarse aggregates and it is manufactured by adding preformed foam to
mortar mass see Figure 2-1. Foamed concrete properties can be enhanced by adding some
additives such as Silica Fume SF, Metakaolin MK and Toner. The final density of foamed
concrete is controlled by the amount of added preformed foam to the mortar (Hashim and

Tantray, 2021).

2.7.1.1 Cement

The Ordinary Portland Cement CEM | 42.5N conforming to BS EN 197: Part 1: 2000) is the
core cementitious element of foamed concrete. The total cement content by weight in
foamed concrete is usually between 250- 500 kg/m3. However, to attain higher strengths,
a cement content of more than 500 kg/m? has been used (Meera and Gupta, 2020). Other
types of cement such as high strength and rapid hardening Portland cement (compliant
with BS 915:1983) is used in foamed concrete to improve its strength at early hydration

stages and ultimate strength values by several researchers (Awang and Noordin, 2014).

2.7.1.2 Silica Fume SF

The silica fume (SF) used is conforming to BS EN 13263-1. Wang et al., (2020) stated that
the addition of silica fume of up to 15 per cent by weight of cement improves the strength
of foamed concrete only where the foam content is less than 30 per cent by size.
Nevertheless, for higher foam contents mixes, the increase in strength was negligible. Silica
fume can increase the compressive strength of the foamed concrete under special curing
conditions up to 30 per cent (Bing et al., 2012). Mohammed and Hamad (2014) stated that
in foamed concrete silica fume was found to have little effect on shrinkage. However,
Ramamurthy and Nambiar (2009) mentioned that silica fume generates much heat of
hydration, which is not favourable for foamed concrete as it may lead to significant

temperature increases which may have an adverse effect.
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2.7.1.3 Metakaolin MK

Metakaolin (MK) is a pozzolanic ultra-fine material, with a specific surface area in the range
of 4000 m? /kg to 12000 m? /kg. MK is an extremely active and effective pozzolan for the
partial replacement of cement in concrete (Neville, 1996). MK is normally produced by the
calcination of kaolinitic clay at high temperatures reaching 800°C (Mehta, 2017). Chun et
al., (2007) stated that the presence of MK in concrete improves several physical and
mechanical properties of the produced concrete such as increases workability, compressive
and tensile strengths, durability, resistance to chemical attack and reduces permeability,
effects of alkali-silica reactivity (ASR), shrinkage. Despite the fact MK has the potential to
improve the mechanical and durability properties of concrete, its use is still limited due to

its high cost (Huiskes et al., 2016)

Craeye et al., (2014) mentioned that the incorporation of MK, up to 25 per cent by weight
of cement, has shown pore refinement to 60 per cent of the original pore size. Up to date,
very limited literature has been published on the use of MK in foamed concrete, and all of
these pieces of literature are recommending more investigation on the Mk effect on FC
properties(Hama, 2017). In the phase of developing foamed concrete mechanical
properties and structural behaviour in this research, MK was used as a replacement of

cement of 20 per cent by weight.

2.7.1.4 Waste Toner

Waste Toner is a waste material taken from used laser printers. Printers in universities,
schools and companies that print books, newspapers and magazines produce a tonnes of
waste Toner every year, and the amount of money spent on its disposal is considerable.
Toner is a newly introduced material to be added to foamed concrete, yet there is very
limited data available or published information covering the use of the material in FC. The
material comes in form of powder. In this research Toner is used as an additive to the

mortar, at 5% of the binding cementitious material (cement) by weight.

Toner could be considered as a sustainable and cost-effective material, where the material
is from old printer cartridges or might be collected from the expired and waste material

which may come at no cost at all. Toner mainly includes the following additives for flow
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and lubrication purposes; Iron oxide, ground sand, fluoropolymer powders, metal stearates

e.g. zinc stearate, Fumed silica, magnetite, and carbon black (Young and Darlington, 2016).

2.7.1.5 Fine Aggregate

The natural siliceous sand used has a particle size of up to 4 mm and conforming to BS EN
12620 which is the most commonly used fine aggregate to produce foamed concrete.
Coarse aggregate is not used in foamed concrete production as the fine air void’s structure

cannot support bigger size aggregate which may lead to segregation.

Based on previous studies, Aini et al., (2017) noted that alternative fine aggregate materials
such as chalk, Lime, incinerator bottom ash, crushed concrete, recycled glass and Lytag
fines are possible be used in foamed concrete as waste or sustainable materials to reduce

the density.

2.7.1.6 Water

The significance of water in normal concrete is well-documented. However, a brief review
would help understand the role of water in foamed concrete. Water is an essential element
in the production of concrete to wet the aggregate, precipitate chemical reactions with the
cement, and lubricate the mixture for easy workability (Thatcher et al., 2002). Water
proportion is normally added to the mix by weight based on the water/cement ratio. The
mix of water with cement should comply with BS EN 1008 Mixing Water for Concrete. This
standard covers the use of potable water and establishes a guide to reuse the water that is
reclaimed or recovered from processes in the concrete industry. Highways Agency (HG) and
the future of Transport (TRL) (2001) stated that it is fundamental to use potable water in
foamed concrete, especially when the foaming agent is protein-based for the reason that
organic contamination may have an adverse effect on the quality of the foam, and hence

the concrete produced (Mohammad, 2011).

Kemp and Blowes (2011) mentioned that the effect of water proportion on some of the
foamed concrete properties is different to its effects on normal concrete. Awang and
Noordin, (2014) stated that the w/c ratio plays fewer roles on the strength of foamed

concrete than normal concrete. However, Halverson et al., (2014) found that the w/c ratio
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is an important factor in foamed concrete, where too much water may lead to segregation
and too little water may lead to disintegration. Aini et al., (2017) stated that using a small
proportion of water leads to water withdrawal from the foam and the foam degenerates
quickly. However, it was suggested that the w/c ratio required to achieve acceptable
workability in foamed concrete is ranging from 0.3 to 1 dependent on; type of binders used,

the use of plasticizing agent, wet density targeted, strength required.

2.7.1.7 Foaming Agents (Surfactants)

Foaming agents (surfactants) are wetting agents needed to lower the surface tension of
water to produce foam (Gangatire and Suryawanshi, 2016). Table 2-4 shows the main
foaming agent types and properties used in foamed concrete. The surfactant is typically
mixed with water with a ratio of 1/ (5-20), one part surfactant to be mixed with a range of
5 to 20 parts of water (Ghorbani et al., 2019). Protein-based or synthetic surfactants may
be used to produce foam, both are formulated to produce air bubbles that are stable and
able to resist the chemical and physical forces required in the process of making foamed

concrete (Othuman Mydin, 2010).

Protein-based surfactants produce stable, strong, closed-cell foam, which easily blends
into the mortar with little bubble breakdown and produces foamed concrete with a
strength/density ratio of 50% to 100% higher compared to synthetic surfactants. However,
protein-based surfactants are sensitive to the alkalinity of the mix and have a lower

expansion ratio to solution volume to foam volume (Mehta, 2017).
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Table 2-4: Table Surfactant types and properties (McCarthy, 2004)

Surfactant Example Properties Characteristics of foam Applications

type produced

composition in foamed concrete

Alkyl Consistent,  Larger with opened cells  In higher FCs density,
sulfates Stable and due to lower strength & good for fast & large
Synthetic easy to higher expansion placing
formulate
keratin and Stabilised, Firm texture, Stable, Inlow FC density, when
Hydrolysed variable &  stronger, and smaller waterproofing & high
Protein animal highly closed-cell bubbles. strength are required
proteins refined

Synthetic surfactants are easy to formulate, stable and have consistent performance. On
the other hand, the size of the produced bubble is larger, the cells are more open owing to
higher expansion and the foamed concrete produced normally has lower strengths
compared to foamed concrete produced using protein-based surfactants (Amran et al.,

2015b).

2.7.1.8 Foam

Lee et al., (2014) stated that one of the key advantages of foamed concrete is the ability to
control its density over a wide range, which may be achieved by adding a calculated amount
of foam to the base mix. Foam is normally introduced to foamed concrete by two methods:
the pre-formed method or by the mix-form method. According to (Mohammed and Hamad,
2014) the mix-form method is reported to be the most sustainable method, where a less
foaming agent is required to produce foam and no chemical reactions involved. Dijk (2002)
mentioned that the foam in the mix-form method should be stable enough and must be
capable to resist the pressure of the base mix and remain stable during pumping,

placement and curing.

The mix-form method is categorised as either dry foam or wet foam. Wet foam is

generated by spraying a foaming agent and water solution over a fine mesh. This type of
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foam has a bubble size ranging from 0.2 to 2mm in diameter, therefore, it is not
recommended for foamed concrete with ultra-low densities below 800 kg/m3. Dry foam is
generated by forcing foaming agent and water solution and compressed air through series
of high-density restrictions, see Figure 2-6. Produced foam is very stable with a bubble size
smaller than 1 mm diameter, thus it is suitable for high and low density foamed concretes
(Kemp and Blowes, 2011). The quality and properties of foam generated to produce
foamed concrete are critical (Hendriks et al., 2016). The foam quality is affected directly by
its density, the foam-making process, the dilution factor of the agent and the blending

process with the mortar.

solution with Air

. Pre-f i
Air Compressor G re-foaming

> Foam

._.:. Generator

=)

Foaming Agent Foam

Figure 2-6: Produce Foam from water, foaming agents and compressed air (EAB Associated, 2001)

2.7.2  Mix Design and Procedure

Ghorbani et al., (2019) stated that has not yet been a standard method to calculate the
mixed proportions of foamed concrete. Unlike normal concrete mix design, the criterion in
foamed concrete mix design is the target plastic density rather than target dry density.
Conversely, some researchers such as (Gangatire and Suryawanshi, 2016) and
(Ramamurthy and Nambiar, 2009) followed the same design method by specifying a target

dry density.

The amount of foam required to achieve the target density (plastic/dry) is calculated by
using the cement and fine aggregate contents, w/c ratio and specific density values of all
corresponding constituents (including the foam). Additionally, when different

cement/aggregate types are used such as fine/coarse fly ash, the mix design needs to be
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tailored considering the higher water requirement of fly ash (Mohammed and Hamad,

2014).

In general, foamed concrete properties are depending on the proportions of its raw
materials. According to Babbitt et al., (2014) foamed concrete mix proportioning starts with
the selection of its overall wet density, cement content, sand to cement, water to cement
ratios, then the mix is designed by the absolute volumes method. For foamed concrete
production, the mixing procedure adopted by several researchers such as (Hilal, 2015b) is

as follows:

- Worked out the number of raw materials.

- Dry constituents are mixed in an ordinary mixer for a few minutes.

- Mixing water will be added in stages.

- After thorough mixing, the foam is added to the wet slurry. Although foam should
be completely mixed with the mortar. Excessive mixing should be avoided due to

the possibility of changes in consistency and density.

2.7.3 Preparation of Foamed Concrete

Habsya et al., (2018) stated that the wet foamed concrete should be placed in two equal
layers and tapping the sides of the mould lightly during the filling operation until the layer
surface has settled to a plane. At that time, the top surface should be finished and covered
with a plastic sheet to prevent evaporation. If to the extent that removal from moulds after
24 hours is concerned, foamed concrete specimens must not be removed from moulds if
there is a risk of damage. Nevertheless, is recommended to remove specimens from

moulds within 7 days after moulding in low FC density (less than 800 kg/m3) (Khaw, 2010).

Concerning curing, different methods have been adopted to prevent the loss of specimen
moister. According to both (Norasyikin Bt. Md., 2009) and (Hashim, 2014) for the first 24
hours after moulding, the specimens should be maintained at a temperature of 21 + 5°C.
Then, they should be cured, for 7 days, under damp sand and wet burlap or similar
materials with a temperature lower than that of the surrounding atmosphere. Then, they
should be stored at a temperature of 21 + 5°C and relative humidity of 50 + 25% for 21 days.

For foamed concrete specimens curing, (Thatcher et al., 2002)and (Ramamurthy and
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Nambiar, 2009) implemented moist curing method in a fog room at a temperature of
25+2°C for 28 days. Nevertheless, (ASTM C496-96, 1996) cured FC specimens in a moist
condition for 7 days and in the air at a temperature of 25 £ 2°C for the remaining time. In
initial views on foamed concrete potential as a structural material expressed by (Dong and
Zhang, 2013), FC specimens were wrapped in cling film (sealed-cured and stored for 28
days at 25+2°C), the sealed-curing could reflect typical industry practice for FC elements.
For curing specimens of structural lightweight concrete, (Amran et al., 2015b) reported that
the unhardened specimen should be covered with a non-absorptive or nonreactive sheet,
and then it should be stored in a moist room at 23 + 2°C with relatively high humidity.
Whereas, for precast cellular concrete members, (Jones and McCarthy, 2005) stated that
the concrete members are cured by atmospheric steam curing or by high-pressure steam

(autoclaving) curing.

2.8 Properties of Foamed Concrete
This section covers foamed concrete properties in both, fresh and hardened states, as

follows:

2.8.1 Fresh Properties

Unlike normal weight concrete, Foamed concrete must not be vibrated or compacted since
this would affect its design density. Nevertheless, both (Chun et al., 2007) and
(Ramamurthy and Nambiar, 2009) reported that, in moulding, tapping on sides could be
beneficial after mix placing to avoid large air bubbles trapped. Therefore, self-compatibility
and flowability represent significant fresh state characteristics of foamed concrete and they
are evaluated in terms of stability and consistency of the mix. The consistency of concrete
is defined by its flowability and spreadability measurement. Generally, it is reduced by
adding foam to the un-foamed mix depending on the volume and the design density
(Norasyikin et al., 2009). Foamed concrete consistency and stability are strongly affected

by the water content in the base (un-foamed) mix and the amount of foam (Lee et al., 2014).

Wahyuni (2012) reported that for a given FC mix: the flowability reduces when the foam is
added, also, it reduces sharply with the increase of density. The likely reason for this might

be that the bond between solid particles and bubbles in the mixture improves its stability
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resulting in flowability reduction, despite the fact that there are more bubbles in the lower

densities mixes.

Saidani et al., (2016) stated that even supposing superplasticizers are used to achieve
suitable flowability, they might affect the foam stability. The Marsh cone was used by
Marata and Suzuki (1997) to determine foamed concrete followability by measuring the
time required for a mix to flow through a March cone opening (Hilal, 2015a). Then, to
consider the sand particles size effect on the flowability this test was modified by Chai
(1999) by making the volume of afflux 1 L instead of 200 ml and the orifice diameter 12.5
mm instead of 8 mm. Furthermore, the slump flow test and the Brewer spread test as per
BS 4551-1 were used for lightweight concrete. However, Ramamurthy and Nambiar (2009)
used the ASTM hydraulic cement flow table for measuring spreadability. As described by
Amran, Farzadnia and Ali (2015), the workability of both the un-foamed mix and foamed
concrete can be quantified by the spreadability of a cylinder of material of 76.2 mm

diameter and 152.4 mm height.

Based on the discussion above, the fresh properties of foamed concrete such as consistency
and stability are affected by the water-solids ratio and the volume of foam. By assessing
the stability of foamed concrete. Moreover, the workability and flowability can be
measured by using the standard flow cone (ASTM C230-1998) or the modified Marsh cone
test (Kumar et al., 2018).

2.8.1.1 Wet Density

Almost all foamed concrete properties are affected by its designed density and
consequently, they should be qualified by the density, which is significantly affected by the
water content (A. Neville, 2011). Based on the previous studies, the density of foamed
concrete is also affected by the type of fine aggregate, aggregate size, foam type, sand-
cement ratio. According to Ramamurthy and Nambiar (2009), the replacement of sand with
fly ash led to a reduction in concrete density and an increase in its strength. Thus, in order
to achieve a specific design density of foamed concrete with fly ash, foam volume reduction
is required to produce foamed concrete with the target density. In the literature, empirical

relationships for the determination of foam concrete density are proposed. Jones and
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McCarthy (2005) stated a useful method for calculating the approximate fully dry unit

weight of foamed concrete as following:

Wy + 120,

Ddry — Equation 2-1

v
Where:

Wy, Weight of dry aggregate in the batch, kg

W,  Weight of cement in the batch, kg

v Volume of concrete produced by the batch, L

The 1.2W represents the weight of cement and water of hydration, where the water of

hydration is 20% of the cement weight.

2.8.2 Hardened Properties

Compressive strength is the main property of concrete, it is found to decrease with a
reduction in the mix density. it has been reported that water content, the method of pore
formation, characteristics of ingredients, the specimen shape and size, and direction of
loading all affect the strength of cellular concrete members (Krishna et al., 2021).
Furthermore, the cement-sand ratio, method of curing, type of foaming agent and
distribution of sand particles have also been reported as parameters affecting the strength
of foam concrete (Tanveer et al., 2017). Moreover, the foamed concrete compressive
strength is also affected by the air void size and distribution, spacing, the void/paste ratio
and the number of air voids. Hendriks and Belletti (2016), mentioned that the air pores
structure has a great effect on the cellular concrete compressive strength. In a study on the
effect of replacing large volumes of cement with fly ash on the strength of foam concrete,
it has been reported that up to 50% of the cement could be replaced without any significant

reduction in strength (Hashim, 2014).

2.8.2.1 Density
Foam concrete is a low-density material ranging from 300 kg/m3 to 1900 kg/m3 hardened
mortar or Portland cement paste containing a large number of introduced small air bubbles

called entrained air (Mohammed and Hamad, 2014). Structural Foamed Concrete (SFC) has
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a density ranging from 1200 kg/m?3 to 1900 kg/m?3, lower concrete density may be specified
for non-structural applications, compared to normal-weight concrete with a density in the
range of 2240 kg/m3 to 2400 kg/m3. For structural applications, the concrete strength
should be greater than (17.0 MPa) according to (ACI 213R Committee, 2003).

Babbitt et al., (2014) stated that wet density (Freshly Mixed Concrete Density) is always

higher than the dry density of foamed concrete, FC's wet density starts decreasing after

placed in an oven at 105 = 2 °C for a period of time until reach constant weight. The

equation below is applicable for foamed concrete density ranging from 1400-1900 kg/m?3.

Dwet - 105

D — Equation 2-2
ary 1.05

Where:

D4ry Dry density of foamed concrete, kg/m?

D,.: Wet density of foamed concrete, kg/m3

2.8.2.2 Compressive Strength

According to Akinpelu et al., (2018), concrete compressive strength is one of the key
properties. Foamed concrete compressive strength is influenced by several factors but
density is the most influencing factor, then the c/s ratio, the foaming agent used, type and
particle size distribution of sand, method of pore formation, w/c ratio, characteristics of
ingredients used and the method of curing. Figure 2-7 shows compressive strength density

variation for mixes with different c/s ratios (Nambiar and Ramamurthy, 2006b).

Alsubari et al., (2015) stated that the compressive strength of FC decreases dramatically
with the increase in void diameter for dry density between 500 — 1200 kg/m3. However,
the influence of air void diameter decreases for density higher than 1200 kg/m3. Table 2-5
shows typical properties including the compressive strength of foamed concrete (Hamad,
2014). With a minimum strength of 25 N/mm?, foamed concrete has the potential to be
used as a structural material. (Hamad, 2014) showed compressive strength and density

typical relationship in foamed concrete.
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Table 2-5: Typical properties including compressive strength of foamed concrete (Hamad, 2014).

Modulus of elasticity E

Dry density (kg/m?3) Compressive strength (MPa) (GPa)
400 0.25-1.0 0.25-1.0
600 0.5-1.5 0.5-1.5
800 1.0-2.0 1.0-2.0
1000 2.0-4.0 1.5-25
1200 3.0-6.0 2.0-4.0
1400 4.0-8.0 3.0-6.0
1600 7.0-12.0 5.0-8.0
1800 10.0-15.0 7.0-12.0
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Figure 2-7: Strength density variation for mixes with different ¢/s ratios (Nambiar and Ramamurthy, 2006b)

2.8.2.3 Flexure and Splitting Tensile Strengths

Flexure and splitting tensile strengths of concrete are important parameters utilised in the

analysis and design of concrete members. However, the classification of concrete in most
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design codes of practice are often based on compressive strength, while other mechanical
properties such as tensile strength, modulus of elasticity and Poisson's ratio are expressed

as a function of the compressive strength.

A number of empirical models and theories have been developed to predict the splitting
tensile strength of foamed concrete based on its compressive strength (Resan et al., 2020).
American Concrete Institute (ACI) model did not cover lightweight concrete, but some
studies based on ACl recommend a square root relationship between cylinder compressive
strength and splitting tensile strength. Recent studies have also shown that the power of
compressive strength varies between 0.4 and 0.6 (ASTM C496-96, 1996). Lee et al., (2017)
stated that splitting tensile strength is around 10% from cylinder compressive strength, and
flexural strength of foamed concrete is 10-15% from cylinder compressive strength. Many
equations exist to determine the modulus of rupture such as Equation 2-3 an equation

given in ACI 318-05 (2004).

fr = 0.62 «/f’C Equation 2-3
Where:

fr Flexural strength, MPa
f'c Compressive strength, MPa

Foamed concrete splitting tensile strength is slightly lower than those of equivalent
lightweight aggregate concrete and normal weight concrete. However, cement-sand based
FC recorded a higher tensile strength than those that contain fly ash. The higher tensile
strength contributes to improving the shear capacity between the paste phase and sand

particles (Babbitt et al., 2014).

2.8.2.4 Shear Strength

The shear strength of concrete is presented by the shear friction or aggregate interlock.
According to (KUM, 2011) the push-off specimen test is the way for measuring the direct
shear strength of concrete. Where prism members comprised of two L-shaped blocks,
connected in an inverted position to formulate the shear plane. In previous research,

models of shear strength were suggested using different approaches, such as modified
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compression field theory, distributed stress field model and shear strength based on the
push-off specimen. Generally, the shear failure of the normal strength concrete member is

brittle.

The increase in the shear strength of concrete is associated with the increase in material
compressive strength. Nevertheless, concretes with higher strength are known to be more
brittle than less strength concrete, representing a significant limitation for their wide-range
application in innovative structural design. According to Wang et al,. (2013) shear strength

in lightweight concrete can be predicted using Equation 2-4.

v, =0.5+/f'c Equation 2-4
Where:

v, Shear strength, MPa

f'c Compressive strength, MPa

2.8.2.5 Modulus of Elasticity

Modulus of elasticity is one of the essential factors in determining the structural behaviour
of concrete. Modulus of elasticity can be defined as the ratio of uniaxial stress to the
resultant axial strain (Mufioz, 2010). Modulus of elasticity is a direct measure of the
concrete’s stiffness properties. However, in concrete, it is highly variable from one mix to
another. The Modulus of elasticity of foamed concrete is mainly affected by mix density,

the concrete strength, type of aggregate and aggregate paste interface connection.

Modulus of elasticity of foamed concrete can be given in three ways, as shown in Figure
2-8. The Modulus of elasticity can be defined as the initial tangent modulus, where foamed
concrete behaves linearly within 25-35% of ultimate concrete strength. The secant modulus
is the stress-strain diagram slope from the origin to a specific point, typically taken at
(0.45f°c) (Roberts, 2015). Where the tangent modulus is the slope taken at any specified

point along the curve.
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Figure 2-8: Elastic modulus of foamed concrete graphical definition (Khaw, 2010)

2.8.2.6 Foamed Concrete Durability

The concrete durability is generally affected by the fluid transport through its pore system
resulting in deterioration. The movement of aggressive liquids into concrete is depending
on its permeation characteristics such as sorption, water absorption and permeability
(Trevor and Gideon, 2018). This represents the most significant factors affecting the service
life of a concrete structure (Jones and McCarthy, 2005). Therefore, one of the most
important indicators of concrete long term durability is its permeability which is the ability
of concrete to resist water and chemical migration such as salts, chlorides and other
aggressive chemicals that can cause deterioration and crack in concrete (Amran et al.,
2015b). Therefore and because the durability of concrete is governed by its resistance to
being penetrated by external aggressive agents, the property of permeability seems to be
a reliable estimator of its quality (Trevor, Gideon, 2018). Moreover, it is well known that

transport properties are affected by the pore structure (Saidani et al., 2016).

Jones and McCarthy, (2005) studied the permeation characteristics, a relationship between
porosity and water vapour permeability in foamed concrete and cement pastes. In the

study, it was concluded that with the decrease of FC density, the water vapour permeability
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increases. Jones and McCarthy, (2005) stated that in the case of FC the air voids that are
entrained might be considered as an aggregate and their inclusion might decrease the
permeability not only by obstructing flow nonetheless also because of microcracking

absence at the interface between air voids and the mortar.

Amran et al., (2015) stated that the foamed concrete permeability coefficient is
proportional to pore content. Furthermore, foamed concrete sorption is affected by the
pore structure, filler type and mechanisms of permeation. Dong and Zhang (2013) stated
that water absorption and sorptivity decrease with a reduction in density and primarily
controlled by capillary porosity. This is since the foamed concrete water absorption is
mostly influenced by the paste phase, in which the air voids are not involved in water

absorption as their suction is weaker than that of capillary pores (Amran et al., 2015b).

Jones and McCarthy (2005) stated that foamed concrete provides good resistance to
aggressive chemical attacks as well as good freeze-thaw resistance. Nevertheless,
according to Hu et al., (2016), generally higher porosity in concrete leads to a rise in
permeability resulting in an increase in vulnerability to the effects of freezing and thawing.
Falliano et al., (2020) stated that the increase in porosity of foamed concrete is associated
with improved physical properties. However, it is accompanied by a significant reduction
in mechanical performance. Concrete with low density appears to carbonate at a relatively
higher rate but that is not a problem except the exposure to CO; is severe. It was found
that depending on the curing method, autoclaved aerated concrete is more durable than

normally cured aerated concrete (Lee et al., 2014).

2.9 Reinforced Concrete

Reinforced concrete (RC) is a versatile composite and one of the most widely used materials
in modern construction. Concrete is a relatively brittle material that is strong under
compression but weak in tension. Plain concrete (unreinforced) is unsuitable for many
structures as it is relatively poor at withstanding stresses induced by vibrations, wind

loading.

To increase the concrete overall strength, steel rods, wires, cables or mesh might be

embedded in concrete before it sets. This reinforcement, often known as rebar, resists
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tensile forces. By forming a strong bond together, the two materials are able to resist a
variety of applied forces, effectively acting as a single structural element. Concrete can be
reinforced using different materials such as hot rolled deformed stee bars, cold worked

steel bars, prestress bars and fibre reinforced polymer (Engineering, 2005).

2.10 Glass Fibre Reinforced Polymer (GFRP) Bars

Steel bars have several disadvantages such as heavyweight and handling difficulties and
corrosion. Fibre-reinforced polymer (FRP) bars have been developed as an alternative to
steel reinforcement for various structural concrete applications. FRP bar is a structural bar
made of continuous fibres held in a polymeric resin matrix. Together contribute to the
consequential mechanical and physical properties which are required for specific structural

applications (Kemp and Blowes, 2011).

The used fibres are continuous fibres with high stiffness and high strength. furthermore,
they are lightweight material, non-corrosive nature, and particularly suited for harsh
environments. The most common type of fibres for structural purposes are carbon, aramid,
basalt and glass fibres. Currently, different types of FRP rebar for reinforced concrete
structural elements are available, which are classified by fibre type as shown in Figure 2-9,
Carbon Fibre Reinforced Polymer (CFRP) rebar, Basalt Fibre Reinforced Polymer (BFRP)
rebar, Aramid Fibre Reinforced Polymer (AFRP) rebar Glass Fibre Reinforced Polymer

(GFRP) rebar (Hoffmann, 2016).
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Figure 2-9: The most common types of FRP bars (Benmokrane et al., 2021)

The GFRP is becoming more frequently used for reinforcement of corrosion-prone concrete
structures and was chosen in this study due to its lightweight, excellent corrosion resistance,
high tensile strength to weight ratio and good non-magnetization properties (Worner,
2015). However, recent studies showed that GFRP reinforced concrete members behave
differently from traditional steel-reinforced concrete structures since GFRP has a lower
modulus of elasticity, different stress-strain relationship than steel, which cause a
substantial decrease in the flexural stiffness of the member after cracking and,
consequently, larger deformations under service conditions. Therefore, the design of GRP

reinforced concrete members is often ruled by the serviceability limit state (Ng et al., 2020).

2.10.1 Developments of Fibre Reinforced Composite Materials

The development of FRP bars as reinforcement could be drawn back to the increased use
of composites after the Second World War. However, it was not considered for use as
reinforcement within concrete members until the 1960s. In the USA and Europe, the
application of de-icing salts on highway bridges resulted in extensive corrosion of steel
reinforcing bars in these structures. The construction material market demanded non-
metallic reinforcement such as FRP. Fibre-reinforced polymer began to be considered as a
common solution for corrosion problems and became a reinforcement that could be used

on highway roads and bridges (Hickinbotham, 2016). The Aberfeldy Footbridge crosses the
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Tay River in Scotland is considered the world's first major project using Fibre Reinforced

Polymer (FRP) composites, see Figure 2-10.

Figure 2-10: Aberfeldy Footbridge (Reinforced with GFRP bars) (compositesuk.co.uk, 2015)

2.10.2 Constituent Materials

FRP are composite materials mainly consisting of two basic components: matrix (resin) and
reinforcing fibres. The fibres are responsible for providing strength and carrying the load,
which are preferably brittle, elastic, and have high tensile strength. The resin holding the
fibres together, protecting the fibres from environmental and physical damage, provides a
cohesive environment to transfer stresses between fibres, also provides lateral support for

the fibres against local buckling (Hoffmann, 2016) as illustrated in Figure 2-11.
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Figure 2-11: Basic material components of FRP composite ((Abedini et al., 2017)

Fibres are significantly stronger than the resin material and control the final mechanical
properties such as strength and elastic modulus of the bar Figure 2-12 illustrates the stress-

strain curve of the materials.
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Figure 2-12: Stress-strain relationship for resin, fibres, FRP composite (reproduced from ISIS Canada, 2007)

2.10.3 Production and Manufacturing Process

Japan is one of the leading countries to invest heavily in FRP materials development and
production to be used in construction, civil engineering and sports goods. The earlies
guideline of FRP design for a structural application was published in Japan. However, China
has become more involved in a large variety of composite products, and it is the largest

producer and market all around the world (Pilakoutas et al., 2002).

Three common manufacturing processes for FRP materials, which are: Filament winding,
Braiding and Pultrusion. Filament winding is a method whereby continuous fibres are
impregnated with matrix resin and wrapped around a mandrel. The thickness of the fibre-
volume fraction and wind angle is controlled. Heat lamps are used to cure the final product.

This method is commonly used to produce tubes, pipes and storage tanks (Hoffmann, 2016).

Braiding is a method when interlocking two or more yarns to form an integrated structure.
Pultrusion is a method for manufacturing continuous lengths of FRP bars that are of
constant profile. A schematic representation of this technique is illustrated in Figure 2-13.

Continuous strands of reinforcing material are drawn from glass roving bobbin, through a
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resin pool, where they are saturated with resin, and then passed through several wiper
rings and raped by clothing into the entrance of a curing platform. The speed of pulling
through the bars from the curing platform is governed by the required curing time. To
ensure a good bond between the FRP bar and concrete, the surface of the bars is usually

braided or sand-coated (Quayyum and Rteil, 2012).

lBobbins for deformation l Cut off saw

Guide
l Nozzle

Puller J

Resin pooll

ESS SSSSSN]
ESSSSSSSN]

Curing overT
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P9

Glass roving Braiding machine

Bobbins for clothing Finished GFRP bar

Figure 2-13: Pultrusion process for FRP bars (Benmokrane et al., 2021)

2.10.4 Properties of FRP Reinforcement

Most types of Fibre-reinforced polymer have high tensile strength, high chemical resistance.
For the above reasons and due to the good insulation properties of electricity and heat,
GFRP is the most commonly used fibre in FRP composites products. Alkali-resistance A—
glass, C—glass, electrical E-glass, high-strength S—glass and regular R—glass are the most

common types of GFRP (Abedini et al., 2017). Figure 2-14 shows GFRP bars.

Figure 2-14: GFRP R—glass bars (Worner, 2015)
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2.10.4.1 Density
GFRP bar has a density of 2.0 g/cm3, four-time lower than that of steel reinforcing bar which
is 8.0 g/cm3. The lightweight property in GFRP bars reduces transportation costs and

makes handling the bars easier on the project site (Yoo et al., 2019).

2.10.4.2 Thermal Properties

The coefficient of thermal expansion for GFRP bars varies in the transverse and longitudinal
directions depending on the type of resin, glass and volume fraction of fibre. Table 2-6
shows the typical coefficients for thermal expansion for GFRP, steel and concrete. The GFRP
longitudinal coefficient of thermal expansion is comparable to that of concrete, which
means that thermal incompatibility is unlikely to cause any concern when designing GFRP

reinforced concrete structures.

Nonetheless, the GFRP transverse coefficient of thermal expansion is two times greater
than that of concrete which may lead to splitting cracks in a case where insufficient cover
is provided. It was found that the ratio of normal concrete cover thickness to GFRP bar
diameter must be greater than or equal to two. This makes it sufficient to avoid cracking
concrete up to temperatures of +80°C. However, the cover may be reduced if GRFP bars
used to reinforce foamed concrete witch has higher thermal insulation properties than

normal concrete (Aydin, 2018).

Table 2-6: Typical coefficients of thermal expansion for GFRP compared with steel and concrete (Aydin,

2018)
Material & Direction CTE, x 10/ °C
GFRP longitudinal 8.0-12.0
GFRP transverse 21.0-23.0
Steel 11.0-13.0
Concrete 12.0
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In case of fire GFRP bars embedded in concrete will not burn. However, the resin will soften
due to the high temperatures. The tensile strength of GFRP starts to decrease when the
temperature above 300°C due to a reduction in the bond between fibres. Foamed concrete
proved to provide better fire protection to reinforcing bars than normal concrete (Othuman
Mydin, 2010) which is one of the reasons that foamed concrete and GFRP combination was

chosen in this study.

2.10.5 GFRP bar Mechanical Properties

2.10.5.1 Tensile Behaviour

GFRP bar has a tensile strength of 2-4 times higher than that of mild steel reinforcing bars.
However, GFRP material does not show any yielding behaviour under tensile stress and
experience a sudden brittle failure at the ultimate loading point (Hosen et al., 2017). The
GFRP ultimate strain is between 1.2 - 2%, which means a bar of one-meter length could
stretch approximately 12- 20 mm before rupture. The tensile strength of GFRP bars may
vary with changes in cross-section area, dropping by up to 15% proportionally as the

diameter increases from 10 mm to 16 mm (Benmokrane et al., 2021).

The 16 mm bars used in the experimental part of this study have a guaranteed ultimate
tensile strength of 1000 MPa. Table 2-7 shows the stress-strain curves for typical values of
mild steel, Basalt Fibre Reinforced Plastics (BFRP), Carbon Fibre Reinforced Plastics (CFRP),
Armed Fibre Reinforced Plastics (AFRP) and Glass Fibre Reinforced Plastics (GFRP)
reinforcement. It is observed that the GFRP can take considerably more stress than mild
steel. However, the strain in the GFRP is far greater than the steel for the same applied

stress below the steel yield point, as shown in Figure 2-15.
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Table 2-7: Size designation and minimum guaranteed tensile strength of FRP round bars (Shakir Abbood et

al., 2020)
Bar size Nominal Nominal Minimum guaranteed tensile strength MPa
designation diameter area

(mm) (mm?) CFRP AFRP BFRP GFRP
2 6.35 31.7 1902 1408 1242 1000
3 9.53 71.2 1571 1344 1186 955
4 12.70 126.6 1406 1280 1129 909
5 15.88 197.8 1323 1216 1073 864
6 19.05 284.9 1323 1152 1016 819
7 22.23 387.8 1306 1088 960 773
8 25.40 506.5 1298 1024 904 728
9 28.58 641.0 1282 960 847 682
10 32.25 816.9 1265 896 791 637
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Figure 2-15: Stress-strain curves for typical reinforcing bars (Worner, 2015)

2.10.5.2 Compressive Behaviour

Unlike steel, GFRP behaves differently under compression and tensile stresses. The
compressive strength of GFRP bars is lower than its tensile strength, GFRP bars currently
produced are not highly recommended for reinforcing concrete columns or any structural
member where high compressive strength is required (ACI Committee 440, 2006). The
compressive modulus of elasticity is approximately 80-85% for GFRP and CFRP of the tensile
modulus of elasticity for the same bar (EI-Nemr et al., 2018). Depends on the resin and fibre
type, fibre volume fraction, GFRP bars compressive strength could reach up to 70% of its
tensile strength. The main GFRP bars failure modes in longitudinal compression are
transverse tensile fracture, micro-buckling of fibres, and shear failure of fibres without
buckling (Ashour, 2006). Similar to typical flexural design with mild steel reinforcement all
guidelines of concrete reinforced GFRP flexural design neglecting the compressive strength

of the GFRP bars.
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2.10.5.3 Shear Behaviour

FRP bars behaviour under transverse shear forces is mostly influenced by the properties of
the matrix. FRP bars are weaker in transverse shear than steel. However, the shear strength
of FRP can be improved by winding or braiding additional fibres in the direction transverse
to the longitudinal one. The characteristic shear strength of FRP bars ranges between 30
to 50 MPa (Nanni et al., 2014). Failure of concrete elements reinforced with FRP due to
shear accrue under combined stresses resulting from the applied bending moment and

shear force as presented in Figure 2-16.

G

Figure 2-16: Mechanism of shear and flexural resistance of FRP bar

M
\'%

Several researchers (Kim et al., 2015), (Fico et al., 2008) and (Ashour, 2006) have studied
the shear behaviour of FRP concrete members. Different approaches were investigated by
considering the area, stiffness, and strength of reinforcement. It was demonstrated that
shear capacity for FRP RC members could be predicted by introducing modifications to the

equations proposed by (ACI-440, 2002) as shown in Equation 2-5.
2 — Equation 2-5
Vc_fzgylfc bWC

Where:

f'e Compressive strength of concrete, MPa
b,, Beam’s width, mm

C=k.d
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d Effective depth of the beam, mm
Where:
k = J(prﬂf + (pfng)? — prny) Equation 2-6
Ef
Ng = E_s Equation 2-7

In a GFRP bar, there is no reinforcement exists across layers of glass fibres. Therefore, the
shear strength depends mostly on the polymer matrix of the bar. The shear strength of
GFRP bars could be improved by offsetting the fibre direction from the longitudinal axis of
the bar, which might be achieved by winding fibres transversely to the longitudinal axis of
the bar (Kong et al., 2020). However, for applications where shear strength should be

known, strength values need to be provided by the bar manufacturer.

2.10.6 Durability

In the last three decades, the utilization of GFRP rebar has become a practical alternative
to steel for reinforced concrete structures. Reasons behind the success of the worldwide
use of GFRP in the construction industry are the relatively low cost, lightweight, high
strength, non-corrosive and non-conductive. However, many factors may affect the
durability of GFRP bars including ultraviolet exposure, elevated temperature, acidic
conditions and long term exposure to alkaline (ACI-440, 2002). A study conducted by (Iqbal
et al., 2021) found that a long term exposure to alkaline with a raised temperature up to
50°C show a minor reduction of the tensile strength of the GFRP bar less than 10% of the

original tensile strength.

A comprehensive report by Benzecry et al., 2019, studied the durability of GFRP bars
extracted from 11 concrete bridges with 15 to 20 years of service life. The bridge structures
were visually inspected, and no signs of deterioration were detected. The tensile strength
test indicated a reduction in GFRP bars tensile strength of only 2.1% over a period of 17
years in service. This study provides a positive indication of the long-term durability of GFRP

bars as internal reinforcement for concrete structures.
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2.10.7 Current Use of GFRP in Structures

GFRP is an anti-corrosion material. Hence, its applications are expected to be mostly in
structures in or near the ground, near or in marine environments, in chemical industrial
plants also in thin structural elements. GFRP bars first application as reinforcements in
concrete structures were in Japan. Since 90’s many projects made of concrete reinforced
with GFRP were constructed and developed such as marine structures, bridges, bridge
decks and ground anchors, Figure 2-17 shows some projects made of concrete reinforced

with GFRP.

% < 3 |2
Floating marine structures Bettendorf Bridge McKinleyville Bridge

Figure 2-17: Structural applications of concrete reinforced with GFRP bars

Thousands of concrete structures such as bridges, parking garages and marine structures
have been built of concrete reinforced with GFRP bars which shows the potential for GFRP
reinforcement to be used in further applications. This has created the need to develop
design procedures for the use of GFRP reinforcement. Japan, Europe, Canada and the USA
have developed their design guidelines, in general, these guidelines have been developed
by making modifications to the existing steel-reinforced concrete codes based on

experimental testing of the material (Worner, 2015).

2.11 Existing FRP RC Design Guidelines
With the need to develop a procedure for FRP RC design, many design guidelines have been

recently published for concrete elements reinforced with FRP. Four main design guidelines
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for FRP RC structures were published in the last decades. The first was the Japanese guide
(JMC, 1995; JSCE, 1997), then followed by the America guide (ACI 440-96, 1996; ACI 440—
98, 1998; ACI440.1R, 2001; ACI440.1R-03, 2003; ACI440.1R-06, 2006, also the Canada
guide (ISIS-01, 2001; ISIS- 07, 2007) and some studies based on the Eurocode (RILEM TC9-
RC, 1983).

These design guidelines are mostly based on modifications of existing steel RC codes of
practice, where the limit state design approach is predominantly adopted. These
modifications are strongly influenced by the FRP reinforcement unconventional mechanical
properties. Some empirical equations were developed based on experimental
investigations of FRP reinforced concrete elements. However, the brittle linear-elastic
behaviour of FRP reinforcement is the key influencing feature behind all of the existing

design guidelines (Pilakoutas et al., 2002).

2.12 Flexural Behaviour of FRP Reinforced Concrete Members

2.12.1 Bond Behaviour of FRP Reinforcement

Marco (2015) stated that bond stress can be transferred through adhesion, friction or
bearing on deformations of the reinforcing bar. Adhesion and friction normally have limited
transferability due to Poisson’s effect causing a reduction in bar diameter when the steel
bar under tension force. Nevertheless, the majority of bond stress is developed through
bearing on the deformation of the reinforcement bar. The bond stress is not constant with

the length of the beam but follows the bending moment magnitudes.

To understand bond stress in concrete, crack development must be reviewed. For instance,
when a concrete tensile stress capacity is exceeded in a loaded simply supported beam, for
example, cracks in the concrete section start developing. In the cracked beam section, the
beam portions between the cracks still carry tension force. However, with loading increases,
the tensile stress in the concrete portions increases until the discrete portion of concrete’s
tensile capacity is reached, then secondary cracks start developing. Figure 2-18 shows the

bond stress distribution for a central portion of a cracked beam (Pour et al., 2016).
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Figure 2-18: Tension stiffening mechanism

This action of bond stress distribution is important since the nonlinear displacement
behaviour is considered. The increased rigidity attributable to these un-cracked portions
and with loading increased, secondary cracks are developed, which termed tension

stiffening (Silva et al., 2014).

The bond performance between FRP reinforcing bars and the surrounding concrete is
different from that of steel reinforcing rebar. This is for the reason that FRP has different
materials than steel which influence the interaction mechanisms with concrete. Moreover,
FRP bars surface roughness plays a major role in bond performance with concrete. The
surface roughness of FRP is controlled using fibres, epoxy or sand coating. Therefore,
friction and chemical adhesion are the main bond mechanisms in concrete reinforced with

FRP (Yan et al., 2016).

Some researchers (Marco, 2015), (Mufioz, 2010), (Hickinbotham, 2016) studied the bond
behaviour between concrete and FRP in concrete structures. It was found that the failure
mode and bond strength depend on concrete compressive strength, concrete cover and

the embedment length of FRP bars in concrete. It was observed that the increase of
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concrete compressive strength improves the bond, also the sufficient concrete cover
provides a better bond. However, it was noticed that the bond strength decreases when
the embedment length of FRP bars increases. This attributed to the non-linear distribution

of bond stresses along the length of bars see Figure 2-19.
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Figure 2-19: Bond stress along the length of the bar

Several types of test methods are available to determine the bond strength of FRP
reinforcement in concrete structures such as pull-out and beam tests. According to a study
conducted by (Mufoz, 2010) on concrete- FRP bond behaviour, where 88 samples were
tested using the pull-out test. It was observed that the bar size may affect the bond strength
with concrete. However, the surface treatment has a major effect on bond strength. For
the bond reason, some manufacturers add a coating of sand and resin on the bar at the
end of the manufacturing process to improve the bond with concrete. Table 2-6 shows,
modulus of elasticity, tensile strength, ultimate tensile strain, shear strength, and bond

strength of GFRP.
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Table 2-8: Typical mechanical properties and bond strength of GFRP bar (Shakir Abbood et al., 2020).

Property GFRP
Modulus of elasticity (MPa) 40-65
Tensile strength (MPa) 650-1200
Ultimate tensile strain (%) 1-2
Shear strength (MPa) 100-125
Bond strength (MPa) 8-12

2.12.2 Deflection of FRP RC Members

Concrete members reinforced with FRP behave differently from those reinforced with
traditional steel rebar. The main reasons behind it are that FRP bars have higher tensile
strength, but lower modulus of elasticity than steel, and demonstrate linear elastic
behaviour in tension up to failure point (Fico et al., 2008). The lower modulus of elasticity
of FRP causes a significant reduction in the stiffness of FRP reinforced concrete elements
after cracking, and consequently higher levels of deflection under service conditions (El-
Nemr et al., 2018). Therefore, the design of FRP reinforced concrete members is normally

ruled by serviceability requirements.

The short-term deflections of a cracked concrete element reinforced with steel can be
determined using an effective moment of inertia equation given by ACl 318 as shown in
Table 2-9. It was observed that the equation leads to underestimated service level
deflections in FRP RC beams. This is since the equation was only adjusted for steel-

reinforced concrete beams.
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Table 2-9: Deflection design equations for FRP reinforced concrete members

Author Equation No

ACI 318 (2000 Mg\3 M \3 Equation 2-8
(2000) e = (3) x1g+[1—(M—a)]x1W31g

ISIS Canada (2001) I, = Tedcr Equation 2-9

[YPRY
Ier+ [1_0-5(M_C;) 1[1g=Ier]

CSA-02 (2002) I, = ler Equation 2-10

1—(1+IIC—;)3 (“A’;—Z)s

Note: /e is the effective moment of inertia (mm¢*), Mais the applied moment (N.mm), Mcris
the cracking moment (N.mm), Igis the moment of inertia of cross-section (mm?), Icris the
moment of inertia of cracked section transformed to concrete (mm?).

Deflections of RC members reinforced with FRP found to be more sensitive to the variables
affecting deflection than steel RC members of the same size and reinforcement layout
because of the brittle-elastic nature, axial stiffness and particular bond features of FRP bars
(ACI-440, 2002). However, in both steel and FRP RC beams the deflection is depending on
the load magnitude and the number of loading cycles but the FRP reinforced beams
deflection is 1.5 to 2.5 times that of identical steel-reinforced concrete beams (Ng et al.,

2020).

2.12.2.1 Ultimate Load and Modes of Failure

The flexural design of concrete members reinforced with steel usually result in under
reinforced sections to ensure that the steel reinforcement yield before the crush of
concrete (Hosen et al., 2017). It is for this reason that the yielding of steel provides ductility
and warning of the failure of the member. On the other hand, in the case of concrete
members reinforced with FRP, there is no warning of failure due to the non-ductile
behaviour of FRP reinforcement. In this case, failure would occur either due to rupturing
(tension failure) of the FRP reinforcement or crushing (compression failure) of the concrete.
If the flexural failure occurs due to FRP reinforcement rupture the failure will be sudden

and catastrophic (Falade et al., 2014).
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In the rupturing failure (tension failure) mode of FRP RC members, there would be a limited
warning of impending failure in the form of large deflection and extensive cracking.
However, the concrete crushing failure (compression failure) mode is slightly more
desirable for flexural members reinforced with FRP bars, since the members exhibit some

plastic behaviour before failure (ACI-440, 2002).

A study by Kara and Ashour (2012) adopted a numerical method for FRP concrete beams
to predict the moment capacity. The study’s results showed that the proposed numerical
technique can estimate the moment capacity of FRP concrete beams. In addition, It was
noticed that the (ACI-440, 2002) formulas could rationally predict FRP reinforced concrete

beams moment capacity.

2.12.2.2 Cracking of FRP RC Members

Junaid et al., (2019) stated that the pacing and pattern of cracks in GFRP reinforced
concrete beams is similar to those in steel-reinforced concrete beams at initial load level.
However, as the load increased, more cracks appeared with increased width compared to
steel reinforced concrete beams. This can be explained by the low modulus of elasticity of

GFRP bars compare to steel rebar.

According to Hoffmann (2016), the maximum crack width in FRP concrete beams was
observed to be 2-4 times that of identical beams reinforced with steel bars. The crack width
in GFRP reinforced concrete beams directly proportional to the applied moment up until
failure. Based on the formula developed by ACI-440 (2002) calculates the maximum crack
width of concrete beams reinforced with FRP, taking into consideration the maximum

distance from the centre of the bar to the concrete surface as shown in Equation 2-11.
2.2 5
w = A B frkpy/ dex A Equation 2-11
f

Where

w Crack width measured at the extreme beam bottom level, mm
Ef Modulus of elasticity of FRP level, MPa

A Tension area per FRP bar level, mm?
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d. Concrete cover of an outermost bar measured from the centre of that bar level,
mm

fr Tensile stress in longitudinal FRP bar level, MPa

B Ratio of distances to the neutral axis from the extreme beam bottom level and the

centroid of longitudinal bars

kp 1.0 for FRP bars with similar bond characteristics to that of steel

2.12.3 Shear Capacity in FRP RC Members

Studies by (Boulekbache et al., 2012) and (Kim et al., 2015) on the shear capacity of flexural
elements showed that the concrete shear strength is greatly influenced by the stiffness of
the tensile (flexural) reinforcement. Failure of reinforced concrete elements due to shear
usually occur under combined stresses resulting from the applied bending moment and

shear force as shown in Figure 2-20.
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Figure 2-20: Mechanisms of flexural bars crossing a crack
In general, the shear strength of reinforced concrete beam without shear reinforcement is
directly related to the axial stiffness of the longitudinal reinforcing bars. As the modulus of
elasticity of GFRP is around 1/3 of it in steel, which results in a reduction of the axial
stiffness of the longitudinal reinforcement, leading to a decrease of the overall beam shear

strength (Ashour, 2006). The failure of the FRP reinforced beam without shear
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reinforcement would be brittle and sudden. Consequently, a minimum amount of shear

reinforcement is required when the factored shear force, V; exceeds 0.5V (Kim et al.,

2015).

To evaluate the flexure and shear capacities of FRP reinforced concrete beams, Ashour
(2006), conducted a comprehensive study on GFRP reinforced concrete beams, without
transverse shear reinforcement. The main variables in the study were the depth of the
beams and the amount of GFRP reinforcement. It was found that flexural failure take place
in under reinforced beams due to the GFRP bar rupture, whereas shear failure occurred in
over reinforced beams. Table 2-10 presents the shear design for FRP reinforced concrete

elements without shear reinforcement.

Table 2-10: The shear design for FRP reinforced concrete elements without shear reinforcement

Model Equation Committee No

E
_ r ZF
ISIS Canada-01 V.= 0.2b,,.d |f 3 d <300 mm Equation 2-12

Vc.f
CSA S806-02 V <300 mm .
= 0.035p,, .d(f'c.pf. Ef #)0'33 Equation 2-13
f
.E Ve <V
ACI 440-03 Ve = oV o=
) 90B-fc Ve Equation 2-14
= by, .dyf'c

Note: f'. is the concrete compressive strength. d and b,, are beam’s effective width and
depth respectively. Er and E are the modulus of elasticity of FRP and steel longitudinal
bars. py is the longitudinal reinforcement ratio. Vr and My are shear force and moment
respectively.
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2.12.4 Moment of Resistance of FRP RC Members

The existing guidelines for FRP design such as ACI-440.1R (2006), CSA- S806 (2002) and ISIS
(2001), cover the two types of flexural failure of concrete reinforced with FRP elements (i.e.
reinforcement rupture and concrete crushing). The flexural failure type is mostly based on
the reinforcement ratio of the section. This ratio is principally influenced by the concrete
and FRP mechanical properties, and it is calculated from expressions derived by considering

internal-force equilibrium (Hoffmann, 2016).

For the flexural design of FRP RC sections compatibility of strains, perfect bond, the
equilibrium of internal forces, and linear behaviour of FRP until failure are assumed. For
calculations purposes and according to Pilakoutas et al., (2002) study the stress distribution
for the concrete section is replaced by the Eurocode-2 equivalent rectangular stress block
defined by parameters A and n where the FRP bars contribution in the compression zone

of the concrete is ignored.
The theoretical limit for the reinforcement ratio has to be determined at which the FRP RC
section fails as a balanced section to be able to select the right mode of flexural failure. The

balanced reinforcement ratio may be calculated by Equation 2-15.

fea Ef- Ecu Equation 2-15

= ['1 A _—
pfb [Ef-gcu +ffd

" ra
Where:

fea  Design compressive strength of concrete, MPa
Ef Modulus of elasticity of FRP, MPa

ffa Design tensile strength of FRP rebar, MPa

&q  FRP design tensile strain

&~  Concrete ultimate compressive strain, MPa
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When the ratio of longitudinal FRP reinforcement ( pf), is higher than ( psp) the flexural
failure is predicted to occur due to concrete crushing, therefore, the ultimate moment
resistance (M,,) may be calculated by Equation 2-16.

) AE Equation 2-16
My =n fea-bd® (A5)(1 - 7)

Where:
o= Ace fek Equation 2-17
cd —
Ye
a.. =1.0
£ = X & Equation 2-18
d & +eq

A=08andn =1 for f < 50MPa

_ _ fck_50
1=08— (1220 for 50 < fy < 90 MPa

n=10-(22) for 50 < fy < 90 MPa

200

4na Ae ion 2-
—eq + \/Quz + 20 ycccp];cl%f cu Equation 2-19

Ef— )

However, when the ratio of longitudinal FRP reinforcement ( pf), is lower than ( ps;) the
flexural failure is predicted to occur due to reinforcement rupture, therefore, the ultimate
moment resistance (M) may be calculated by Equation 2-20.

Ar f AE Equation 2-20
fIfk
=Lk -2y

M
u ,yf 2
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2.13 Summary

This chapter aims to provide the reader with a background of foamed concrete and GFRP
reinforcement. In the past few decades, significant developments have been made to
understand the GFRP reinforced structures behaviour. Based on the critical literature
review and the results of previous research described in this chapter, the following

summary can be drawn:

e Foamed Concrete is a type of lightweight concrete which is consisting of mortar or
Portland cement paste with a homogeneous pore structure created by entrained air
voids.

e FCcan be produced by using foaming agents (physically aerated concrete) or by adding
aluminium powder, calcium carbide and hydrogen peroxide (chemically aerated
concrete).

e FC has been used in the construction industry in non/semi-structural applications such
as void filling materials, thermal, sound insulation but not in structural applications
when higher strength is required.

e FC mechanical properties could be influenced by its density, cement/sand ratio and
additives that added to FC mixes.

e |t was observed that the behaviour and structural performance of concrete members
reinforced with FRP are different than those of steel-reinforced members.

o Unlike steel-reinforced beams, beams reinforced with FRP do not show any yield
behaviour. For this reason, it is not recommended to use FRP reinforcement in
members where moment redistribution is required, such as in moment frames.

e The bond strengths between concrete and FRP bars can be slightly lower than those
provided by steel reinforcing bars.

e There are no full existing standards for FRP RC member’s design. However, guidelines
were published to estimate moment capacity, shear strength and deflection of FRP RC

members.
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Chapter 3

Foamed Concrete Development: Experimental Programme

3.1 Introduction

The purpose of this chapter is to clarify the methodological framework used to conduct this
research. The methodology was chosen as relevant to the tasks. A quantitative study
approach was adopted in this research to deal with the research problem. The data
collection involves numeric information through experimental, theoretical and numerical

programmes.

The experimental programme in this study is falling into two main phases: FC mechanical
properties development phase and the structural behaviour phase. This chapter covers
phase one, which is all about developing the mechanical properties of foamed concrete
including; design mix trials, produce a range of foamed concretes of density between (800-
1800) kg/m3 with and without additives, vary s/c and w/c ratios. Investigate the
mechanical properties; compressive strength, tensile strength, flexural strength, direct
tensile strength, shear strength, stress-strain relationship, and modulus of elasticity) and
develop these properties to be suitable for structural use. Table 3-1 summarises the

experimental research programme.

FC has been recognised as a multipurpose construction material that environmentally
sustainable, lightweight, durable, simple to use with high thermal and sound insulation
(Kong et al., 2018). However, the potential utilization of foamed concrete in structural
applications has been inhibited by the challenge of achieving high strength (Falliano et al.,
2020).

Phase two investigates the structural behaviour of foamed concrete by studying the bond
behaviour of FC with steel and glass fibre reinforced polymer (GFRP) reinforcing bars using
the pull-out test and beam test. Examine the flexural behaviour of full-scale simply
supported normal/foamed concrete beams reinforced with steel/GFRP bars to study the
load-displacement response, moment capacity, crack pattern and mode of failure with

steel and GFRP bars reinforcement numerically and experimentally.
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Table 3-1: Experimental research programme

Purpose

Test programme

Expected Findings

Developing the
mechanical properties
of FC.

Phase Produce a range of FC
1 with density (800-1800)
kg/m3 with/without
Additives.

Testing:

Compressive strength
Tensile strength
Flexural strength
Shear strength
Modulus of elasticity

Produce FC with a
density of no more
than 1800 kg/m?3
and compressive
strength of 28 MPa or
more

Study the Structural
behaviour of FC
experimentally and

Testing:
The bond behaviour of FC with
steel and GFRP reinforcing bars.

Study the effect of
additives on bond
behaviour of FC with

Phase numerically. Reinforced (Steel/GFRP) simply steel and GRP rebar.
2 supported full-scale beam to Examine the
examine the structural behaviour, structural behaviour
crack pattern and mode of failure. of foamed concrete
Software modelling (simulating)
studying the failure of the loaded
beam and compare results.
3.2 Materials

Tanveer et al., (2017) stated that the key raw materials of foamed concrete are cement,
sand, water and foam. However, additives or admixtures may be used to improve a specific
property of the concrete. Consequently, in order to meet the aim of producing foamed
concrete with enhanced strength certain additives, such as Metakaolin (MK), silica fume
(SF) and Waste Toner were used in this study. A combination of the following constituent

materials was used to produce foamed concrete in this research.

3.2.1 Cement

The Ordinary Portland cement (OPC) 32.5N and Portland cement CEM 142.5 N conforming
to BS EN 197: Part 1: 2000 were used in this study. The total cementitious material in this
study was between (250- 560) kg/m3, as Ramamurthy and Nambiar (2009) stated that the
improvement in strength obtained by increasing the cement content above 500 kg/m?3is

small. However, according to Mohammed and Hamad (2014) for structural foamed
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concrete cement content may increase up to 600 kg/m3. The chemical composition and

main properties of cement used for the study were shown in Table 3-2.

3.2.2 Silica Fume (SF)

The silica fume (SF) used in this study is conforming to BS EN 13263-1 (2009). In order to
improve the strength of FC, 10% and 15% of the total weight of the cement was replaced
by SF. It was noticed that Silica fume might improve the compressive strength of FC if
replaced up to 15% of cement content by weight only where the foam content is less than
30 per cent by size (Wang et al., 2020). However, for higher foam contents mixes, the
increase in strength was minor. Lee et al., (2014) stated that in foamed concrete silica fume
was found to have little effect on shrinkage. Mohammed and Hamad (2014) mentioned
that silica fume increased normal weight concrete compressive strength. However, it was
found to generate much heat of hydration, which is not favourable for foamed concrete as
it may lead to significant temperature increases which may have an adverse effect on foam
bubbles. The chemical composition and main properties of silica fume are shown in Table

3-2.

3.2.3 Metakaolin (MK)

Chun et al., (2007) noted that Metakaolin (MK) is a pozzolanic ultra-fine material, with a
specific surface area in the range of 4000 m?/kg to 12000 m?/kg. MK is an extremely
active and effective pozzolan for the partial replacement of cement in concrete
(Mohammad, 2011). MK is normally produced by the calcination of kaolinitic clay at a high
temperature reaching 800°C. Khan et al., (2019) stated that the presence of MK in concrete
improves several physical and mechanical properties of the produced concrete such as
increases workability, compressive and tensile strengths, durability, resistance to chemical
attack and reduces permeability, effects of alkali-silica reactivity (ASR), shrinkage. Despite
the fact MK has the potential to improve the mechanical and durability properties of

concrete, its use is still limited due to its high cost (Awang et al., 2014).
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Table 3-2: Chemical composition and main properties of cement and fillers, percentage by mass compound

(Othuman Mydin, 2010) and (Zhang et al., 2020).

Compounds/ properties CEM 142.5N Silica fume Metakaolin Waste
Toner
Cao 64.45 1.9 0.01 2.5
SiO» 22.25 96.95 56.7 10-20
Binder Resin - - - 50-80
Al,0; 4.75 0.25 39.8 -
Fe 03 3.35 0.15 0.51 10-20
Carbon black- C - - - 0.1-5
SOs 1.95 0.00 0.00 0.05
Ground sand - - - 1-5
MgO 1.45 0.25 0.25 -
K,0 0.9 0.15 1.82 -
TiO, 0.35 0.35 0.81 0.01
Na,O 0.35 - 0.09 -
MnO 0.20 - 0.01 -
Density (g/cm?3) 3.15 2.25 2.60 1.7
Particle size distribution
D90 (um) 34.24 7.35 8.07 -
D50 (um) 12.38 1.73 1.90 31.5
D10 (um) 1.64 30.85 20.69 68.5

Khan et al., (2019) mentioned that the incorporation of MK, up to 25 per cent by weight of

cement, has shown pore refinement to 60 per cent of the original pore size. Up to date,

very limited literature has been published on the use of MK in foamed concrete, and all of

this literature is recommending more investigation on the Mk effect on FC properties. In

the study of developing the mechanical properties and structural behaviour of foamed, MK

was used as a replacement of cement of 20 per cent by weight.
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3.2.4 Waste Toner

Toner is a dry ink powder with particles size of 5-50 micrometre, mainly made from a
polyester resin/styrene acrylic copolymer which is brittle and has a low melting
temperature of 110 °C. The waste toner used in this research is a mono-component type,
it is magnetic and has a large proportion of binding resin and iron-oxides (Pirela et al., 2015).
Shawnim, 2018 noted that Waste Toner could improve FC compressive strength by 20%.

As shown in Table 3-2. Toner is composed of the following basic components.

e Polymer - commonly stiff to enable efficient particle manufacture and low melting point
to allow quick thermal fusing.

e Colourant (pigments such as carbon black and Iron oxide) - to provide the desired toner
colour.

e Charge control agent — to allow the charge features of the toner to be fine-tuned.

e Flow control additives (Amorphous silica / fumed silica) — to prevent the toner from
caking.

e Wax —to prevent toner from sticking to the heated fuser rollers.

Toner is a waste material taken from used laser printers’ cartridges. Toner could be
considered as a sustainable and cost-effective additive material, where the material is from
old printer cartridges. It might be collected of the expired and waste material which may
come at no cost at all. In this research Toner is used as an additive to the mortar at 5 per
cent of the binding cementitious material (cement) by weight. Figure 3-1 shows Portland

cement and additives materials.
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Silica fume (SF)

Metakaolin (MK) Waste Toner (Ton)

Figure 3-1: Portland cement and additives materials

3.2.5 Fine Aggregate

Natural siliceous sand conforming to ASTM C144 and BS EN 12620, (2009) sieved to remove
particles greater than 2.36 mm in diameter was used to improve the stability and flow
features of the final product (Jones et al.,, 2016). The Coarse aggregate is not used in
foamed concrete production as the fine air voids structure cannot support bigger size
(heavyweight) aggregate which may lead to segregation. Sands compliant with ASTM C144
and BSEN 12620, (2009) are suitable for foamed concrete production according to (Lesovik
et al., 2020). Researchers such as Jones and McCarthy (2005), Ozlutas (2015) and Mehta,
(2017) used fine aggregate conforming to BS EN 12620 to produce foamed concrete with a
density between 800 and 1600 kg/m3.

Based on previous studies, Ikponmwosa et al., (2017) noted that alternative fine aggregate
materials such as chalk, Lime, incinerator bottom ash, crushed concrete, recycled glass and
Lytag fines are possible to be used in foamed concrete as waste or sustainable materials to

reduce the overall density.

3.2.6 Water
The significance of water in normal concrete is well-documented. However, a brief review
would help understand the role of water in foamed concrete. Water is an essential element

in the production of concrete; to wet the aggregate, precipitate chemical reaction with the
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cement, and lubricate the mixture for easy workability (Lee et al., 2014). Water proportion
is normally added to the mix by weight based on the water/cement ratio. The mix of water
with cement should comply with BS: EN:1008:2002, (2002) Mixing Water for Concrete. This
standard covers the utilization of potable water and establishes a guide to reuse the water
that is reclaimed or recovered from processes in the concrete industry. Highways Agency
(HG) and the future of Transport (TRL) (2001) stated that it is fundamental to use potable
water in foamed concrete, especially when the foaming agent is protein-based for the
reason that organic contamination may have an adverse effect on the quality of the foam,

and hence the concrete produced (Ching, 2012).

Awang et al., (2014) mentioned that the effect of water proportion on some foamed
concrete properties is different to its effects on normal concrete. Ramamurthy and
Nambiar (2009) stated that the w/c ratio plays fewer roles on the strength of foamed
concrete than normal concrete. However, De Villiers (2015) noted found that the w/c ratio
is an important factor in foamed concrete, where too much water may lead to segregation
and too little water may lead to disintegration. (Meera and Gupta, 2020) stated that using
a small proportion of water leads to water withdrawal from the foam and the foam
degenerates quickly. However, they suggested that the w/c ratio required to achieve
acceptable workability in foamed concrete is ranging from 0.35 to 1.25 dependent on; type
of binder(s) used, the use of a plasticizing agent, wet density targeted, the strength
required. The w/c ratio chosen for this study is 0.5 as it is the most recommended ratio by

several researchers (Mohammed and Hamad, 2014).

3.2.7 Foaming Agents (surfactants)

There are several types of Surfactant available on the market. The surfactants used in this
study have been proven to be effective in producing foamed concrete, which is protein -
based surfactants. Ramamurthy and Nambiar (2009) mentioned that protein surfactants
have more stable and closed cells, which result in higher foamed concrete strengths.

Foamed concrete produced employing protein surfactant was found to have a

strength/density ratio of about 50 - 100 per cent higher compared to those using synthetic
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surfactants. Figure 3-2 illustrate Foam making products showing: foaming agent, foaming

machine and foam.

Therefore, commercially available protein - based surfactant (ProPump, Protein 40) was

employed to produce preformed foam aiming to achieve low density foamed concretes
with higher strengths. The surfactant solution’s concentration used in this study to produce
foam is typically 50 g per one litre of water, which is used throughout this study to produce
foam with a density of 50 + 5 kg/m3. The preformed foam was prepared from a 5 per cent
aqueous surfactant solution in a dry system generator. The foam density was found to be

between 43 and 53 kg/m3.

p
NGINEERING°

HE FOAMED CONCRETE SPECIRLSTS

PROPUMP i
o
{

FOAMING /VEENT

swn
e pef wire

Figure 3-2: Foam making products showing (a) foaming agent (b) foaming machine and (c) foam

3.3 Mix Design

Gangatire and Suryawanshi (2016) stated that there is no standard specification for foamed
concrete mix design. Therefore, in this study, the author used the method of absolute
volumes. This method was used in a number of studies. The method began with the
selection of w/c ratio, target plastic density and cement content were considered as
essential factors while designing the foamed concrete mixes. The mix was then

proportioned by the absolute method volumes (Ramamurthy and Nambiar, 2009).

Hashim (2014) mentioned that that mix proportions of foamed concrete should be chosen
according to specific requirements such as strength, thermal conductivity, shrinkage, etc.
Consequently, the constituent materials selected for this study have been chosen to

produce foamed concrete with relatively high strength and low density. According to Lee
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et al., (2014), several studies have stated that in general, the optimum w/c ratio of foamed
concrete lies between 0.4and 0.6 but with superplasticizer, the w/c ratio might be reduced
to as little as 0.25. As no superplasticizer used in this study, the w/c ratio chosen is 0.5,
where it was provided sufficient consistency for the majority of mixes within the range of

densities and constituent materials (Ramamurthy and Nambiar, 2009).

3.3.1 Examples of Mix Design
In the method of Absolute Volume, mix proportioning starts with the selection of the plastic
concrete density, water/ binder (w/c) ratio and sand /cement (s/c) ratio or the cement

content. The mix design steps are explained in the following example.
Plastic density of foamed concrete required =1600 kg/m?3

e Sand/ Cement ratio =2

e Water/ Binder ratio (w/b) =0.5

e Specific gravity of cement = 3.15

e Specific gravity of sand = 2.35

e Unit weight of water = 1000 kg/m3
e Unit weight of foam = 45 kg/m?3

The total mass of raw materials = 1m3x1600 kg/m3=1600 kg

Table 3-3: Absolute volume method for mix design

. . . Absolute
Material Mass kg in 1m3 Calculation
Volume m3
Cement 457.15 457.15 1 0.145
' X3 151000 '
Sand 914.275 914.275 1 0.39
' 270X 3541000 '
Water 228.571 228.571X 79500 0.228
Total 0.763
Air volume
. 1m3-0.763 0.236
required
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The air content in foam produced by using ProPump, Protein 40 foaming agent is about

95%, therefore foam volume is:

0236 _ o s
005 _ crem

The amount of foaming agent required to produce 248 litres of foam is:

0.8 ml x 248

=198.4ml = 0.28 kg
1L

The amount of water required to produce (248) litre foam is:

45g x 248L

=111 =11.16k
10 60g 6 kg

The excel sheet used for all mix designs is available in Appendix A.

3.4 Experimental Concrete Production

Foamed concrete production using the pre-formed foam method is a simple and not
expensive process, apart from the foam generator, all equipment that already available for
normal concrete production may be used for foamed concrete production (Krishna et al.,

2021).

3.4.1 Foam Production

Producing foam with a density of 50 + 5 kg/m3required 50g of surfactant in a litre of water
to prepare the aqueous surfactant solution. Foam is produced by foam generator shown in
Figure 3-3 A. Foam densities were typically found to range between 43 and 53 kg/m3. The
density of foam was found to be affected by the pressure applied in the foam generator
(Jalal et al., 2017). Therefore, as recommended by Ramamurthy and Nambiar (2009), the
pressure gauge of the foam generator was set to 345 KPa (50psi) in order to produce foam

with the lowest possible density.
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Figure 3-3: Foam production and use in foamed concrete showing (A) Foam generator (B) Foam (C) Foam
mixed with raw concrete (Alkurdi et al., 2020)

3.4.2 Foamed Concrete Production

As no standard controls foamed concrete production, the procedure described by (Jones
et al., 2005b) and followed by most researchers is applied in this study for the foamed
concrete production see Figure 3-3. Therefore, the dry constituents (cement, fine
aggregate and additives) were combined in the mixer for about one minute followed by the
total amount of water to be mixed properly for about 2-4 minutes or up until a

homogeneous mix with no lumps is obtained.

In the meantime, the pre-formed foam is produced by a foam generator, to be added to
the base mix immediately. The mix then is combined for one minute or until the foam is
evenly distributed throughout the mix. The plastic density of the mix is measured
immediately once the mixing is completed in accordance with BS EN 12350-6, (2009) by

weighing the foamed concrete sample in a known volume pre-weighed container. Check
whether the plastic density of the mix is within the stated tolerance limit of = 50 kg/m?.
In case the measured plastic density found to be higher than the limit, additional foam is
produced and added immediately to the mix until achieving the target density. However,

mixes with lower plastic densities than the stated limits are excluded. Foamed concrete

production in this study was mainly carried out in a rotary drum as shown in Figure 3-4.

75



Chapter 3

Figure 3-4: Foamed concrete production showing (A) dry materials (B) dry materials in rotary drum (belly
mixer) (C) foam added to the wet mix (D) foamed concrete product.

3.4.3 Preparation of Forms and Sampling

Forms including cubes, cylinders and prisms are prepared before start mixing as described
by Ramamurthy and Nambiar (2009). Mould release oil was applied by brush on all forms
of internal surface to ease the deforming process. Then, carrying out the sampling and

cover all samples with cling film as in Figure 3-5.

Figure 3-5: The form preparation and casting showing (A) Form preparation, (B) Foamed concrete in a cube
form, (B) Foamed concrete is cast in cylinders, cube and prism form, (D) Demoulded foamed concrete cubes.

3.5 Curing

The definition of concrete curing by (BS 8110, 1985) is “the process of preventing the loss
of moisture from the concrete whilst maintaining a satisfactory temperature regime”. The
curing methods for conventional concretes are well-known. However, for foamed concrete,
the curing regime is still being explored. Falade at el., (2013) stated that for foamed
concrete the highest strengths were obtained on specimens sealed in plastic bags and held
at a constant temperature of 22 °C. Therefore, the curing method adopted in this research
is sealed curing, where specimens are wrapped in cling film and stored at a constant
temperature of 22 °C as this was the most common curing regime adopted by other

researchers (Kearsley and Wainwright, 2001, Falade, at el., 2013, Fouad, 2007, Tanveer at
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el., 2017). Using cling film to wrap the specimens which had been de-moulded after 24
hours then the specimens are labelled and placed in a controlled dry room where the

temperature was maintained at 20 £ 2 °C until testing see Figure 3-6.

Figure 3-6: Foamed concrete beams, prism, cylinders and cubes are sealed for curing.

3.6 Test Programme
Foamed concrete will be tested in its fresh state to study its consistency and wet density,

as well as in its hardened state to study the mechanical properties.

3.6.1 Fresh State and Early Age Tests

3.6.1.1 Consistency

Foamed concrete workability (flow behaviour) is assessed by modified Marsh cone method
introduced in 1999 at Dundee University by Dhir, and used by (Brady et al., 2001) (Ozlutas,
2015), (Hilal, 2015a), (Mohammad, 2011), (Hilal, 2015b) and (Mehta, 2017). Figure 3-7

illustrates the set-up and dimensions of the modified Marsh cone.
The procedure is as follows:

I. A Marsh cone is attached to a stand. See Figure 3-7.
Il.  Closing the nozzle, the cone then filled with 1.5 litres of foamed concrete.
. Measuring the time for 1 litre of foamed concrete to flow through the constricted

orifice.

The flow time and behaviour are classified as in Table 3-4 (Jones et al., 2003).
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Table 3-4: Classification of foamed concrete flow ((Jones et al., 2003)

Main Class Flow Rate Sub Class Description of flow
1 1 litre in < 1 minute A Constant flow
2 1 litre in > 1 minute B Interrupted flow

Completing of flow after gentle

3 0.5 litres <efflux< 1 litre C .
tamping
4 Efflux < 0.5 litres D Low flow
5 No flow E No flow
1.5 litre sample 152 mm
poured into
cylindrical cone ~
305 mm
P o
N
50 mm
127mm —| |& N

1 litre

Figure 3-7: Dimensions of modified Marsh cone

3.6.1.2 Density

The plastic density of produced foamed concrete is measured in accordance with BS EN
12350-6 (2000) with values only of + 50 kg/m?3 of the target, density is accepted. This is
done by filling a container of known volume and mass with foamed concrete Figure 3-5 b.
Removing the excess amount from the top of the container and get it levelled without
compaction. The container then is weighed to obtain the plastic density using the following

equation:
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Pm = M Equation 3-1

Where:

Pm Target plastic density, kg/m?3

M, Combined mass of container and samples, kg
M, Mass of empty container, kg

V Volume of the container, m3

Jones, Ozlutas and Zheng (2016) established a linear equation that related foamed concrete
plastic density with its dry density specially designed for a density range of 1200 kg/m3and
1800 kg/m3. Equation 3-2 suggested that in order to achieve the target dry density the
plastic design density should at least be 105 kg/m3greater than the required dry density.

Puwee — 105 Equation 3-2

Pary = — 1,05
Where:

Pary Targetdry density, kg/m?

P,.. Wetdensity, kg/m?

Table 3-5 shows the plastic (wet) and target dry density (oven-dry) after drying at 105°C
until achieving a constant weight (No changes in weight), against the flow rate of the fresh
mixes. For densities of the selected 1:1.5 ¢/s ratio mixes ranging from 800 to 1800 kg/m?3.
These values are adopted as the mean average value of three 100 mm cubes, Figure 3-8

summarises the designed wet, measured wet and fully dried densities.
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Table 3-5: The plastic (wet) and target dry density

Mix Design wet Average measured Average measured Flow Rate
density (kg/m3) wet density (kg/m?3) dry density (kg/m?) Class

8Co 800 788 660 A
8Ton 800 761 646 A
8MK 800 841 712 B
8SF 800 810 686 A
10Co 1000 991 856 A
10Ton 1000 972 838 A
10MK 1000 1038 875 B
10SF 1000 1005 845 A
12Co 1200 1189 1049 A
*12Ton 1200 1195 1060 A
12MK 1200 1234 1077 B
12SF 1200 1211 1070 A
14Co 1400 1362 1235 A
14Ton 1400 1373 1240 A
*14MK 1400 1440 1268 B
*16Co 1600 1569 1433 A
16Ton 1600 1601 1450 A
16SF 1600 1623 1462 B
18Co 1800 1807 1647 B
18Ton 1800 1796 1640 B
*18SF 1800 1841 1670 C

Note: *12Ton is waste toner FC with a target plastic density of 1200 kg/m?3.
*14MK is Metakaolin FC with a target plastic density of 1400 kg/m3.

*16Co is the control (No additives) FC with a target plastic density of 1600 kg/m3.
*18FS is silica fume FC with a target plastic density of 1800 kg/m3.
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Figure 3-8: Designed wet, measured wet and fully dried densities of foamed concrete.

3.6.2 Hardened Concrete Tests

3.6.2.1 Compression Test

Unlike normal concrete, foamed concrete designed for specific density rather than
compressive strength as in standard concrete. The compressive strength of foamed
concrete is affected greatly by the density, sand/cement ratio and less by water/cement
ratio. Sealed cured cylinders and cubes of size 150 X 300 mm and 100 X 100 X 100 mm
respectively were tested for compressive strength 28 days in accordance with BS EN 12390-
3, (2009). The specimens were located and centred under the loading plate and positioned
to have even surfaces in contact with the loading plates see Figure 3-9. The equipment
calibrated to apply low load values ranging from 10 to 50 N/Sec. The failure loads are
recorded, and concrete compressive strengths are calculated using Equation 3-3. The
compressive strength of the specimens is calculated to the nearest 0.1 N/mm?. In the case
of cylinders, a dial gauge is used to measure the displacement while loading in progress to

draw the stress-strain relations, thus find the modulus of elasticity.
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Figure 3-9: Compression test for cubes and cylinders.

Compressive strength for cubes and cylinders calculated as follows:

F
'c = — Equation 3-3
f A
Where:
f'c  Compressive strength, N/mm?
F Maximum load at the time of failure, N

A, Cross-sectional area on which the load is applied, mm?

3.6.2.2 Modulus of Elasticity

The modulus of elasticity (E) of foamed concrete mixes with and without additives was
determined using 150 x 300 mm cylinder specimens. Following BS 1881-121 (1983) three
specimens were tested for each mix at an age of 28 days. Each specimen was fitted with
two potentiometers and strain gauge to measure the axial displacement as shown in Figure
3-10. Throughout the testing, every specimen was loaded with cyclic loading up to 1/3 of

the ultimate load capacity as follows:

e The specimens placed in the machine, then 0.5 MPa as basic stress (o;) was applied
and the strain gauge reading at each potentiometer was recorded.
e The stress was increased gradually at a constant rate of 0.5 MPa/s up to 1/3 of the

ultimate compressive strength (o,) (estimated from the 100 mm cube strength
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assuming that the cylinder strength is about 80% the cube strength (Tanveer et al,,
2017).

e Then, the stress was kept for one minute before start reducing the stress at the same
rate up to the level of the basic stress (o}, ) to finish the first cycle.

e After completion of the second cycle and a waiting period of 60 seconds under
stress (03, ), the strain readings (g;,) were recorded at the four potentiometers.

e The specimen then reloaded to stress (o,), and record the strain reading (g,) and take
the average from the four readings.

e Finally, to determine the compressive strength, the stress was increased at the same
rate up to the failure point. This loading process is illustrated in Figure 3-10. The

modulus of elasticity (E') might be calculated by Equation 3-4:

O,— O
E = 4 b Equation 3-4
€a— €p
Where:
O, Upper loading stress (MPa), where (o, = f'c/3)
Op Basic stress (i.e. 0.5 MPa)

€,  Strainunder (o,)

€p Strain under (o})
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Figure 3-10: Static Modulus of Elasticity test

3.6.2.3 Four Points Flexural Test

The modulus of rupture (f,.) value is measured at 28 days and calculated based on the
location of the observed fracture in accordance with BS EN 12390-5, (2009). The tests were
carried out with a digital log keeping and digitally controlled automatic loading machine.
The prisms were placed centrally on the supports under the four-point loading machine
and positioned to have even surfaces in contact with the loading plates, Figure 3-11. The
rate of loading was kept constant at 500 N/min for low-density specimens, and
1000 N/min for high-density specimens during testing until prism failure. The failure load
and flexure extension (deflection) were recorded by the digital software of the machine.
Wahyuni (2012) stated that the values of tensile strength measured using a flexural test is
higher than those obtained by the cylinder splitting test, and the value obtained by the

cylinder splitting test still higher than those obtained by direct uniaxial tension test.

A total of 36 prisms (100 x 100 x 400) mm samples and 12 beams (90 x 120 x1200) mm
samples were tested, and the experimental average flexure strength test results are
presented in Figure 3-11. The flexure test results conducted for all mixes, each of which
contained six prisms and two beams. Modulus of rupture could be calculated by Equation

3-5 in accordance with BS EN-12390-5 (2000).
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= ﬂ Equation 3-5
" bxd?
Where:
f Flexural strength, N/mm?
F Maximum load, N
L Beam span, mm
b Average width of the specimen, mm
d Average depth of the specimen, as oriented for testing, mm

Figure 3-11: Four points load flexural test

3.6.2.4 Splitting Tensile Test

Tensile strength (f;) is not one of the performance criteria in the design of concrete.
However, it is an essential property of the foamed concrete that should be determined on
the hardened concrete and it can be used to estimate the time and place of cracks that
occur in the concrete under a given load. The splitting tensile strength is rather well
established and included for instance in ASTM C496-96, (1996) and Eurocode 2 (BS EN1992-
1-1:2004).

The preparation for testing in accordance with ASTM C496-96, (1996) starts with cleaning
the bearing surfaces of the testing machine, removing any loose material from the surfaces
of the test specimen. Placing the test specimen in the centring jig, with packing loading
pieces carefully positioned along the top and bottom of the plane of loading of the
specimen. Then place the jig in the machine so that the specimen is located centrally.

Ensuring that the upper platen is parallel with the lower platen with cylindrical specimens.
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Apply and increase the load continuously at a nominal rate within the range of 500-1000
N/min. Maintain the rate and record the maximum load applied to the specimen. The

tensile splitting strength (f;,) in N/mm? is given by the formula:

f — L Equation 3-6
sp

mxdxl
Where:
fsp Splitting tensile strength, N/mm?
F Measured peak load, N

d Diameter of the specimen, mm

l Length of the specimen, mm

Figure 3-12: Splitting tensile (Brazilian) test

3.6.2.5 Direct Tensile Test

The direct tensile strength is calculated based on the test results obtained from splitting
flexural strength or tensile strength using conversion factors. Nevertheless, (ACl Committee,
2003) stated that these conversion factors might not be applicable for foamed concrete.
Understanding the direct tensile stress-strain behaviour of the foamed concrete is
significantly important, as it affects the cracking, deflections, shear and bonding behaviours
of reinforced concrete elements constructed with foamed concrete. This study proposes a
new test setup to determine the uniaxial direct tensile strength of the foamed concrete as

shown in Figure 3-13a.
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Wooden mould dimension of 100 x 100 x 500 mm to create samples for direct tensile
strength. The width of the mould was narrowed by two pieces of the triangular-shaped
timber with the base of 40 mm and height of 20 mm were taped in the centre of the
specimen inside the wooden box as shown in Figure 3-13B, to control the failure place to
be in the middle of the specimen. The Framework was embedded with two gripping claws
assembled from bolts, nuts and washers with the gripping claws as shown in Figure 3-13a
all were specifically designed for this study in the workshop. Recent research (Alhussainy
et al., 2016) used a similar technique to cast samples for direct tensile tests. Nevertheless,

the method used in this study is easier, faster, and cost-effective.

Figure 3-13: Direct tensile test shown (A) Test setup, (B) prism casting, (C) Direct tension applied on the
prism and (D) Failed prisms.

As there is no standard of practice for direct tensile strength tests for foamed concrete, the
test was established according to a study conducted in the school of Civil and
Environmental Engineering at the University of Wollongong Australia (Alhussainy et al.,

2016).

With a loading capacity of 30 kN, the INSTRON automated testing machine is used to apply
an axial tensile load on the specimen as shown in Figure 3-14 with a stress rate of 1 kN/min.
Two threaded jaw attachments with a diameter of 14 mm holes were designed. One side
of the nut will fit in the bolt embedded in the specimen and the other side will go into the
jaw of the INSTRON machine to create a grip to allow axial tension in the specimen. The

direct tensile splitting strength (f;) in (N/mm?) is given by Equation 3-7:
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ft = F Equation 3-7
bxd
Where:
ft Direct tensile strength, N/mm?
F Measured peak load, N
d Depth of specimen, mm
b Width of the specimen, mm
Load cell
Jaw ——
Chain —
Nuts and
washers

Strain gauge

Concrete
specimen

Screwed bolt

Hinge

500mm

Figure 3-14: Direct tensile test for foamed concrete
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3.6.2.6 Direct Shear Test

Investigating the shear strength using a modified push-off specimens test method as there
is no standard of practice for direct shear behaviour for foamed concrete. A total of 18

push-off specimens 100 x 100 x 500 mm were tested.

The specimen is supported on two rigid steel blocks 250 mm apart. A 10 mm deep notch
was sawed all around the specimens in between the loading and the supporting edges, to
ensure the shear failure plane, as shown in Figure 3-15. To simulate the foamed concrete
specimen real behaviour in direct shear test, the end parts of the specimen were secured
against any rotation using two adjustable yokes on each side as shown in Figure 3-15 and

Figure 3-16.

OO N NN SNONON N
N\ N\ N ™ N
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Low speed pressure generator
——

Support Shear l Strain Concrete
plane gauge specimen

100mm

250mm

500mm

Figure 3-15: Modified direct shear test setup for formed concrete

A static load was applied at a rate of about 50 N/sec. The applied load data were
electronically recorded every second. All measurements were made on three specimens
for each mix. The ultimate shear strength (T,,,4,) of the specimen was calculated using the
following Equation 3-8.

F

Tmax = = Equation 3-8
2(b x d)

Where:

Tmax Ultimate shear strength, N/mm?
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F Measured peak load, N
d Depth of specimen, mm

b Width of the specimen, mm

Figure 3-16: Shear test shows (A) test setup (B) shear test and (C) shear cracks under loading.

3.7 GFRP Mechanical Properties Testing
GFRP rebar, as an alternative material to steel, is used to reinforce structural elements. In

this study, six samples, three of each bar size 8 mm and 16 mm of GFRP bars were tested

under uniaxial tensile test to investigate the ultimate tensile strength (1), tensile strain

( € tu) and the modulus of elasticity (E) of the material. Figure 3-17 show the direct tensile

test setup for the GFRP bars.

The ultimate tensile strength of GFRP bars may be calculated by dividing the measured

maximum load over the cross-sectional area of the GFRP bar as shown in Equation 3-9.

E Equation 3-9
u
fu=
Where:
fu Ultimate tensile strength, N/mm?
E, Maximum load at the time of failure, N
A Cross-sectional area on which the load is applied, mm?
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Figure 3-17: Direct tensile test setup for GFRP bar

The modulus of elasticity of GFRP bars can be given by the following Equation 3-10.

(F1 — F) Equation 3-10

E=—"——""
(61— &2).A

Where:
F;, F, Applied loads corresponding to 50% and 25% of the ultimate load respectively, N

&1, & Corresponding strain to forces F; and F,

A Cross-sectional area of GFRP bar, mm?
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3.7.1 Bond Behaviour

3.7.1.1 Pull-out Test

The pull-out test is normally used in the assessment of the bond performance of steel bars
in concrete. However, in this study steel and glass fibre reinforced polymer GFRP bars are
tested. Two different bar sizes used in this study 8 mm and 16 mm. Following RILEM/TC9-
RC (1983) cube sizes of 200 x 200 x 200 mm or (10 x d}) were used with 16 mm and 8 mm
bars. The moulds were fabricated using 6 mm MDF. According to BS EN12390-3 (2002), the
bonded length of samples is 5d» and the un-bonded length of the bar achieved by wrapping
the bar section with parcel tape before pouring the concrete as shown in Figure 3-18. The
bars were inserted through the base of the moulds and secured in place externally and the
gap was sealed to reduce seepage and retain pore water during the initial 24 hours of curing.
After 24 hours of curing at 20 + 5 °C the samples were removed from their moulds cured

using cling film and placed in a control room at 20 + 5 °C for 28 days.

A total of 48 specimens prepared in accordance with BS EN12390-3 (2002) and cast with
two different sizes based on the rebar sizes. Concrete samples were cast as controls to
monitor the concrete properties of each mix Including three cylinders for compressive

strength test and another three for splitting tensile test.

Reinforcingbar ——»

wots |

10 ds (min of 200mm)

Concrete Ly Bonded
specimen length 5
Q.
w
) 3
Plasticsleeve @—(————» ES
Deboneded . =
length =
o
3
2

Reactions —»

i

Pull-out Load

Figure 3-18: Pull-out test specimen
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The tests were carried out following the test method and specification in RILEM TC9-RC,
(1983). Figure 3-19 shows the setup of the test. The specimens were tested using a
universal testing machine with a maximum capacity of 100 kN. The specimens were placed
on a 250 x 250 mm steel plate supported by the stationary head. A rubber sheet was placed
between the plate and the cube, in order to ensure that a uniform stress distribution was
applied to the face of the cube. The tension force F was applied to the longer end of the
reinforcing bar gripped by a moving head of the test machine through the 50mm diameter

central hole in the plate as shown in Figure 3-19.

Figure 3-19: Pull-out test shows (A) specimens casting, (B) specimens curing, (C) pull-out test, (D) failed
specimens

The maximum bond stress could be calculated based on pull-out force using Equation 3-11.

E Equation 3-11
_ max

Thmax = (T[. db -Lb)

Where:

Tpmax Maximum bond strength, N/mm?
Fpnax Maximum pull-out force, KN

dp Bar diameter, mm

Ly Embedment length, mm
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3.7.1.2 Bond Beam Tests

The bond beam specimens were prepared according to the specifications in RILEM TC5-RC,
(1982). The ribbed bar has a bonded length of 10 x bar diameter embedded in 100 x 180 x
800 mm. One-millimetre thick plastic sleeves were used to ensure that the bar was
deboned elsewhere, see Figure 3-20. A total of 12 beams were tested, six with steel bars
and six with GFRP bars. Two bar sizes 8 mm and 16 mm were used in both steel and GFRP

bars.

F/2 F/2

150mm Bonded Deboneded DT
LvDT  Concrete specimen ¥

1 length length 100mm
J \ | | J

||

wwogT ‘

‘50

—

.

650mm

Y
v

800mm

Figure 3-20: Beam bond test specifications and dimensions

The specimens were tested in a two-column hydraulic universal testing machine with a
maximum capacity of 300 kKN. Supported by two rollers supports in both ends on top of the
stationary head to avoid any arching effect. A 100 mm wide steel hinge made from two
piecesin a T shape was placed at mid-span in the compression zone of the beams, as shown

in Figure 3-21.

94



Chapter 3

Figure 3-21: Beam bond test preparing and testing

The load was applied on the top of the beam continuously throughout the test, with a
loading rate of 10 N/sec until bond failure occurred. Two LVDT transducers with an
accuracy of 50um were to measure the slip displacements. The LVDT transducers were
mounted on each side on a cross yoke attached to the reinforcing bar. Clamps were
introduced on both sides to stop the bars from slipping any further when the bond failed

on one side only. However, the test continued until bond failure occurred on the other side.

The maximum bond stress could be calculated based on pull-out force using Equation 3-12.

E Equation 3-12
max

Tp.max = m

Where:

Tp.max Maximum bond strength, N/mm?
Enax Maximum applied force, kN

dp Bar diameter, mm

Ly Embedment length, mm
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3.8 Summary

Due to the unique properties of foamed concrete including high flowability and self-
compacting, low density, high thermal and sound insulation, ease of production and
relative cost-effectiveness. For those reasons, FC has found applications in many civil and
structural engineering areas such as cavity filling and thermal insulation, building blocks,
void filling and non/semi-structural walls. However, FC has not been used in structural

applications yet, due to its low compressive strength.

To investigate and develop the mechanical properties of foamed concrete and bond

behaviour, the following procedure was conducted: see Table 3-6.

e An experimental programme was conducted, including testing and developing the
density, workability, compressive strength, tensile and flexural strengths, shear
strength, the stress-strain relationship. More than 875 specimens classified into six
different densities (800, 1000, 1200, 1400, 1600 and 1800 kg/m3) were tested. For
each concrete density, four mixes were designed including the control mix and three
different additives: silica fume, metakaolin and waste toner. The experimental
programme was considered to introduce a modified shear and direct tensile test,
where splitting and flexural tests were conducted to confirm its reliability.

e Two tests (Pull-out test and beam-test) were conducted to study the bond behaviour

between foamed and reinforcement steel and GFRP bars.
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Table 3-6: Summary of the experimental procedure to test and develop FC mechanical properties.

Test code . Number of Number of .
] . Test purpose Code of practice Sample size Image
(designation) groups samples
Concrete . . 100 x 100 x 100
. To determine the compressive BS EN 12390-3,
Compression test 144 432 mm
strength of concrete (2009)
150 x 300 mm
Four points flexural | To determine the flexural strength BS EN 12390-5, 16 48 100 x 100 x 400
test of concrete (2009) mm
Concrete .
. To determine the Modulus of
Compression test L BS 1881-121 (1983) 72 216 150 x 300 mm
Elasticity of concrete
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To determine the splitting tensile

Splitting tensile test BS EN1992-1-1:2004) 16 48 150 x 300 mm
strength of concrete
. . To determine the tensile strength 100 x 100 x 500
Direct Tensile Test New approach 16 48
of concrete mm
. To determine the shear strength Modified push-off 100 x 100 x 500
Direct shear test _ , 16 48
of concrete specimens’ approach mm
i i To determine the tensile strength BS EN ISO 6892- 8/16 mm @ x
Direct Tensile Test 2 6
of GFRP bars 1:2016 200 mm
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To determine the bond behaviour

. . 200 x 200 x 200
Pull-out test between concrete and reinforcing | RILEM/TC9-RC (1983) 16 16
mm or (10 x d)
bars
To determine the bond behaviour
) . 100 x 180 x 800
Bond Beam Tests between concrete and reinforcing | RILEM TC5-RC, (1982) 16 16

bars

mm
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Chapter 4

Foamed Concrete Development: Results and Analysis

4.1 Introduction

Foamed concrete FC is a type of lightweight concrete, mainly consist of cement, sand and
water with a homogeneous pore structure which is created by introducing air (foaming
agent) in the concrete (Bing et al., 2014). Due to its lower density compared to normal

concrete, foamed concrete achieves lower compressive, flexure and tensile strengths.

This chapter provides background information relevant to the mechanical properties of
foamed concrete FC. This information includes a description of the mechanical properties

of FC and the development of these properties to be suitable for structural applications.

4.2 Mechanical Properties

4.2.1 Compressive Strength

The 28th-day compressive strength of foamed concrete mix at different densities from 800
to 1200 kg/m?3 prepared with and without additives. To test and develop the mechanical
properties of foamed concrete mixes, different cement/sand ratios, different additives
include Metakaolin, Toner and Silica fume were added at specified ratios as a replacement
of cement. To identify the effect of cement/sand ratio and additives, together or
individually on the compressive strength of the concrete, an experimental programme was
carried out at different concrete densities (800 - 1800 kg/m3), with an increment of 200
kg/m3, see Table 4-1. It may be seen that the increase of ¢/s ratio and adding Toner, Mk

and Silica fume have improved the 28-day compressive strength of the foamed concrete.

100



Chapter 4

Table 4-1: compressive strength for concrete mixes with different densities and different cement /sand ratios
with 0.5 as w/s ratio for all mixes.

Compressive strength based on cylinder

Density (kg/m?3 Mix
y (kg/m?) (MPa)

Cement/ Sand ratio 1:2 1:1.5 1:1
Control 1.13 1.51 1.59
Toner 1.15 1.83 1.92

800
Mk 1.45 1.67 1.76
SF 1.47 1.65 1.73
Control 2.95 3.45 3.63
Toner 3.25 4,95 5.20

1000
Mk 3.00 3.93 4.13
SF 3.30 4.10 431
Control 5.76 8.54 8.98
Toner 8.25 13.00 13.66

1200
Mk 6.35 10.48 11.01
SF 6.5 11.40 11.98
Control 12.65 15.75 16.55
Toner 18.05 21.24 22.32

1400
Mk 13.00 17.65 18.55
SF 14.58 18.35 19.29
Control 20.86 23.12 24.30
Toner 26.12 30.45 32.00

1600
Mk 24.24 26.25 27.59
SF 24.36 26.37 27.71
Control 24.79 27.88 29.30
Toner 32.85 36.02 36.86

1800
Mk 28.24 32.25 30.89
SF 29.07 34.15 31.11

e Effect of Cement Content on Compressive Strength

With reference to Figure 4-1, it is clear that samples with higher cement content possessed

higher compressive strength. For instance, mixes with a 1:1.5 ¢/s and 1:1 ratio have higher
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28-days compressive strength than mixes with a 1: 2 ¢/s ratio by an average increase of
26.2% and 31.8% respectively. Therefore, it is clear that the compressive strength improved
by only 5.5% comparing mixes with 1:1.5 ¢/s ratio to mixes with 1:1 ¢/s ratio. This means
that it is not cost-effective to have a ¢/s ratio higher than 1:1.5 in the foamed concrete mix
as the improvement of compressive strength is slight as shown in Figure 4-1. This indicates
that higher cement content creates stronger bonding between the particles of FC, which
subsequently increases its compressive strength. However, the relation between

compressive strength and cement content is a direct nonlinear relationship.
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Figure 4-1: Effect of cement content on compressive strength

e Effect of Density on Compressive Strength

Compressive strength testing was carried out on 150 x 300 mm cylinders and 100 X 100 X
100 mm cubes in accordance with BS EN 12390-3, (2009) and in each case, the results
guoted are the average of three specimens. As expected by Gangatire and Suryawanshi,
(2016) and Othuman Mydin (2010), the compressive strength of foamed concrete

decreases dramatically with a reduction in density, as shown in Figure 4-2.
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Figure 4-2: The effect of density on the compressive strength

By referring to Figure 4-2, it was found that the compressive strength was positively
proportional to the density of FC mixes. The higher the density, the greater the compressive
strength. For instance, in control mixes with 1:1.5 ¢/s ratio, in densities of 800, 1000, 1200,
1400, 1600, and 1800 kg/m3, the compressive strengths were 1.51, 3.45, 8.54, 15.75, 23.12,
and 27.88 MPa respectively. It shows that increasing the mix density 200 kg/m3 increases
the compressive strength by an average of 300%. The compressive strength of the FC mix
increased by about 15 times by only doubling its density, where the compressive strength
of 1600 kg/m3 mix is 23.88 MPa and the mix with a density of 800 kg/m3 has a

compressive strength of only 1.51 MPa, as shown in Figure 4-2.

Compressive strength to density ratio results of the present study is highly agreed with a

research study by Pan et al., (2007) and reasonably higher than the reported study by Jones
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and McCathy (2005), Nambiar and Ramamurthy (2006), and in Ameer (2015), as shown in

Figure 4-3.
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Figure 4-3: Compressive strength/ density ratio with Density

o Effect of Additives on Compressive Strength

Based on previous studies, introducing silica fume in the mix proportion of the material is
one of the most common strategies to increase the mechanical performance of foamed
concrete. The utilization of additives (Toner, Metakaolin MK and silica fume SF) improves
the compressive strength of the FC at all densities. It was found that adding Mk by 20% as
a replacement of cement by wright improves compressive strength by an average of
18.22%. However, Mk in foamed concrete mixes found to have a chemical reaction leads
to killing the foam bobble more rapidly, and this process increases the density of mixes by
(6-10%). Moreover, the use of MK in foamed concrete generates extra heat for hydration,

where after 24hrs the MK mixes were 6-8 °C hotter than the other mixes.
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Figure 4-4: The effect of additives on compressive strength (in 1:1.5 ¢/s ratio mix)

Silica fume (SF) was added as a replacement of 15% by weight of cement for all densities,
it was found that SF increases the compressive strength by an average of 9%. There is an
upsurge in compressive strength by the addition of waste toner in foamed concrete with
reference. Toner as an additive has a higher impact on compressive, where it increases the
strength by an average of 30.51%. Results suggest that the mixes with density 1600 — 1800
kg/m3 with Toner as an additive have a compressive strength that suitable for structural
purposes, where their 28-day compressive strengths are higher than 25 MPa (Habsya et al.,

2018), see Figure 4-4.

By comparing foamed concrete mixes from literature (Jones and McCarthy, 2005, Nambiar
and Ramamurthy, 2006, Pan et al., 2007 and Ameer, 2015) with FC Ton mix in different
densities at 28 days, it showed that FC Ton mix has greater strength to density ratio than

all other mixes in all densities (1000-1800 kg/m?3).

To conclude with the fact that, the increase of mix density improved the compressive
strength significantly, where increasing the density from 800 kg/m3to 1800 kg/m3
increases the compressive strength by about 2500%, from 1.5 MPa in 800 kg/m3mix to 35

MPa in 1800 kg/m?3 mix as shown in Figure 4-5.
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Figure 4-5: Compressive strength of different design mix

4.2.2 Flexural Strength (Modulus of Rupture)

Different mix densities were used with different additives added at specified ratios as a
replacement of cement in order to develop the selected foamed concrete mixes. To identify
the effect of mix densities, cement/sand ratio and additives, together or individually, on
the flexural strength of the concrete, an experimental programme was carried out to test
prisms 100 x 100 x 500 mm and beams 90 x 120 x 800 mm made of plain foamed concrete
with different densities (800 - 1800 kg/m?3), with an increment of 200 kg/m?3, see Table
4-2. Flexural strength testing (Four-point loading) was conducted at the age of 28 days to
determine the modulus of rupture (f;) in accordance with BS EN 12390-5, (2009). Table 4-2

shows the flexural strength for each mix.
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Table 4-2: Flexural strength for different FC mixes with densities (800-1800) kg /m3

Mix Co MK Ton SF
Density (kg/m3) (MPa) (MPa) (MPa) (MPa)
800 0.480 0.455 0.493 0.485
1000 0.768 0.897 0.914 0.88
1200 1.719 1.786 1.818 1.75
1400 2.585 2.80 2.922 2.853
1600 3.163 3.081 3.293 3.250
1800 3.836 3.91 4.157 3.895

o Effect of Density on Flexural Strength

It was found that the flexural strength was positively proportional to the density of FC mixes.
This means that the higher the density, the greater the flexural strength. For instance, in
control mixes with densities of 800, 1000, 1200, 1400, 1600, and 1800 kg/m3 the flexural
strengths were 0.48, 0.76, 1.71, 2.58, 3.16 and 3.83 MPa respectively. Increasing the mix
density from 1000-1200 kg/m3 increases the flexural strength by more than 123%. The
flexural strength of the FC mix increased by 560% by only doubling its density, where the
flexural strength of 1600 kg/m3 is 3.16 MPa compared to 0.48 MPa in the mix with a

density of 800 kg/m3, as shown in Figure 4-6.
e Effect of Additives on Flexural Strength

The use of additives (Toner, Metakaolin MK and silica fume SF) improves the flexural
strength of the FC at all densities. It was found that adding Mk by 20% as a percentage of
cement by wright improves flexural strength by an average of 5%. Silica fume SF were
added as 15% by weight of cement for 1400, 1600 and 1800 kg/m?3 densities, it was found
that SF increases the flexural strength by only 3%. Toner as an additive has a higher impact

on flexural strength, where it increases the strength by an average of about 10% Figure 4-6.
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Figure 4-6: Effect of density and additives on flexural Strength

Flexural strengths obtained in this experimental programme were compared with BABU
(2008), Fédération Internationale de la précontrainte, (1983), Sldozian et al., (2021) flexural
strength, corresponding 28- day compressive strengths. Note that in Figure 4-7, the NWC,

FC, and LWC graphs were plotted from the equations below.

fr = 0.31(f'c)083 Equation 4-1
fr = 0.46 (f'c)%®7 Equation 4-2
f. =0.438 (f'C)Z/S Equation 4-3
Where:
fr Flexural tensile strength, MPa

f'c  Compressive strength, MPa
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Figure 4-7: Relationship between flexural strength and 28-day compressive strength of FC18Ton, NWC, LWC
and FC

4.2.3 Splitting Tensile Strength

To develop the selected foamed concrete mixes, different mix densities were used with
different additives added at specified ratios as a replacement of cement. To identify the
effect of mix densities, cement/sand ratio and additives on the splitting strength of foamed
concrete, an experimental programme was carried out to test and develop the tensile

strength of different foamed concrete mix designs and densities (800 - 1800 kg/m3), see

Table 4-3. The splitting tensile testing (Brazilian test) was conducted on three 300 x 150
mm cylinders for each mix at age of 28 days to determine the splitting tensile strength

(fsp) in accordance with BS EN 12390-6, (2009).

Table 4-3 shows the splitting strength for each mix.
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Table 4-3: Splitting tensile strength for different FC mixes with densities (800-1800) kg /m®

Mix
Co Ton MK SF
(MPa) (MPa) (MPa) (MPa)
Density (kg/m?3)
800 0.24 0.30 0.26 0.27
1000 0.97 1.18 1.09 1.10
1200 1.96 2.31 1.96 1.90
1400 3.00 3.40 3.18 3.23
1600 3.70 4.20 3.88 3.90
1800 4.10 4.60 4.00 4.12

o Effect of Density on Splitting Tensile Strength

It was found that the splitting tensile strength is positively proportional to the density of FC
mixes. This means that the higher the density, the greater the splitting tensile strength. For
instance, as shown in Figure 4-8, in the control mixes with densities of 800 to 1800 kg/m3
the splitting tensile strengths were increasing affectedly by more than 1600%. The tensile
strength of foamed concrete increased by an average of 320% by increasing its density only
by 15%. The splitting tensile strength of the FC mix increased by 15 times by only doubling
its density, where the splitting tensile strength of 1600 kg/m3 mix is 3.7 MPa and the mix
with a density of 800 kg/m?3 has a splitting tensile strength of only 0.24 MPa, as shown in

Figure 4-8.
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Figure 4-8: Effect of density and additives on FC splitting tensile strength

e Effect of Additives on Splitting Tensile Strength

It was found that the use of additives (Toner, Metakaolin and silica fume) improves the
splitting tensile strength of the FC especially for mixes with densities higher than 1000
kg/m3. It was found that adding Mk by 20% as a replacement of cement by wright improves
splitting tensile strength by an average of 5%. Silica fume was added as 15% by weight of
cement and it was found that SF increases the splitting tensile strength by only 2.5 %. Toner
as an additive was found to have a higher impact on splitting tensile strength, where 10 %
of Toner as replacement of cement increases the strength by an average of 15 %, see Figure

4-8.
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Figure 4-9: Compressive and splitting tensile strength relationship.
Figure 4-9 shows, a relationship between splitting tensile strength with compressive
strength f’'c and fsp in this study. Figure 4-10 compare the tensile-compressive strength
relationship in the current study with previous studies (Babu, 2008b) for lightweight
concrete, (Jones and McCarthy, 2005) for foamed concrete and (Falade et al., 2013) for

foamed concrete, respectively are shown below:

fsp = 0.263 (f'c)08308 Equation 4-4
fsp = 0.28 (fc") %°° Equation 4-5
fop = 0.2 (fc")?7 Equation 4-6
fop = 0.4 (fc')0c@ Equation 4-7

Where:
fsp Splitting tensile strength, MPa

f'c Compressive strength, MPa
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It can be seen in Figure 4-10, for a given 28-day 18 Ton foamed concrete in the current study
has higher splitting tensile strengths, than those with LW aggregate and foamed concrete
in previous studies. However, the splitting tensile strength of FC 18Ton mix in the current
study strongly conforms with the results of the splitting tensile of FCin Falade, Ikponmwosa
and Fapohunda, (2013) study. Falade, Ikponmwosa and Fapohunda, (2013) used Pulverized
Bone as an additive to FC, which contains around 10% of silicon dioxide (SiO2) which almost
the same amount that waste toner does. According to Zhuang and Chen, (2019), silicon

dioxide improves the mechanical properties of concrete including bending and tensile

strength.
4.5
—a&— Current study [18Ton]
4
—e— LWAC (Babu, 2008)
3.5 FC (Jones and McCarthy ,2005)

3 —&— FC (Falade, Ikponmwosa and
Fapohunda ,2013)

2.5

Splitting tensile strength (MPa)

0 5 10 15 20 25 30 35 40

Compressive strength (MPa)

Figure 4-10: Relationship between splitting tensile strength and 28 days compressive strength of LWCA and
FC

4.2.4 Direct Tensile Strength

A direct tensile strength test under uniaxial tensile was developed and carried out using
the 100 x 100 x 500 mm foamed concrete specimen as illustrated in Figure 4-11. New
special steel claws were designed, built and installed for direct tensile tests of FC concrete.

The claws make it possible to use prismatic specimens without inducing stress
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concentrations of too high a magnitude and this significantly simplifies the manufacturing

of specimens and the performance of direct tensile tests.

Load cell ——»

Nuts and
washers
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Figure 4-11: Direct tensile testing for foamed concrete
As predicted, failure of all specimens occurred in the middle where the cross-section was
reduced by 40%, as shown in Figure 4-11. Reduction of the cross-sectional area of the
specimens resulted in increasing the stress at the middle of the specimens, which induced
a consistent failure in the middle. It is also prevented the failure to occur at undesirable
locations along the length of the specimen. No concrete cracking occurred at either end of
the specimens, as the designed claws created a strong and evenly distributed bond

between the claws and the concrete.
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To develop the selected FC mixes, three mix densities were used with different additives
added at specified ratios as a replacement of cement. To identify the effect of mix densities,
cement/sand ratio and additives, on the direct tensile strength of the concrete, an
experimental programme was carried out at different concrete densities (1400, 1600 and
1800 kg/m3). Direct tensile testing was conducted on three 100 x 100 x 500 mm prisms for
each mix at age of 28 days to determine the direct tensile strength (f;). The difference
between the maximum and minimum values of the direct tensile strength of each mix of

the FC specimens was less than 4%. Figure 4-12 shows load vs displacement for each mix

design.
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Figure 4-12: Load - displacement for FC specimens under direct tension

e Effect of Density on Direct Tensile Strength

It was found that the direct tensile strength is positively proportional to the density of FC

mixes. This means that the higher the density, the greater the direct tensile strength. For
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instance, as shown in Figure 4-13, in control mixes with densities of 1400, 1600 and 1800
kg/m3 the direct tensile strengths were increasing from 2.085, 3.068 and 3.461 MPa
respectively. For instance, increasing the mix density from 1400 to 1800 kg/m? increases

the direct tensile strength by more than 65%.
o Effect of Additives on Direct Tensile Strength

The utilization of additives (Toner and silica fume) improves the direct tensile strength of
the FC at all densities. Where it was found that adding SF by 15% as replacement of cement
by weight improves direct tensile strength by an average of 8%. Toner as an additive was
found to have a higher impact on direct tensile strength, where 5% of Toner as replacement

of cement increases the direct tensile strength by an average of about 18%, see Figure 4-13.
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Figure 4-13: Effect of density and additives on direct tensile strength

It was observed that the tensile strength of the FC from the direct test is less than the
indirect testing includes the splitting and flexural strength (modulus of rupture). The
average direct tensile strength of the FC was found to be only 5% less than the average
flexural strength. However, the average splitting tensile strength of the FC was found to be

about 20% higher than the average direct tensile strength for all mixes.
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Figure 4-14: Tensile strength from direct and indirect tension testes

Previous studies (Alhussainy et al., 2016), (Choi et al.,, 2014) and (Falade et al., 2013)
suggested that the direct tensile strength of concrete is lower than the indirect tensile
strength. This can be explained by the fact that during the direct tensile test, the failure
surface has less resistance to the applied force as it is perpendicular to the direction of the
applied force. However, in the indirect tensile test such as the Brazilian test, the cylindrical
sample is subjected to diametrical compression stresses. These stresses applied over a
small width throughout the sample’s length and with a controlled load area to avoid the
concentration of stresses and compensate small irregularities on the surface of the sample.
In the flexural test, the rapture plan is under tension at the bottom of the beam section
and compression stress at the top of the section and concrete is strong in compression

which leads to higher tensile strength (Slag Cement Association, 2013).

4.2.5 Shear Strength
Wang, Kou and Xing, (2013) stated that the increase in concrete strength has always been
associated with compressive and tensile strengths. Nevertheless, concretes with higher

strength are known to be more brittle than normal strength concrete. Concrete with low
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toughness characteristics may result in sudden and catastrophic shear failure even with
high compressive strength. Therefore, it was necessary to study the shear behaviour for

developed foamed concrete.

To develop the selected foamed concrete mixes, three mix densities were used with
different additives added at specified ratios as a replacement of cement. To identify the
effect of mix densities, cement/sand ratio and additives, on the shear strength of the
foamed concrete, an experimental programme was carried out at different concrete
densities (1200, 1400, 1600 and 1800 kg/m3). A modified push-off specimens test was
conducted on three 100 x 100 x 500 mm prisms at ages of 28 days to determine the shear

strength(v,). Table 4-4 shows the shear strength for each mix.

Table 4-4: Shear strength for different Foamed Concrete mixes

Density (kg/m?3) Mix Shear strength (MPa)
Co 1.96
1200 Ton 2.31
SF 1.96
MK 1.91
Co 2.482
1400 Ton 2.825
SF 2.454
MK 2.134
Co 3.093
1600 Ton 3.795
SF 3.224
MK 3.092
Co 3.884
1800 Ton 4.055
SF 3.890
MK 3.85
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o Effect of Density on Shear Strength

It was found that the shear strength is positively proportional to the density of FC mixes.
This means that the higher the density, the greater the shear strength. For instance, in
control mixes with densities of 1200, 1400, 1600 and 1800 kg/m3. The shear strengths
were 1.93, 2.482, 3.093 and 3.884 MPa respectively. Increasing the mix density from 1400-
1800 kg/m?3 increases the shear strength by more than 57%.

5.0

45 H Control M Toner m MK mSF

v

o

3]

4.0
3
3
2
2

0.0 III “‘ |‘| I‘l

1
1
0
1200 1400 1600 1800

Density (kg/m?3)

Shear strength (MPa)
o (6] o

(€]

Figure 4-15: Effect of density and additives on FC shear strength

o Effect of Additives on Shear Strength

Additives (Toner Ton, Metakaolin MK and silica fume SF) added to FC mixes to study their
effect on the shear strength of foamed concrete. Toner and silica fume illustrate an
improvement in shear strength. However, MK shows a slight reduction in the shear
strength of FC. In FC mix 1400, 1600 and 1800 kg/m3 MK was added by 20% as a
percentage of cement by wright shows a reduction in shear strength by an average of 5%.

Silica fume replaced 15% of cement by weight improved the shear strength by an average
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of only 6%. However, Toner as an additive by 5% as replacement of cement by wright

improved shear strength by an average of 13.65% as shown in Figure 4-15.

Figure 4-16, illustrates a relationship between shear strength with compressive strength

and v, and f’c obtained from the current study.

v, = 0371 (f’c)0-654 Equation 4-8
Where:

Ve Shear strength in, MPa

!

c Compressive strength, MPa
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Figure 4-16: Shear and compressive strength relationship in foamed concrete

4.2.6 Stress-Strain Relationship and Modulus of Elasticity

The modulus of elasticity of concrete is a key factor to estimate the deformation of
members and structures. The static modulus of elasticity (E) of the conventional mixes of
FC and mixes with additives was determined using 150 x 300 mm cylinder specimens. The

stress-strain relationships of normal and foamed concrete obtained from the static
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modulus of elasticity test are presented in Figure 4-17. It was observed that FC has greater
strain at maximum stress than normal-weight concrete, which means FC is a more flexible
material than normal concrete. However, the increase of FC compressive strength
decreases its flexibility and become more brittle. The reduction of foamed concrete density
leads to a decrease of its compressive strength and an increase in the strain at the

maximum stress, which greatly reduces the modulus of elasticity.
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Figure 4-17: The stress-strain relationships of normal and foamed concrete

To develop the FC mechanical properties, different mix densities were tested with different
additives added at specified ratios as a replacement of cement. To identify the effect of mix
densities, ¢/s ratio and additives, on the modulus of elasticity of foamed concrete, an
experimental programme was carried out at different concrete densities (800 — 1800)
kg/m3 with an increment of 200 kg/m?3 see Table 4-5. Compression testing was conducted
on three 300 x 150 mm cylinders for each mix at age of 28 days to determine the modulus

of elasticity (E) in accordance with BS 1881-121, (1983).
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Table 4-5: Modules of elasticity for different FC mixes

Modulus of elasticity (MPa)

Density (kg/m3) Co Ton Mk SF
394 477 437 413
800
1000 1172 1500 1400 1388
2591 3438 2857 3000
1200
4444 6161 5000 4650
1400
1600 8250 9566 8288 8250
9900 11990 10575 10875
1800

o Effect of Density on the Modulus of Elasticity

The Modulus of Elasticity is positively proportional to the density of FC mixes. This means
that the higher the density, the greater the Modulus of Elasticity. An average improvement
of 450% in the modulus of elasticity in FC mixes by increasing the density of foamed
concrete mix by only 200 kg/m3. However, as shown in Table 4-5, in control mixes with
densities of 800 kg/m?3 the modulus of elasticity is 394 MPa and the mix with a density of
1600 kg/m3 has Modulus of elasticity of 8250 MPa, which, means that by doubling the
density from 800 to 1600 kg/m?3 the modulus of elasticity was increased by about 2000%,

as shown in Figure 4-18.
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Figure 4-18: Effect of density and additives on FC modulus of elasticity from direct compression

o Effect of Additives on Modulus of Elasticity

It was found that additives (Toner, Metakaolin and silica fume) improve the modulus of
elasticity of the FC at all densities (800 - 1800 kg/m3). Replacing 20% cement by Mk
improves FC modulus of elasticity by an average of 11%. Silica fume SF replaced 15% by
weight of cement, it was found that SF increases the modulus of elasticity by about 7 %
compared to control (Con) mix. However, Toner as an additive was found to have a greater
effect on the modulus of elasticity, where 5% of Toner as replacement of cement increases

FC modulus of elasticity by an average of 22%, see Figure 4-18.

The literature review values of the modulus of elasticity relationship with corresponding 28

days compressive strength of NWC, SSC and FC are based on the expressions below:

The current study (18Ton) E =0.0046(f'c)? + 0.25f'c + 0.84 Equation 4-9
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Jones and McCarthy (2005) E = 0.42 (f'c)*08 Equation 4-10

for FC with coarse FA

Neville (2011) for NWC E = 2.1x10%(y/2.3)"*(f'c/200)°> Equation 4-11
Craeye et al., (2014) for SCC  E = 0.872 (f'c)%8112 Equation 4-12
Where:

E Modulus of elasticity, MPa
Y Unite weight of concrete, t/m3

f'c Specified compressive strength of the concrete, MPa
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Figure 4-19: Relationship between compressive strength and modulus of elasticity of NWC, SSC and FC.
It can be seen that for a given compressive strength, the 18Ton mix in the current study
exhibited lower E values than those obtained from NWC and SCC mixes. However, 18Ton
mix exhibited higher E values than foamed concrete in Jones and McCarthy, (2005) mixes

as shown in Figure 4-19.

124



Chapter 4

4.3 Bond Behaviour from Pull-out and Beam Tests

The pull-out test is used commonly in the assessment of the bond performance of
reinforcing bars in the concrete. The bond mechanism in concrete consists of three
components: chemical adhesion, friction, and mechanical interlocking. Adhesion depends
on the chemical reaction between the concrete and the reinforcing steel bars, friction is
determined by the surface roughness, and mechanical interlock is subjected to the surface

deformation and reinforcement geometry (Marco, 2015).

Chemical adhesion and friction play the main and primary role in the bond of plain bars,
even though some mechanical interlocking takes place due to the bar surface’s roughness.
The three bond components are not independent, they interact with each other and cannot
be analysed as separated issues. The combined effect of these components leads to
different behaviours. Mainly there are four types of bond failure, which are bar pull-out,

concrete pull-out, bar failure and concrete splitting.

From the experimental test result, bond stress can be defined as the change of stresses in
the reinforcing bar with bar length as illustrated in Figure 4-20. Bond resistance can be
determined by dividing the tensile force with the reinforcing bar area embedded in

concrete see Figure 4-20.
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Figure 4-20: Distribution of bond stress between cracks

125




Chapter 4

_ Ab .Afs _ db .Afs

T = Equation 4-13
m.dp.x 4x
Where:
T Bond stress, MPa
Ap Reinforcement bar area, mm?

dp Reinforcement bar diameter, mm
fs Stress in the reinforcement bar, MPa
The bond strength expression can be simplified as follows:

I = Pmax Equation 4-14

m.d.L
Where:

Prax Maximum pull-out load, N
d Diameter of the reinforcement bar, mm
L Embedded reinforcement length, mm

To study the structural behaviour of foamed concrete, two mix densities 1600 and 1800
kg/m3 with and without additives are tested are as they met the structural requirement of
25 MPa. To identify the effect of densities, and additives, on the bond strength between
reinforcement rebar (steel/GFRP) and concrete, an experimental programme was carried
out applying two methods: pull-out and beam method. Pull-out testing was conducted on
three specimens for each type of reinforcement (steel and GFRP) for each mix at age of 28

days to determine the bond stress (T) and mode of failure as shown in Figure 4-21.
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Figure 4-21: Typical modes of failures that occurred experimentally

o Effect of Density on Bond Strength

From the pull-out and beam tests, it was found that the bond strength is positively
proportional to the density of FC mixes. This means that the higher the density, the greater
the bond strength. As shown in Figure 4-22, in control mixes with densities of 1600 and
1800 kg/m?3 the bond strength was increased by 16%. However, in Toner mixes the bond
strength increased by 21% by increasing the density from 1600 to 1800 kg/m3. It is
observed that the chance of splitting failure increases with increasing density, where,
double the number of splitting failures accrued in mixes with 1800 kg/m3density compare

to 1600 kg/m3 mixes.

Note: for example, Con16St mix refers to control mix reinforced with 16mm steel bar
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Figure 4-22: Effect of density on the bond strength

o Effect of Additives on Bond Strength

The use of Toner as an additive improves the bond strength of the FC at both densities. It
was found that adding Toner by 5% as a percentage of cement by wright improves bond
strength by an average of about 10%, see Figure 4-23. All mixes containing Toner failed in
the pull-through mode of failure, which might be explained by the fact that Toner improved
the tensile strength of foamed concrete. However, 50% of the control mixes that did not

contain Toner failed in the splitting mode of failure, see Figure 4-21.

Note: for example, 16-165t mix refers to 1600 kg/m?3 mix reinforced with 16 mm steel bar
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Figure 4-23: Effect of additives on bond strength

o Effect of Bar size on Bond Strength

The pull-out and beam tests showed that the bond load is positively proportional to the bar
diameter. This means that the greater the bar size, the higher the bond load. However,
bond stress for example in a bigger bar size is not much higher than bond stress in a smaller
bar size. Where, in 8 mm bar size the average bond stress is 10.37 MPa, but in 16 mm bar
size the average bond stress is 11.30 MPa with an increase of 8.7%. Diameter appears to
have little influence on bond strength as shown in Figure 4-24. Therefore, further
investigations covering different GFRP bars size effects on bond strength with FC are

needed in future work.

Note: for example, 18Ton-GRP mix refers to Waste toner mix reinforced with GFRP bar
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Figure 4-24: Effect of bar size on bond strength

o Effect of the Bar Material on Bond Strength

Two types of reinforcement bars used in the pull-out and beam tests (Steel and Glass Fibre
Reinforced Polymer GFRP). It was found that in all bar sizes the average bond strength in
steel bars is 11.12 MPa and the average bond strength in GFRP Bars is 10.56 MPa. GFRP
bond performance with foamed concrete was found to be 95% of steel bond strength with
FC. Poisson's ratio of GFRP is smaller than that in steel, which might result in a better bond
performance at high tensile stress, in other words, Poisson's ratio measures the
deformation in the material in a direction perpendicular to the direction of the applied
force, under tension force, steel bar deforms and becomes slimmer which leads to slipping

bond failure. Figure 4-25 illustrates the effect of bar material on bond strength.

Note: for example, 16Ton8 mix refers to 1800 kg/m3 Waste Toner mix reinforced with

8 mm bar.
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Figure 4-25: Effect of bar material on bond strength

There is more than one developed theory of concrete embedded reinforcing bar bond
strength. The theoretical bond strengths of the embedded reinforcing bar in concrete are
produced based on comparison with experimental test results and make it aspects for bond
behaviour properties for bond strength predictions. The existing theoretical bond strength
expressions have developed theoretical bond strength based on regression analysis. The

developed theories of embedded reinforcing bar bond strength are:

ACI Committee, / f’c Equation 4-15
T= 20.23

(2002) for steel rebar dp

Pour et al., (2016) for [fc Equation 4-16
T=14.7 /

FRP rebar dp

i c ion 4-
Yalciner et al,, (2012) . _ _5 7143 4 0.3621f"c + 2.3296 - Equation 4-17
b

for steel rebar
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Quayyum and Rteil, 7=0.083 (f'c)%° (1.2 Equation 4-18
(2012) for FRP rebar 4+ Smin <0,92 + 0.08 C’"‘“‘)
db Cmin
Cmin
75 ——
+(75 19
Bilek et al., (2017) for — 7 Cmin dp. Equation 4-19
(2017) 7=0.083,/fc(1.2+3 4+ 50 7
steel rebar
Where:

f'c Concrete compressive strength, MPa

dy Bar diameter, mm

ly Embedded length of the reinforcing bar, mm

Cmax> Cmin Maximum and minimum concrete cover, mm

ACl Committee (2002), expressed that the bond strength is influenced by the effects of
concrete strength, bar diameter, embedded length. However, Quayyum and Rteil, (2012)
added the ratio between the maximum and minimum concrete cover as shown in Equation
4-18. From the experimental programme results, bond strength can be defined as the
change of stresses in the reinforcing bar with bar length and can be determined by dividing
the pull-out force with the reinforcing bar area embedded in concrete as illustrated in

Figure 4-20.
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Figure 4-26: Experimental and theoretical bond strength for steel and GFRP bars

The theoretical equation adopted by ACl and previous researchers produced varying results,
as illustrated in Figure 4-26. It can be seen that the equation provide underestimation for
the larger diameter bars. The ACI Committee (2002), Pour et al., (2016) and Yalciner et al.,
(2012) adopted equations that consider only the concrete strength and bar diameter but
no account for concrete cover thickness. Three of the equations consider concrete cover
thickness: Quayyum and Rteil, (2012), Bilek et al., (2017) and Yalciner et al., (2012). Yalciner
et al., (2012) formula highly agreed with the current study in 16 mm bars bond strength
but provides overestimation bond strength, especially with 8 mm bars size. Table 4-6

summarize the foamed concrete- steel/GFRP bond behaviour testing results.
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Table 4-6: Bond behaviour from Pull-out test

Experimental

Bar Pull-out Compressive
. . Embedment bond P Mode of
diameter  Specimen load strength )
d. mm length mm (KN strength MP failure
s a
) (MPa) (MPa)
Pull-
16 16Con16St 80 40.81 10.15 27.56
through
Pull-
16 16Con16GRP 80 39.66 9.87 29.03
through
16 16Ton16St 80 44.28 11.02 33.54 Splitting
Pull-
16 16Ton16GRP 80 42.81 10.65 31.96
through
Pull-
8 16Con8St 40 9.17 9.12 29.09
through
Pull-
8 16Con8GRP 40 9.23 9.18 29.26
through
Pull-
8 16Ton8St 40 10.59 10.54 32.02
through
Pull-
8 16Ton8GRP 40 9.93 9.88 33.86
through
16 18Con16St 80 46.10 11.47 34.66 Splitting
16 18Con16GRP 80 46.42 11.55 33.96 Splitting
Pull-
16 18Ton16St 80 54.86 13.64 36.25
through
Pull-
16 18Ton16GRP 80 48.41 12.04 36.01
through
8 18Con8St 40 11.04 10.99 34.75 Splitting
Pull-
8 18Con8GRP 40 10.48 10.43 35.07
through
Pull-
8 18Ton8St 40 12.05 11.99 36.75
through
Pull-
8 18Ton8GRP 40 10.89 10.84 35.89
through
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4.4 Summary

The FC properties are more independently follow its density, the type of additives they
consist of. Subsequently, the stress-strain relationship is different for FC mixes based on
either the density or the additive materials used. The 18Ton mix showed a strain in the
maximum stress of 0.0045. The utilisation of additives Waste Toner, Metakaolin and silica
fume improve the compressive strength of the FC at all densities. Waste Toner improved
the concrete mechanical properties where the compressive strength exceeds the minimum
strength of 25 N/mm? required for structural applications. Waste Toner contains 15% of
silicon dioxide (SiO2) which might be the main reason behind enhancing the FC mechanical
properties. According to Zhuang and Chen, (2019), silicon dioxide improves the mechanical

properties of concrete including bending and tensile strength.

The bond performance between foamed concrete and steel and GFRP reinforcing bar
depends on the manufacturing process, design, and environmental conditions as well as
the mechanical properties of the concrete and the bar itself. A number of experimental

investigations have been done for the bond behaviour of GFRP reinforcing bars.

To investigate the bond behaviour of steel/GFRP with foamed concrete two tests were
carried out: Pull-out test and beam test. The investigations covered the effect of concrete
density, additive, bar size and bar material on the bond strength between steel/GFRP bars

and foamed concrete.

e It was found that GFRP bars have 95% of the steel bond with FC and bond failure
occurred partly on the surface between concrete and resin and partly near the
surface between resin and glass fibres.

e The bond strength of steel/GFRP bars tended to increase when the compressive

strength of concrete increased.

Table 4-7 shows a summary of the main FC mechanical properties testing outcomes.
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Table 4-7: Summary of the main FC mechanical properties testing outcomes.

Foamed concrete testing

Main outcomes

Compressive strength

FC with Toner with density between 1600-1800 kg/m?3
can reach 28 MPa, which is suitable to be used in

Structural applications.

Flexural Strength (Modulus of

Rupture)

Toner increases the flexural strength by an average of
about 10% but Mk and SF increase the strength by 5

and 3% only.

Splitting Tensile Strength

Splitting tensile strength is positively proportional to

the density of FC mixes. It reached 4.6 MPa

Direct Tensile Strength

Direct tensile strength of concrete is lower than the

indirect tensile strength of FC.

Stress-Strain Relationship and

Modulus of Elasticity

The reduction of foamed concrete density leads to a
decrease of its compressive strength and an increase
in the strain at the maximum stress, which greatly

reduces the modulus of elasticity.

Bond Behaviour from Pull-out

and Beam Tests

the bond strength is positively proportional to the
density of FC mixes.
GFRP bond performance with foamed concrete was

found to be 95% of steel bond strength with FC
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Chapter 5

Flexural Behaviour of GFRP Reinforced Foamed Concrete
Beams

5.1 Introduction

This chapter covers an experimental programme and numerical analysis which were
developed to investigate the flexural behaviour of steel/GFRP reinforced concrete beams.
Four reinforced beam models include: normal concrete beam reinforced with steel bars,
foamed concrete beam reinforced with steel bars, a normal concrete beam reinforced with
GFRP bars and foamed concrete beam reinforced with GFRP bars. The beams are being
examined experimentally and numerally regarding flexural behaviour.

In the past years, there have been many different methods developed to study the
structural response of concrete members reinforced with FRP bars. Experiments have been
widely used to study and analyse different members of concrete structures and their
response under loading. This part is built up by introducing a full-scale beam flexure test
followed by theoretical derivations for concrete beam sections under flexural loading. The
geometrical and strength parameters needed for the analysis are included, and afterwards,
the assumptions that needed to be considered in order to perform the analytical

calculation are presented as well as the steps of the analysis leading to the expected results.

5.2 Full-scale Beam Flexural Testing

5.2.1 Materials Properties

Four beams were constructed using cast in situ, normal weight concrete and foamed
concrete with a target compressive strength of 35 MPa at 28 days. Three 100 x 100 x 100
mm cubes and three 150 mm diameter 300 mm high cylinders were made to determine
the average values of compressive strength and tensile strength. After concrete casting, all
specimens were covered with polyethene sheets to keep down moisture loss at all times
during the period of curing and stored in the laboratory under the same condition for 28

days, see Figure 5-1 and Figure 5-2.
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Figure 5-1: Full scale beams flexure test preparations (A) GFRP and steel reinforcement (B) Strain gage on
reinforcement (C) Beams ready for casting (D) Concrete beam testing

The GFRP bars used in this investigation are manufactured in the UK by ENGINEERED
COMPOSITES LTD, the technical data of the bars are available in Appendix B. Table 5-1

illustrates the mechanical properties of GFRP and steel reinforcing bar.

Table 5-1: The mechanical properties of GFRP and Steel reinforcing bar (Abbood et al., 2021)

Type of bars Bar Modulus of Ultimate Ultimate Yield
diameter: elasticity tensile strain strength
(GPa) strength (MPa)
(mm) (MPa)
Steel 10-16 210 645 0.005 500
GFRP 10 60 1200 0.02 N/A
GFRP 16 60 1200 0.02 N/A
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5.2.2 Test Specimens and Preparations

Four simply supported beams were tested in flexure. All beams tested were 220 mm in
depth and 150 mm in width and span of 2000 mm as shown in Figure 5-3. The beams are:
Normal concrete reinforced with steel (NC+S), foamed concrete reinforced with steel
(FC+S), normal concrete reinforced with GFRP (NC+GFRP) and foamed concrete reinforced
with GFRP (FC+GFRP). Plywood forms were made with dimensions of 2000 x 220 x 150 mm
to accommodate the required reinforcement cages. After cleaning and brushing all internal

sides with oil, the reinforcement cages were placed inside the forms.

The reinforcement cage rested on transverse rods to maintain a 20 mm concrete cover.
Each of the four beams was cast together with 3 cubes and 3 cylinders each to determine
the concrete characteristics. In the laboratory environmental conditions, the beams were
stored and covered with a plastic sheet for 28 days. Before testing, the beams were painted

white to trace the crack patterns during testing as shown in Figure 5-2.

S|

Figure 5-2: Full-scale beams casting, curing and testing

5.2.3 Beam Proprieties and Assumptions
All beams have the same dimensions 150 x 200 x 2000 mm length, depth and width

respectively. The beams materials strength, geometry and stiffness parameters are

presented in Table 5-2. The materials proprieties including normal/foamed concrete and

139



Chapter 5

the steel/GFRP reinforcement of the beam are selected by taking into account the EC2

requirements and limitations.

Table 5-2: Beam materials properties

Property Normal concrete  Foamed concrete Steel GFRP
Ultimate strength (MPa) 37 37 600 1200
Modulus of elasticity (MPa) 28000 16000 200000 60000
Ultimate compressive strain 0.0035 0.0045 0.005 0.02

Concrete cover (mm) 25 20 - -

The beam model is shown in Figure 5-3. It is a simply supported beam subjected to four
points loading. Two LVDT gauges fitted on both sides to measure the mid-span deflections
of each beam, also six strain gauges of 10 mm-long ESGs were placed on the extreme
concrete compression and tension fibre and the tension and shear reinforcements as

shown in Figure 5-3.

F/2 F/2
A 150mm
—>
1 - l S
! 2H10 ]
i £
T |
. T | | ;
- — 5
\\Q\\\ Lo, A 3"’15’/’ L&DT
l: =}= =l= =}‘ > A4
100mm 600mm 600mm 600mm 100mm
‘ 2000mm

BN Strain gauge

Figure 5-3: Full-scale beam model under four-point load test

5.3 Theoretical Derivations of Reinforced Concrete Beam
In all of the failure theories that have been presented as yet, a typical stress-strain diagram
has been assumed for concrete in compression. There is no single curve is typical of all

concrete even up to the maximum stress developed. It is worthwhile mentioning that, up
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to the maximum developed stress, the higher strength concretes show a more nearly linear
stress-strain relationship. However, concrete with lower strength shows a relationship that

looks like a second-degree parabola.

For the theoretical derivations, the parabolic rectangular stress block in the EC2 for the

ultimate strength design calculations is adopted in this study.

The analysis of a cross-section at the ultimate limit state is based on the following

assumptions:

1- The plane section before deformation remains plane after deformation. This implies
that the strain in concrete and reinforcement are linearly proportional to the
perpendicular distance from the neutral axis.

2- The compression stress in the concrete is derived from the idealized parabolic-
rectangular design stress block shown in Figure 5-8.

3- The ultimate limit state of collapse is reached when the concrete strain at the extreme
compression fibre reached a value of 0.0035 for normal weight concrete and 0.0045 for
foamed concrete.

4- The tensile strength of concrete is neglected.

5- The stress in the reinforcement is derived from the idealized stress-strain curve shown
in Figure 5-6, with maximum stress of f,; /1.15.

6- Good bond exits between concrete and steel/GFRP.

7- Buckling does not occur before the ultimate load is attained.

8- The areas of concrete displaced by steel in compressions is small that it has not been

taken into account.

5.3.1 Material Characteristics
The behaviour of reinforced concrete elements subject to axial force or bending moment

is closely related to the stress-strain curve of the concrete and the reinforcement bars.
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5.3.1.1 Concrete

The exact shape of a concrete stress-strain curve is dependent on the concrete strength.
Figure 5-4 shows a typical stress-strain curve for short term loading of concrete. Up to one-
third of the maximum stress, the curve is approximately straight, from that up to the
maximum stress it is curved ascending, and beyond that, it is curved descending. The
modaules of elasticity E. of both NWC and FC increase with an increase in the compressive

strength of concrete.
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Figure 5-4: Typical short-term stress-strain curve for concrete

For design purposes, EC2 prefers the utilization of an idealized stress-strain curve of
parabolic-rectangular shape given in Figure 5-5. As shown in Figure 5-5 the maximum
ultimate concrete compressive strain €, is 0.0035 for normal weight concrete and 0.0045
for foamed concrete. However, the EC2 suggested other idealized stress-strain diagrams
(bi-linear and simplified diagrams), they are effectively equivalent to the parabolic-
rectangular diagram, with regards to the shape of the compression zone in the cross-

section.
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Figure 5-5 Parabolic —rectangular stress-strain diagram for concrete in compression as per EC2.

According to EC2, the compressive strength of concrete is denoted by concrete strength

classes which relate to the characteristic (5%) cylinder strength f.,. or cube strength
fek cupe in accordance with BS EN 206-1. The strength classes for concrete are presented

in the table below.

Table 5-3: The concrete characteristic strength classes (Eurocode 2, 2004)

fore (N/mm?) 12 16 20 25 30 35 40 45 50
fekcuve (N/mm?) 15 20 25 30 37 45 50 55 60
Where:

fek Characteristic compressive cylinder strength of concrete at 28 days.

fek cuve Corresponding characteristic cube strength. The value of the design

compressive strength is defined as:
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fck
fea = Qe —
C cc VC
Where:
Ve Safety factor for concrete at the Ultimate Limit State, for persistent and transient

design situations, ¥, =1.5 irrespective of the action whether it is an axial force, shear,

bending or bearing as stated in EC2.

a.. Coefficient taking into account the long-term effects on compressive strength and
of unfavourable effects resulting from the way the load is applied. The value of a,

should lie between 0.8 and 1.0.

It should be noted that higher concrete strength shows more brittle behaviour, reflected

by shorter horizontal branches, as will be shown in the stress-strain relationships, later.

5.3.1.2 Reinforcing Steel

The behaviour of the steel is identical in tension and compression, being linear in the elastic
range up to the design yield stress of f,,4 for design purposes, EC2 recommends the use of
an idealized bi-linear diagram shown in Figure 5-6. This diagram is valid for temperatures
no more than 200°C. The EC2 assumes a mean value of 200 kKN/mm? for the modulus of
elasticity of the reinforcing steel Eg to be used in the design. The design strength of the
reinforcing steel is derived from the idealized characteristic strength by dividing it by the

partial safety factor y; which is equal to 1.15.

The present study assumes that the reinforcing steel will be applied to the BS EN 1993, EC2

and that the grades is be 500 N/mm? for high yield steel (hot rolled or cold worked).
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Figure 5-6 Design stress-strain diagram for reinforcing steel

5.3.1.3 Reinforcing GFRP

It is generally accepted that the basic principles of section analysis could be applied in GFRP

reinforced RC elements. Plane sections are expected to remain plane and no significant

bond-slip occur. According to Junaid et al., (2019) for flexural resistance, the amount of

GFRP reinforcement required depends on the stiffness and strength of the composite

material. The GFRP strength to stiffness ratio is greater than that of steel and this has a

significant impact on the distribution of stresses along the section. Figure 5-7 illustrates the

design stress-strain diagram for reinforcing steel and GFRP.
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Figure 5-7 Design stress-strain diagram for reinforcing steel and GFRP
Once concrete cracked under loading, the position of the neutral axis in a cross-section of
a reinforced concrete beam gradually moves upwards with the increase of loading, which
is attributed to the nonlinear material properties of concrete and reinforcing bars. The
parabolic- rectangular stress blocks for rectangular beam sections for the ultimate strength

design for the four beams are presented below.

5.3.2 Normal Concrete Beam Reinforced with Steel (NC+S)
The parabolic-rectangular stress block adopted by EC2 for the ultimate strength of normal

weight concrete design calculations is presented in Figure 5-8.
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Figure 5-8 Parabolic-rectangular design stress block for the ultimate limit state- EC2 (Normal concrete
reinforced with steel)

The strain at the interface between the parabolic and linear partitions of the curve g, are
0.002 and the maximum stress is a. f.4.

Where:

a Coefficient taking into account long term effects on the compressive strength and
of unfavourable effects resulting from the way the load is applied.

fea Concrete design compression strength based on the cylinder test.
fek Concrete characteristic compressive strength based on the cylinder test.

as Ratio of the distance between g5 = 0.002 and the neutral axis to the depth of the
neutral axis. Therefore, it might be obtained from the strain diagram as follows:

Xo €o Equation 5-1
a3 = — = —
X €y
0.002 0.5714
az = = 0.
>70.0035
a, Ratio of the depth of the neutral axis to the centroid of the stress block from the
compression face depth.
a; Ratio of the average of characteristic compressive strength of concrete f; to the

average com pressive stress.
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Then the aj ratio can be obtained by considering the volume of the concrete stress block
of uniform width b.

Where the volume of parabolic rectangular stress block is:

0.85 f..b.x 0.334.0.85 f..b.(0.5714 x)
15 1.5

V of parabolic rectangular = 0.4587 .f .b .x Equation 5-2

V of parabolic rectangular =

The volume of an equivalent rectangular stress block is:
V of equivalant rectangular = a4 . f.b . x

Since the two volumes are equal then

a; = 0.4587

The a; ratio is determined by finding the centroid of resultant force by taking a moment
of the area about the extreme compression fibre.

V.x Equation 5-3
ty X = =

Where

0.5667 f. .b.x.x x—05714 x
= 5 —1.079 fck.b.x.f

V.x=0.1908.f..b.x?

X

Therefore

_0.1908 f. . b .x?
~ 0.4587 f..b.x

a, . x

It seems that these dimensionless factors a1 and a; are independent of concrete
compressive strength f;.

To calculate the distance from the natural axis to the extreme compression fibre (x).

From the strain block of the beam section.

€cu €s Equation 5-4

x  (d-x)
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(d —x)

€ = €y

_ _ (d-x) Equation 5-5
fs_Es-gs_T-gcu'Es Sfy q

As the section is in equilibrium, then:

CC:T
or
ay-fex-b.x = f5. Ag
Then
(d—x)
ay fep-b.x = Eey-Es - Ag
ay . for b .x% + ey Eg Ag. X — €0y .Es.Ag.d =0 Equation 5-6

The equation is quadratic and can be solved using the quadratic formula for the roots of

the general quadratic equation as below:

—b+ 1/bz — 4ac Equation 5-7
X =
2a

Using fundamental principles of compatibility of strain, material stress-strain relationship
and equilibrium equations a relationship between ultimate moment resistance and the

moment of reinforcement can be constructed.

A balance section is defined as one in which the strain at the extreme concrete compression
fibre reached the maximum (0.0035 for normal concrete) simultaneously with the tension

steel reaching a strain of €,,. Therefore, the amount of steel ratio p is:

— As bal
pbal b d

Which can be determined as follows:

From the strain diagram at balance,

X Equation 5-8
E = €cu/(Ecu + Sy)
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From stress-strain of the reinforcement,

. fyk Equation 5-9
Y 115"

Substitute Equation 5-9 into Equation 5-8, gives:

Equation 5-10

X
E = €y - Es/(€cu - Eg) + 0.87 fyk)

The compression force in concrete C- above the neutral axis is given by:
Cc = stress x area

Cc=ai.fe-b.x

Cc = 04587 f . b.x

The tension force in the reinforcing bar at balance T is:

T = stress x area

As bal -fyk

T =
1.15

As the section is in equilibrium, then:

CC =T
or
A :
0.4587 f...b.x = %Sfy"
0.5275 f. - b.x Equation 5-11
shal =
fyk

Substituting Equation 5-10 into Equation 5-11 and rearranging the terms results in:

2 _ 05275 fe.b €y . Es.d Equation 5-12
s bal fyk (‘Scu- Es + 0.87 fyk )

Then p pq Will be:
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0.5275 for -€cy - Es Equation 5-13
p =
bal fyk (Ecu-Es + 0.87 fyk)

If the reinforcement ratio p is below p,; the steel will yield before concrete crushes in
compression. Such a beam is known to be under-reinforced, and the ultimate moment of

resistance can be expressed as:

Ultimate moment = T. leaver arm
or

M =0.87 fyr . As (d — ;. x) Equation 5-14
For equilibrium equation.

087 fyk-p Equation 5-15

X
d a, -fyk

For p greater than p 4 the concrete fails by compression before steel reaches the yield
point. The beam is known as an over-reinforced beam.

From strain compatibility.

X
== Scu/(gcu + gs)

d
And from the stress-strain relationship of reinforcing bar,
fs = €. E;

Replace 0.87 f, by f; in Equation 5-15 and substitute Equation 5-13 and Equation 5-14
into Equation 5-15 results in:

X _ €cu -fyk
4 Cou-fou + @1 (3)-forl P)
Or

241 (%) . (2)2 + €cy -fyk . (g) - (Ecu -fyk) =0

The ultimate moment of resistance can then be obtained by taking moment of tension
steel.

M=ay.fopr.b.x.(d— a,.x) Equation 5-16
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5.3.3 Foamed concrete beam reinforced with steel (FC+S)
The parabolic-rectangular stress block adopted by EC2 for the ultimate strength design

calculations is presented in Figure 5-9.

0.85f,/15
b ’ N

‘ " €.,=0.0045 ‘%
. )
d

d-x d-(a . x)
T=f A,
R0 | R e L PhA
T

Figure 5-9: Parabolic-rectangular design stress block for the ultimate limit state- EC2 (Foamed concrete
reinforced with steel)

Where the volume of parabolic rectangular stress block is:

0.85 f.x.b.x 0.334.0.85 f.,.b.(0.444 x)
15 15

V of parabolic rectangular = 0.4827 . f. .b .x Equation 5-17

V of parabolic rectangular =

The volume of an equivalent rectangular stress block is:
V of equivalant rectangular = a4 . f;,-b . x
Since the two volumes are equal then

a, = 0.4827

The a, wheratio is determined by finding the centroid of resultant force by taking a

moment of the area about the extreme compression fibre.

V.x Equation 5-18
Ay . X = —
2 v
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Where

0.5667 f. .b.x.x x — 0.4444 x
= 5 —1.079 fck.b.x.f

V.x = 0.2087.f.b.x>

X

Therefore

0.2087 f,i . b . x>
0.4827 for . b . x

az.x:

a, = 0.4324

It seems that these dimensionless factors a; and a, are independent of concrete
compressive strength f.

To calculate the distance from the natural axis to the extreme compression fibre (x).

From the strain block of the beam section.

cu & Equation 5-19
x (d—x)
(d—x)
€ = &gy x
_ _ (d-x) Equation 5-20
fi = Eg.e5 = " € -Es  <fy q

As the section is in equilibrium, then:

CC=T
or
a-fex-b.x = fs. Ag
Then
(d—x)
a-fex-b.x = . Eoy- Eg L Ag
ay . foe b . x? + €y Es. Ag.x — €y Eg.Ag.d =0 Equation 5-21
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The equation is quadratic and can be solved using the quadratic formula for the roots of
the general quadratic equation as below:

—b++Vbh2 — 4ac Equation 5-22
X =
2a

Using fundamental principles of compatibility of strain, material stress-strain relationship
and equilibrium equations a relationship between ultimate moment resistance and the

moment of reinforcement can be constructed.

A balance section is defined as one in which the strain at the extreme concrete compression
fibre reached the maximum (0.0045 for Foamed concrete) simultaneously with the tension

steel reaching a strain of €,,. Therefore, the amount of steel ratio p is:

— As bal
pbal b- d

Which can be determined as follows:

From the strain diagram at balance,

X Equation 5-23
E = €cyf(Ecu t+ Ey)

From stress-strain of the reinforcement,

. fyk Equation 5-24
Y115 7F

Substitute Equation 5-24 into Equation 5-23, gives:

X Equation 5-25
E =€cy-Es/(€cy - Es) +0.87 fyk)

The compression force in concrete C- above the neutral axis is given by:
Cc = stress x area

Cc=ay.fex-b.x

Cc =0.4827f .b.x

The tension force in the reinforcement bar at balance T is:

T = stress x area
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As bal -fyk

T=—"1s

As the section is in equilibrium, then:

CC =T
or
A .
0.4827f..b.x = %Jy"
0.555 fo.b.x Equation 5-26
sbal = T
y

Substituting Equation 5-25 into Equation 5-26 and rearranging the terms results in:

2 _ 0.555 f b€y .Es.d Equation 5-27
shat ™ fyk (Ecu-Es + 0.87 fyk)

Then p pq Will be:

0.555 for.€cy - Es Equation 5-28
p =
bat fyk (Scu-Es + 0.87 fyk)

If the reinforcement ratio p is below p ,,; the steel will yield before concrete crushes in
compression. Such a beam is known to be under-reinforced, and the ultimate moment of
resistance can be expressed as:

Ultimate moment = T. leaver arm
Or

M =0.87 fyr . As (d — ;. x) Equation 5-29

For equilibrium equation,
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_ 087 fyk-p Equation 5-30

X
d a, -fyk

For p greater than p 4, the concrete fails by compression before steel reaches the yield
point. The beam is known as an over-reinforced beam.

From strain compatibility.

X
E = €cu/(Ecu + €s)

From the stress-strain relationship of reinforcing bar:
fs = &s.E

Replace 0.87 f, by f; in Equation 5-30 and substitute Equation 5-28 and Equation 5-29
into Equation 5-30 results in:

f _ Ecu -fyk
4 (eeu- e+ a1 (3)-farlP)
Or

ay (%) . (2)2 + €cy -fyk . (2) — (Ecu -fyk) =0

The ultimate moment of resistance can then be obtained by taking moment about
tension steel.

M=aj.fo-b.x.(d— a,.x) Equation 5-31
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5.3.4 Normal Concrete Beam Reinforced with GFRP (NC+GFRP)
The parabolic-rectangular stress block adopted by EC2 for the ultimate strength design

calculations is presented in Figure 5-10.

b 085f,/15

s £,,=0.0035 TN

d-x d-(a, . x)

Figure 5-10: Parabolic-rectangular design stress block for the ultimate limit state- EC2 (Normal concrete
reinforced with GFRP)

Values of ay, @, and a3 are the same for the case of normal concrete with steel
reinforcement.

az = 0.5714
a, = 0.4587
a, = 0.416

It seems that these dimensionless factors a; and a, are independent of concrete
compressive strength f.

To calculate the distance from the natural axis to the extreme compression fibre (x).

From the strain block of the beam section.

Sﬂ __ Y Equation 5-32
x (d—x)
(d —x)
Sf =€
ff = Ef g = (d Ecy -Ef < ffk Equation 5-33
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As the section is in equilibrium, then:

Cc=T
or
ay-fex-b.x = fr.Af
Then
(d—x)
ay . fex-b.x = T.scu.Ef.Af
a . foo.-b.x* +€q Ef Ar.x — €y .Ef.Ar.d =0 Equation 5-34

The equation is quadratic and can be solved using the quadratic formula for the roots of

the general quadratic equation as below:

—b+ 1/b2 — 4ac Equation 5-35
X =
2a

Using fundamental principles of compatibility of strain, material stress-strain relationship
and equilibrium equations a relationship between ultimate moment resistance and the

moment of reinforcement can be constructed.

A balance section is defined as one in which the strain at the extreme concrete compression
fibre reached the maximum 0.0035 (for normal concrete) simultaneously with the tension

GFRP reaching a strain of g5,,. Therefore, the amount of GFRP ratio p is:

_ Af bal
pbal b d

Which can be determined as follows:
From the strain at balance:

X Equation 5-36
E = €cu/(Ecu + Sy)

From stress-strain of the reinforcement:
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frk Equation 5-37
€y = 1—3 Ef

Substitute the above equation into the one before, gives:

= = e B/ (e Bp) + 077 )

The compression force in concrete C- above the neutral axis is given by:
Cc = stress x area

Cc=ay.fer-b.x

Cc = 0.4587f,, .b.x

The tension force in the reinforcement bar at balance T is:

T = stress x area

_ Af par - frk

T
1.3

As the section is in equilibrium, then:

CC = T
or
A .
0.4587f.;.b.x = ”’+3ff"
0.5963 f .- b.x Equation 5-38
Afbal =
frx

Substituting Equation 5-37 into Equation 5-38 and rearranging the terms results in:

2 0.5963 fek.b.€cy . Ef.d Equation 5-39
f bal ffk (Scu.Ef + 0.77 ffk)

Then p pq Will be:

0.5963 foy. - €cy - Ef
p =
P frk (Beu-Er +0.77 1)
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If the reinforcement ratio p is below p 4, the GFRP bars will yield before concrete
crushes in compression. Such a beam is known to be under-reinforced and the ultimate
moment of resistance can be expressed as:

Ultimate moment = T.leaver arm
Or
M =0.77 fri . A (d — @3 . X) Equation 5-40
For equilibrium equation,
X 0.77 fri - p Equation 5-41
i @ e
For p greater than pp,; the concrete fails by compression before steel reaches the yield

point. The beam is known as an over-reinforced beam.

The flexural capacity is limited either by rupture of the GFRP reinforcement in tension or
crushing the concrete in compression. Even though both modes are brittle and undesirable,
the GFRP design approach currently adopted is to accept that GFRP RC sections will be over-
reinforced and that the ultimate failure will be by concrete crushing rather than by

reinforcement failure.

From strain compatibility,

X
E = €cu/(Ecu + gf)

And from the stress-strain relationship of reinforcing bar,

Replace 0.77 ffi by fr in Equation 5-41 and substitute Equation 5-39 and Equation 5-40
into Equation 5-41 results in:

f _ €cu -ffk
4 Cou-fre+ () fa/P)
Or

r (22). 3% + S (3) = Ceu- S = 0
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The ultimate moment of resistance can then be obtained by taking moment about
tension reinforcement

M=aj.fo-b.x.(d— a,.x) Equation 5-42

5.3.5 Foamed Concrete Reinforced with GFRP (FC+GFRP)
The parabolic-rectangular stress block adopted by EC2 for the ultimate strength design

calculations is presented in Figure 5-11.

0.85f,/15
‘¥

- £,4=0.0045 aj fy

Figure 5-11: Parabolic-rectangular design stress block for the ultimate limit state- EC2 (Foamed concrete
reinforced with GFRP)

Values of aq,a, and a3 are the same for the case of foamed concrete with steel
reinforcement.

_ o0z _ .
%= 00045

a, = 0.4827

ay, = 0.4324

To calculate the distance from the natural axis to the extreme compression fibre (x).
From the strain block of the beam section.

Ecu & Equation 5-43

x  (d-2x)
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(d-x)
o=t

(@-x)

Equation 5-44
— < frr

ff:Efgf = 'gcu'Ef

As the section is in equilibrium, then:
CC = T

or

al.fck.b.x= ffAf

Then
(d—x)
al-fck.b.x= TSCuEfAf
a . fex .- b.x? + € Ef Af.x — €y . Ef Ap.d =0 Equation 5-45

The equation is quadratic and can be solved using the quadratic formula for the roots of

the general quadratic equation as below:

—b ++b? — 4ac Equation 5-46
X =
2a

Using fundamental principles of compatibility of strain, material stress-strain relationship
and equilibrium equations a relationship between ultimate moment resistance and the

moment of reinforcement can be constructed.

A balance section is defined as one in which the strain at the extreme concrete compression
fibre reached the maximum of 0.0045 (for foamed concrete) simultaneously with the

tension GFRP reaching a strain of €¢,,. Therefore, the amount of GFRP ratio p is:

_ Af bal
pbal b d

Which can be determined as follows:

From the strain at balance,
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X Equation 5-47
4 = €cu/(Ecu + Ey)

From stress-strain of the reinforcement,

frk Equation 5-48
€y = 1—3 Ef

Substitute Equation 5-48 into Equation 5-47, gives:

X
E = Ecu Ef/((gcuEf) + 0.77 ffk)

The compression force in concrete C- above the neutral axis is given by:
Cc = stress x area

Cc=ay.-fer-b.x

Cc =0.4827 f..b.x

The tension force in the reinforcement bar at balance T is:

T = stress x area

_ Af par - frk

T
1.3

As the section is in equilibrium, then:

CC = T
or
A .
0.4827 fo . b.x = %Sff"
0.6275 f.r. - b.x Equation 5-49
Afbal =
frk

Substituting Equation 5-48 into Equation 5-49 and rearranging the terms results in:

2 0.6275 foi b .€cy . Ef .d Equation 5-50
f bal ffk (Scu.Ef + 0.77 ffk)

Then p pq Will be:

0.6275 fck -Ecu - Ef
p =
bal ffk (Scu.Ef + 0.77 ffk)
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If the reinforcement ratio p is below p ,; the GFRP bars will yield before concrete
crushes in compression. Such a beam is known to be under-reinforced, and the ultimate
moment of resistance can be expressed as:

Ultimate moment = T.leaver arm
Or
M =0.77 ffk Ap (d—ay LX) Equation 5-51

For equilibrium equation,

x 0.77 fri-p Equation 5-52

d az.ffk

For p greater than p,; the concrete fails by compression before steel reaches the yield

point. The beam is known as an over-reinforced beam.

As mentioned earlier, it is accepted that GFRP RC sections will be over-reinforced, and that
the ultimate failure will be by concrete crushing rather than by reinforcement failure. From

strain compatibility,

X
E = €cu/(Ecu + gf)

And from the stress-strain relationship of reinforcing bar,

Replace 0.77 ffi by fr in Equation 5-52 and substitute Equation 5-50 and Equation 5-51
into Equation 5-52 results in:

f _ €cu -ffk
4 Cou-frie+ ar () fa/P)
Or

r(22). 3% + S (3) = Ceu- S = 0

The ultimate moment of resistance can then be obtained by taking moment about
tension reinforcement
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M=aj.fo-b.x.(d— a,.x) Equation 5-53

5.4 Summary of the Ultimate Moments of Resistance

Table 5-4 shown below summarizes the ultimate moment of resistance of all beams.

Table 5-4: Summary of all beam’s ultimate moment of resistance

Beam P bal M when p < ppau M when p > ppau

NC+S 369.25 fo 0.87 fyi - As (d 0.459f,; .b.x (d — 0.416 x)
fyi (700 + 0.87 fy) _04167%)

FC+S 499.5 f,\ 0.87 fyi.As (d —0.432x)  0.483f, .b.x.(d — 0.432x)

fyi (900 + 0.87 fy1 )

NC+GFRP 125.223 fox 0.77 fric-Af (d 0.459f,, .b .x.(d — 0.416x)
fri 210+ 0.77 fr) 0416
FC+GFRP 169.425f.; 0.77 fry. . As (d — 0.432x)  0.483f .b.x.(d — 0.432x)

frk 270+ 0.77 f7y)

The theoretical ultimate moment of resistance values in the current study for all beams
compared to EC2 and ACI-440 guides are presented in Table 5-5. Appendix C shows an excel

sheet example of stress block analysis.
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Table 5-5: The theoretical ultimate moment of resistance

NC with Steel FC with Steel NC with GFRP FC with GFRP

M in current study 38.03 kN.m 37.67 KN.m 31.60 KN.m 32.48 KN.m

M in EC2 guide 39.71 kN.m 39.71 kN.m 44.76 KN. m 44.77 KN. m

M in ACI-440 guide 42.23kN.m 42.23kN.m 51.79 kN.m 51.79 kN.m

5.5 Result and Analysis

5.5.1 Load-Deflection Response

The load-deflection relationship is a critical part of reinforced concrete beam analysis
especially from the serviceability point of view. As discussed in the literature review chapter
that GFRP bars have a lower modulus of elasticity compared to conventional steel.
Consequently, the deflection limit is a principal parameter in GFRP reinforced concrete
design. The Load-deflection analysis of a beam is an effective method to predict the second
moment of area of the section after the section has cracked in the tension zone. Once the
concrete in the tension zone is cracked, a noticeable reduction of the effectiveness of the

second moment of area results in a reduction in the overall stiffness of the section.

The applied load versus the recorded mid-span deflections of all beams tested are shown
in Figure 5-12. At the early stages of loading, all beams were uncracked, thus, demonstrated
linear-elastic load-deflection behaviour. After the section is cracked, the reduction in the
flexural stiffness was observed. With the increase of the applied load, the stiffness of beams
is further reduced due to more crack’s occurrence. In general, the amount of steel/GFRP

reinforcement is a crucial factor in improving the beams flexural stiffness.
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Figure 5-12: Midspan Load-deflection response
With the direct effect of the modulus of elasticity on beam flexural stiffness. As expected,
due to the relatively low modulus of elasticity of GFRP, the NC+GFRP and FC+GFRP beams
experienced larger deformation compared to the beams reinforced with steel. Normal
weight concrete beams demonstrated less mid-span deflection compared to foamed
concrete beams due to the larger strains at maximum stress in foamed concrete (0.0045)

than that in normal concrete (0.0035).

Since the glass fibre reinforced plastic bars have no yield point, the load-deflection
relationship in beams reinforced with GFRP demonstrated a more even and linear load-
displacement relationship than that in beams reinforced with steel. Moreover, it was
observed that the beams reinforced with steel failed at a higher load than those with GFRP
as reinforcement. However, even though the modulus of elasticity of GFRP material is less
than 1/3 of that in steel, the FC+GFRP beam showed reasonably good flexural response

compare to steel reinforced beams.

5.5.2 Concrete and Reinforcement Load - Strain Response

Strain gauges of 10 mm-long ESGs mounted on the concrete service, longitudinal bars and
shear links as shown in Figure 5-13. The measured strains from the gauges were plotted

with the corresponding applied loads to produce the load-strain plots for each of the
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normal/foamed concrete and steel/GFRP bars. Six strain gages, one on the extreme
concrete compression fibre, two on the extreme tension concrete fibre, two on shear links

and one on the longitudinal bars.

am Strsin gauge J’ . Jr — A
(T . 1 |

5 6
N 5 LA A-A

Figure 5-13: The load-strain relationship for concrete and reinforcement for all beams

It was noticed that the strains in all shear links were very low especially in GFRP reinforced
beams. Main reinforcement, GFRP bars experienced larger strains compare to steel bars
which are expected due to their low modulus of elasticity as shown in Figure 5-14. As
modulus of elasticity of both normal weight and foamed concrete, as well as the steel and

GFRP reinforcement, are known, the stresses could be calculated.

The two beams (NC+GFRP and FC+GFRP) both showed similar strain behaviour, especially
in the bottom main reinforcement. That indicates that GFRP bars behave in the same
manner with normal weight concrete and foamed concrete under the same loading

condition.
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Figure 5-14: Concrete and reinforcement Load-strain relationships

5.5.3 Bending Moment

Data collected from LVDTs placed at mid-span of all beams plotted against the
corresponding bending moments, as illustrated in Figure 5-15. The experimental ultimate
moment compared with the theoretical ultimate bending capacity in the current study, the

ultimate bending moment in the EC2 and ACI-440 guides.

In the case of a normal concrete beam reinforced with steel (NC+S), large flexural cracks
developed immediately after the mid-span bending moment reached 6kN.m results in a
sudden change in bending stiffness. It was observed primarily due to cracks forming.
However, the foamed concrete beam reinforced with steel (FC+S) has a higher cracking
moment NC+S and the cracks developed gradually and more evenly. The experimental
ultimate bending moment in both NC+S and FC+S beams were very similar to that from the
ACI-440 guide and slightly higher than the theoretical ultimate moment in the current study

and the ultimate moment in the EC2 guide as shown in Figure 5-16.
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Figure 5-15: Bending moment-deflection for normal concrete reinforced with steel
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Figure 5-16: Bending moment-deflection for foamed concrete reinforced with steel
Despite the fact that GFRP has less than 1/3 of modulus of elasticity than in steel, both
normal and foamed concrete beams reinforced with GFRP bars performed higher ductility,

with flexural capacity only 7% less than that in steel-reinforced beams. Foamed concrete
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beams showed a higher cracking moment than normal-weight concrete because the
enhanced foamed concrete has higher ultimate compressive strain (0.0045) at ultimate

stress than normal-weight concrete (0.0035).

For GFRP reinforced beams the prediction of the ultimate moment in EC2 and ACI-440
guides are found to be higher than the ultimate moment from the experiential testing.
However, the theoretical ultimate moment in the current study is lower than the
experimental ultimate moment as shown in Figure 5-17 and Figure 5-18. These differences
between the obtained moment capacity from experimental flexural testing and those
obtained from the EC2, ACI-440 design guides and theoretical calculations, could be
basically from the fact that EC2 and ACI recommendations do not consider the “actual”

concrete non-linear behaviour, nor considering concrete-GFRP bars bond.
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Figure 5-17: Bending moment-deflection for normal concrete reinforced with GFRP
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Figure 5-18: Bending moment-deflection for foamed concrete reinforced with GFRP

5.5.4 Crack Propagation and Failure Modes

The crack propagation for the tested beams was recorded and sketched manually during
the loading process. All beams started to develop vertical flexural cracks at the middle
region of the tension zone which propagates diagonally towards flexural failure. Visible
cracks developed in beam NC+GFRP when the applied load accessed 16.9 kN. However, in
the FC+S beam, the cracking load was found to be 50% higher than that in NC+GFRP. Beams
reinforced with steel required a higher load to cause section crack than beams reinforced
with GFRP. Moreover, the enhanced foamed concrete was found to have a higher cracking
load than normal concrete and that since the enhanced foamed concrete was found to be
less brittle than normal-weight concrete. The experimental results concerning cracking

load, ultimate load, mid-span deflection and failure mode are summarized in Table 5-6.
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Table 5-6: Structural performance and failure mode of the concrete beams

Beam Cracking Ultimate Ultimate Mid-span Failure mode
load load moment defflection
(kN) (kN) strength (mm)
(kN.m)

NC+S 20.154 142.5 43.65 15.75 Compression
FC+S 25.394 144.8 44,95 18.3 Shear- Compression
NC+GFRP 16.964 140.5 42.25 27.1 Compression
FC+GFRP 19.972 138.25 39.85 21.7 Shear- Compression

Foamed concrete beams found to have fewer cracks in number but wider cracks than those
in normal-weight concrete. Crack patterns and failure mode are sketched for each beam
and presented in the figures below. Regarding the failure mode in both NC+S and NC+GFRP
beams the failure was compression failure caused by concrete crushing with the yield of
the hanger bars. However, in foamed concrete beams FC+S and FC+GFRP the failure was a

shear-compression failure as shown in Figure 5-19 to Figure 5-22.

Normal
concrete
with steel

Failure at s
ultimate mw
load =

Crack pattern =

at 75-90% of ™ | [ T e e e N e e e T e T e e
the ultimate = s /J\_,/ 2-\ \ W =~
I
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Firstcracks | [t e e e e e e e e e e e e e

100 700 1000 1300

Figure 5-19: Crack pattern and failure mode of NC+S beam
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Figure 5-20: Crack pattern and failure mode of FC+S beam
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Figure 5-21: Crack pattern and failure mode of NC+GFRP beam
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5.6 Summary

Figure 5-22: Crack pattern and failure mode of FC+GFRP beam

This chapter covers an experimental programme and numerical analysis to investigate the

flexural behaviour of steel/GFRP reinforced normal/foamed concrete beams. Four

reinforced beam models were considered, including a normal concrete beam reinforced

with steel bars, foamed concrete beam reinforced with steel bars, a normal concrete beam

reinforced with GFRP bars and foamed concrete beam reinforced with GFRP bars.

The principal findings drawn from the present investigation are presented below:

The equations obtained from the theoretical derivations of the reinforced concrete

beams in the current study to determine the ultimate moment showed slightly under-

estimation compare to experimental results.

The ACI-440 equations showed similarity with the experimental ultimate moment in

both normal and foamed concrete beams reinforced with steel. However, in beams

reinforced with GFRP, the ACI-440 equations overestimated the experimental ultimate

moment.
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e Foamed concrete beams have a higher cracking moment and few cracks compared to
normal weight concrete beams. However, the cracks are bigger, which may be
attributed to the shear effect combined with flexure at failure.

e GFRP reinforced beams illustrated higher deflection than the steel-reinforced beams,
owing to the lower elastic modulus of GFRP bars compared with steel.

e Normal concrete beams (NC+S and NC+GFRP) failed in compression. Nevertheless,
foamed concrete beams (FC+S and FC+ GFRP) have combined shear and flexural failure.

e Unlike steel, GFRP was found to behave in a similar way with both normal and foamed
concrete. Dispit the fact that the foamed concrete beam that reinforced with GFRP has
overall mdulus of elasticity of 1/4 that in normal weight concrete reinforced with steel.

It perform better than expacted with flexural capacity of 87% of normal concrete beam.
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Chapter 6

Finite Element Modelling of GFRP Reinforced Foamed
Concrete Beams

6.1 Introduction

In recent decades, the finite element method has been immensely considered as an
effective method in the analysis of simple structures, such as reinforced concrete beams,
columns, and slabs. As well as complex concrete structures, such as a shear wall, deep beam,
FRP reinforced concrete structures. Finite Element Modelling FEM is known as a robust
numerical technique to find approximate solutions to practical engineering problems,
particularly those with complex geometries, loading and boundary conditions. There are
many different methods to study the structural behaviour of concrete elements.
Experiments have always been used to study and analyse different concrete structures and
their behaviour under loading. In general, it is an accurate method. However, it is costly
and time-consuming (Warner, 1997). Therefore, the finite element method (FEM) was
developed and used in the 1950s to study structures behaviour. Many finite element
analysis packages such as ABAQUS have been developed in recent years. FEM is an accurate
and cost-effective method and has become the choice method for structural analysis. For
this thesis, ABAQUS from the Dassault systems suite is chosen as the FE software for beams
simulating. ABAQUS has widely used FE software in the aerospace composites industries

due to its versatile and reliable simulation capabilities.

6.2 Finite Element Method

FEM method is based on the mechanic's laws and depending on the problem nature, it can
be associated with structural mechanics, thermo mechanics or fluid mechanics. The finite
element analysis modelling procedure may be described as a loop. The first step involves
physical problem numerical modelling by using the appropriate differential equations,
which is known as shape functions. The second step involves applying loads to the model
and quantifying displacements at the nodes, followed by stress-strain analyses of the

system.
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The obtained results are validated against real data. The numerical model might need
additional improvement and refinement based on the analysis results review, and the
system is reanalysed for the same applied loads. Additional result’s review may be
performed, with extra refinement might be required until the results reflect the system

experimental results under similar loading conditions.

The finite element method includes the choice of elements such as 2D or 3D beam or truss,
meshing, and boundary conditions. The method is typically utilized to analyse various
material properties and structures with complex features. FEM offers an effective analytical
technique to study the structural behaviour of reinforced concrete members. Nonlinearity
in geometry or material properties, cracking, tension stiffening, interface behaviour, and
other mechanisms that are passed over or treated approximately can be modelled

rationally using the finite element method (Xingyu et al., 2020).

For a structural finite element analysis, the stiffness matrix comprises the material and
geometric behaviour information that defines the resistance to deformation of the element
when subjected to external loading. These deformations may include shear, axial bending,
and torsional effects. In the early applications of FEM and without the advantage of modern
computers, the flexibility method was used when force analysis is used to develop the
matrix. In this technique, the knowns are displacements, and the unknowns are the forces.
Nevertheless, the FEM corresponds to the displacement method, where the unknowns are
system displacements in response to applied loads. The structural stiffness matrix typically

takes the form:

[K] {U} = {F} Equation 6-1
Where:

[K] Assembled global stiffness matrix
{u} Vector of global displacement

{F} Vector of applied nodal forces

178



Chapter 6

6.3 Nonlinear Finite Element Analysis

The majority of problems in engineering applications are nonlinear. Overall, nonlinearities
in structural mechanics arise in two different ways: From geometric nonlinearity or/and
from physical or material nonlinearity (Sataloff et al., 2019). In the case of geometric
nonlinearity, this form of nonlinearity is based on elastic body deformations. In geometric
nonlinearity, the relationships between strains such as the extensional and shear strains
with the displacement components are taken to be nonlinear, leading to nonlinear strain—
displacement relationships. However, in the material nonlinearity, the generalised Hooke's
law is not valid as long as the stress-strain behaviour of a material is nonlinear. The material
nonlinearity has a great effect on the behaviour of structural in finite element analysis.
Figure 6-1 shows nonlinear finite element solution procedures for reinforced concrete

beams.
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Figure 6-1: Nonlinear finite element solution procedures for reinforced concrete beams

6.4 ABAQUS Overview

Many finite element analysis (FEA) software packages are available for concrete structural
analysis. Examples include Automatic Dynamic Incremental Nonlinear Analysis ADINA
developed by ADINA R&D Inc, Analysis Systems Inc ANSYS and ABAQUS by Dassault
Systemes Simulia Corp. ABAQUS was developed and designed primarily for the nonlinear
static and dynamic analysis of structures. ABAQUS product suite includes three core

products ABAQUS/CAE, ABAQUS/Standard, and ABAQUS/Explicit (Dassault Systémes,
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2014). ABAQUS/CAE was used for the beam’s simulations performed in this study for its
capability of nonlinear analysis for concrete structures. ABAQUS/CAE or Complete ABAQUS
Environment allows users to create, analyse and visualize model output all in one
environment using a customizable graphical user interface (GUl). ABAQUS/CAE allows users
to create geometries using the GUI or by importing CAD models for meshing. Users can
then analyse models and use the comprehensive visualization options to interpret and

communicate the analysis results.

6.5 FE Modelling of Concrete in ABAQUS
For modelling reinforced concrete using the finite element method in ABAQUS, there are
different models that ABAQUS offers and their application depends on the type of

structural loading and cracking analysis. These models include:

1- Smeared Crack Model (SCM)
2- Brittle Cracking Model (BCM)
3- Concrete Damaged Plasticity Model (CDPM)

All three models have a general capability for modelling typical concrete structures such as
columns, beams, trusses and shells. The models could be used for quasi-brittle materials,
plain concrete. However, they are mainly intended for reinforced concrete structures

analysis.
e The Smeared Crack Model

This model can be implemented in ABAQUS/Standard for applications in which the material
is subjected to predominantly monotonic low loading. Concrete cracking is the most
important aspect of the concrete behaviour in this model; therefore, the modelling is
dominated by the cracking and post-cracking behaviour. Apply the crack detection surface
to determine the failure point of the integration point by tensile cracking. The SCM
approach is utilized to characterise the discontinuous brittle behaviour of cracked concrete
under loading. However, this approach is not designed to track the formation of macro
cracks, but instead, it modifies the stiffness material and stresses according to the presence

of cracks (Ng et al., 2020).
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e The Brittle Cracking Model

The BCM is implemented in ABAQUS/Explicit for applications in which the tensile cracking
is dominating the behaviour of the material. This model is adequate if brittle tensile
behaviour dominates the material behaviour such as plain concrete, ceramics and brittle
rock. The compressive behaviour of the material is assumed to be linear-elastic, with
simplification of the actual compressive behaviour. The BCM is considering mainly the
brittle aspects of material behaviour and utilizes the smeared crack approach to represent

the discontinuous brittle behaviour.
o The Concrete Damaged Plasticity Model

The Concrete Damaged Plasticity Model CDPM can be implemented in ABAQUS/Explicit
and ABAQUS/Standard and can be used to analyse concrete and other quasi-brittle
materials and to represent the inelastic behaviour of concrete. It uses the concept of
isotropic tensile and compressive plasticity in combination with isotropic damaged
elasticity to represent the inelastic behaviour of concrete. The development of the yield
surface in the CDPM is controlled by two hardening variables, the compression equivalent
plastic strain and the tensile equivalent plastic strain, which are related to the failure

mechanisms under compression and tension loading (Stoner and Polak, 2020).

The stress-strain response under uniaxial tension loading follows a linear elastic
relationship until it reaches the failure stress, then the micro-cracks occur which is
categorised by the softening stress-strain response as shown in Figure 6-2b. In the case of
uniaxial compression, the stress-strain relationship is linear up to the initial yield point,
which is followed by stress hardening up until the ultimate stress point as shown in Figure

6-2a.
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Figure 6-2: Definitions of the stress-strain curves of the concrete damage model in ABAQUS (Bitiusca and
Clausen, 2016)

The CDPM is defined by using the concrete compression hardening and concrete tension
stiffening option and the concrete compression damage and tension damage options.
Previous research by Sabau and Onet, (2011) cited that the Smeared Crack Model has a
drawback since it may lead to the strain localization phenomenon which leads to zero energy
consumption during crack development when the element size approaches zero. However, the
Concrete Damaged Plasticity Model is highly versatile in modelling concrete under various
loading conditions. Therefore, the CDPM was used for the beam nonlinear analysis

performed in this study. The concrete damage plasticity parameters are shown in Table 6-1.

Table 6-1: The concrete damage plasticity parameters

Modulus of | Poisson | Dilation | Eccentricity, | fpo /f K. Viscosity
0
elasticity ratio angle, Y € ¢ Parameter, p
(GPa)
NWC 28 0.2 36 0.1 1.16 0.667 0.0
FC 16 0.25 40 0.1 1.16 0.67 0.0
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6.6 FE Modelling of Reinforcement in ABAQUS
For reinforced concrete modelling using the FEM, there are three approaches available for
modelling reinforcement bars. They are the smeared model, the discrete model and the

embedded model.

6.6.1 Smeared Model

In this model, it is assumed that the reinforcement is distributed uniformly in the concrete
elements in a defined region of the FE mesh. Therefore, the material model properties in
the element are constructed as share properties from individual properties of both
reinforcement and concrete using composite theory. This method is suitable for a large
scale model in which the reinforcement does not significantly contribute to the overall

response of the structure, see Figure 6-3.

ncr lemen
/.Co crete element

L \ 4 ./

| S G

Concrete node

Shared properties
of reinforcement
in concrete

Figure 6-3: Smeared formulations for reinforced concrete

6.6.2 Discrete Model

In this model, the reinforcement is modelled by either using a beam or bar element which
is connected to the concrete mesh nodes, creating shared nodes between reinforcement
and concrete elements. In the DM technique, the reinforcement is superimposed in the
concrete mesh. Therefore, the concrete occurs in the same regions occupied by the
reinforcement, as shown in Figure 6-4. The discrete model technique drawback is that the

concrete mesh is restricted by the location of the reinforcement.

184



Chapter 6

Concrete element

® L 4 L 4 == L
Concrete node
e

@ 23 L
Shared node

/ between concrete

[— ) [ ] [ ] #®—— andreinforcement
'\ elements
® & ® ® ' Reinforcement element

Figure 6-4: Shared nodes between concrete elements and reinforcement elements

6.6.3 Embedded Model

The embedded method was adopted in this study to model the reinforcement in the
reinforced concrete beams. This method overcomes the drawback of mesh restrictions in
the smeared and the discrete methods, as the stiffness evaluation in reinforcement
elements is carried out separately from the concrete elements. In addition, in the
embedded method the reinforcement elements displacement is compatible with the
displacement of surrounding concrete elements. This method is adequate with complex
models. Nevertheless, it increases the nodes and the degrees of freedom number in the
model. Therefore, it requires more run time and increases the computational cost, as

illustrated in Figure 6-5.
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Figure 6-5: Embedded formulations for reinforced concrete
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The embedded element technique is used to identify that an element or set of elements is
embedded in “host” elements. For instance, the embedded element technique may be

used to model rebar reinforcement as shown in Figure 6-6.

%
7S simuLia

Figure 6-6: Embedded element technique applied for the reinforced concrete beams

6.7 Element Types
ABAQUS has a wide element library providing a comprehensive set of tools to solve various

problems. In ABAQUS each element has a unique name, such as C3D8R, S4R, T2D2 or C3D8I.

6.7.1 Concrete

The 3D model was used for modelling the steel-reinforced and GFRP reinforced normal and
foamed concrete beams. In the 2D models, the element has four nodes with two degrees
of freedom at each node, translation in the x and y directions. This type of element is
capable to calculate plastic deformation, cracking and crushing. The node locations and
geometry for this element type are illustrated in Figure 6-7a. However, in the 3D models,
eight-node linear brick was applied. This model has eight nodes with three degrees of
freedom at each, translation in the x, y and z directions. They are able to predict plastic
deformation, cracking, and crushing. The node locations and geometry for this element

type are illustrated in Figure 6-7b.
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Figure 6-7: (A) Typical plane stress quadrilateral 4 node element (B) Typical 8 nodes linear brick element

Figure 6-8: ABAQUS mode of the concrete beams

6.7.2 Reinforcement

Reinforcement bars (steel/GFRP) were modelled using 3D truss elements. In this model, a
two-node linear T3D2 truss element was used. In ABAQUS the truss element is a slender
long structural member that can transmit only axial force, as shown in Figure 6-9. Both

steel rebars were embedded into the concrete element; henceforth no interface element
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was needed and a perfect bond between concrete and steel reinforcement was applied.

However, it was 95% between concrete and GFRP bars.

.

Figure 6-9: Typical 2 nodes truss element

Figure 6-10: ABAQUS model of reinforcement

6.8 Materials Proprieties

Idealized elastic-perfectly plastic stress-strain behaviour is adopted in this study for every
analysis, this approach built on the assumption that plastic yielding only occurs when the

stress in the material reaches the value of the yielding stress up until failure.
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6.8.1 Concrete

The concrete elastic behaviour was modelled considering a linear elasticity with a Poisson

ratio and modulus of elasticity as constant. The values for both parameters are presented

in Table 6-2. The modulus of elasticity is defined as the ratios of the stress over strain and

represents the stiffness parameter of the concrete. Concrete is a quasi-brittle material and

it behaves differently in compression and tension. C3D8 element type was used for

concrete. Thus, the development of a model to study the behaviour of concrete could be a

challenging task. Figure 6-11 illustrated a typical stress-strain curve for normal-weight

concrete.
Table 6-2: Elastic parameters of concrete
Property Normal concrete Foamed concrete
Modulus of elasticity MPa 28000 16000
Poisson ratio 0.2 0.25

Stress

Start of
elastic
behaviour

-

Failure pointin
‘/ compression (peak

stress)

Unload/reload response
: Idealized (elastic)

.."(——-"‘“ Unload/reload response
L o

;

Softening

\

™~

Strain

Cracking failure

Figure 6-11: Typical uniaxial behaviour of plain concrete
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6.8.2 Reinforcement Rebar
In modelling steel reinforcement in ABAQUS, it was assumed to be elastic-perfectly-plastic
material. All steel properties including Poisson’s ratio, the modulus of elasticity and the

yield stress are presented in Table 6-3.

The two main aspects of GFRP that are important to consider when modelling the material
are GFRP bars are: The rebar behaviour is perfectly elastic up to the ultimate stress of the
material. It has a linear behaviour up to failure and its physical properties are directionally

dependent. The GFRP rebar properties are presented in Table 6-3.

Table 6-3: Steel and GFRP rebar main properties

Property Steel GFRP
Young’s Modulus MPa 200000 60000
Poisson ratio 0.3 0.2
Yield stress MPa 460 -
ultimate stress MPa 530 1000
Plastic strain 0.2% 2%
ultimate strain 0.5% 2%
6.9 Geometry

The beams dimensions are 150 x 220 x 2000 mm. The clear span between supports is
1800 mm. Tension reinforcement is 3H16 and 2H10 as hanger bars as shown in Figure 6-12.
The bond strength between the steel/GFRP bars and the surrounding concrete was
considered a perfect bond and 95% bond respectively. Hence the embedded region option

was adopted in defining the reinforcement inside the host concrete element.
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Figure 6-12: Beam geometry and diminutions

6.10 Meshing

The FEA requires the meshing of the model as an initial step. Therefore, the concrete beams
(meshed) divided into a number of small elements. The stress and strain generated from
the loading are calculated at the integration points of these elements. The selection of
mesh density is an important step in finite element modelling. A results convergence was
obtained in a reasonable analysis timeline when an adequate number of elements are used
in a model. The meshed elements size was 24 mm in each direction as shown in Figure 6-13.
This was achieved when an increase in mesh density has a negligible effect on the result.
The initial mesh density study was achieved using a concrete beam in non-linear analysis,

in which the model worked well and showed the beam deflection curve and failure.
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Figure 6-13: Concrete beam meshing

6.11 Loading and Boundary Conditions

The beams were tested under the four-point bending test. The beams FEM were set up

according to the experimental beam testing. Two supports pinned and roller support

applied at 100 mm from both ends of the beam. The boundary conditions and constraints

type applied to the geometry are presented in Figure 6-14. The loads applied on 1/3 of the

span length from both supports as shown in Figure 6-15. The loading rate that simulates

the experimental test applied, with a load rate of 300 N/Sec.

dof 5

1- Translation in the 1-direction (U1)
2- Translation in the 2-direction (U1)

a/

direction (U1)

4- Rotation about the 1-direction (UR1)
5- Rotation about the 2-direction (UR2)
6- Rotation about the 3-direction (UR3)

Translation in the 3-

3

dof 3

dof 4

dof 1

dof 6

Figure 6-14: Boundary condition notation in ABAQUS
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Figure 6-15: Supports and applied loads on concrete beams

6.12 Load Stepping and Failure Definition for FE Model

In ABAQUS automatic time stepping controls and predicts load step size for nonlinear
analysis. After each step and based on the physics of the models and the previous solution
history, when the convergence behaviour is smooth, the automatic time stepping increases
the load increment up to a selected maximum load step size. However, if the convergence
behaviour is abrupt, then the time-stepping bisects the load increment up until it is equal
to a selected minimum load step size. Maximum and minimum load step sizes are required
for the automatic time stepping. In the current study, the minimum increment size is 1E-
015, the increment initial size is 0.001 and the maximum increment size is 0.01. The time

period set to be 0.1 and the maximum number of increments was 100000.
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6.13 Methods for Non-Linear Solution

In ABAQUS there are several methods available for non-linear analysis such as the plastic
method, the Newton Raphson method, and the modified Newton Raphson method.
Modified Newton Raphson approach was adopted in this study to solving the simultaneous
equations and finding incremental equilibrium, which is an iterative process of solving the

non-linear equations.

In the non-linear approach, the load was broken down into a series of load increments. The
load increments applied over several load steps within a load step. At the completion of
each incremental solution, ABAQUS amends the stiffness matrix to reflect the non-linear
changes in structural stiffness in advance proceeding to the next load increment. The
flowchart shown in Figure 6-16 summarises the nonlinear finite element analysis

procedures for steel/GFRP-reinforced concrete beams.

Furthermore, the concrete damage plasticity parameters for concrete are given in Table
6-1. Therefore, the degradation of concrete under both compression and tension is
captured in the FE model. Simply supported boundary conditions were simulated for all the
beams. The typical assembly of different parts and FE model is shown in Figure 6-12, Figure
6-13 and Figure 6-15. Nonlinear FE analysis by using Newton- Raphson method was

performed for the normal and foamed concrete beams reinforced with steel or GFRP bars.
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Figure 6-16: Steps in ABAQUS simulation

6.14 Numerical Modelling Results

One of the key objectives of this study is to investigate the flexural behaviour of
normal/foamed concrete beams reinforced with steel/GFRP. The chapter investigates the
moment capacity, crack pattern, mode of failure of foamed concrete beam reinforced with
GFRP. Additionally, a comparison is carried out of different methods to determine the
ultimate moment capacity and load-deflection relationship of foamed reinforced concrete
with GFRP. The four beams tested under static loading were analysed using the

ABAQUS/CAE.
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6.14.1 Load-Deflection Analysis

The load-deflection relationship for reinforced concrete beams analysis is a very essential
aspect especially from the serviceability point of view. It was discussed in the literature
review chapter that GFRP bars have a lower modulus of elasticity compared to conventional
steel. Consequently, the deflection limit is a principal parameter in GFRP reinforced
concrete design. The beams were tested under a four-point load test and analysed by using
ABAQUS non-linear finite element analysis. The nonlinear load-deformation response of
the concrete beams at different load levels are presented in Figure 6-17. The beams NC+S,
FC+S, NC+GFRP and FC+GFRP exhibit ultimate loads of 140 kN, 134 kN, 121 kN and 125 kN
respectively, and the corresponding mid-span deflections obtained were 15 mm, 21 mm,
26 mm and 29 mm respectively. It was found that GFRP reinforced beams experienced
larger deflections than steel-reinforced beams by an average of 38%. However, It is noticed
that the FC+GFRP beam has only 10% less ultimate load than the NC+S beam even though
the modulus of elasticity of GFRP is less than 1/3 of that in steel and foamed concrete has

less than 50% modulus of elasticity of that in normal-weight concrete.

The load—Midspan deflection curves for all steel/GFRP reinforced beams are presented in
Figure 6-18. The first part of the curve up to the crack point (0-20 kKN) represents the
behaviour of the un-cracked beams. The second part (higher than 20 kN) represents the
behaviour of the cracked beams with reduced stiffness. It noticed that, as the modulus of
elasticity of the GFRP bars reduced, the reinforcement’s axial stiffness declined, leading to

an increase in mid-span deflections.
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Figure 6-17: FEA ABAQUS mid-span deflection of GFRP and steel-reinforced beams
The test results obtained experimentally and those obtained through non-linear finite
element analysis were compared in Figure 6-18. The entire load-deformation response of
the model produced in ABAQUS compares well with the response from the experimental
testing, which gave confidence in the use of ABAQUS and the model developed. Figure 6-18
shows the numerical and experimental mid-span load-deflection relationship of GFRP and

steel-reinforced foamed and normal concrete beams.
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Figure 6-18: Load-deflection values (ABAQUS Vs Experiment)

6.14.2 Strain Distribution of Beam Section.

The development of strains distributions in both the extreme compression fibre of the
concrete and in the tension reinforcement bars are illustrated in Figure 6-19. ABAQUS
calculated and recalculated strains in each node of the beam with the increase of the
applied loads. Figure 6-19 shows nonlinear strain distribution at the mid-span in the

beam’s section every 25 kN increment.

Strains developed in concrete and reinforcement bars were plotted for steel and GFRP
reinforced beams. It was noticed that the strains developed linearly across the section up
to the cracking point with an applied load around 20 kN, as shown in Figure 6-19. It was
found that the strains developed in GFRP reinforcement in NC+GFRP and FC+GFRP beams
have significantly higher values than the strain in steel bars in steel-reinforced beams. The
ultimate strains in compression normal concrete recorded in NC+S and NC+GFRP beams
reached values of 0.00325 and 0.0032 respectively. However, foamed concrete beams FC+S

and FC+GFRP recorded higher compression strain values of 0.0039 and 0.00385

respectively.
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Figure 6-19: Non-linear strain distribution along the depth of the beams

Due to its low modulus of elasticity, GFRP reinforcing bars experienced higher strain values

than steel reinforcing bars by more than 100%, where GFRP bars in beams NC+GFRP and

FC+GFRP reached strain of 0.00615 and 0.0064 respectively as illustrated in Figure 6-19.

Figure 6-20 presents FEA measured stresses of the reinforcement under the ultimate

applied load. Steel reinforcement bars in beam NC+S and FC+S reached tensile stress values

of 480 MPa and 446 MPa respectively. However, the tensile stress in GFRP bars at ultimate

load reached 355 MPa and 382 MPa for beam NC+GFRP and FC+GFRP respectively. Tensile

stresses developed in GFRP reinforcement bars under ultimate load are 25% less than

tensile stresses developed in steel reinforcement and that mainly due to the low modulus

of elasticity of GFRP bars compared to steel.
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Figure 6-20: The stress in reinforcement at the ultimate applied load

6.14.3 Moment Resistance of RC Beam

At the initial stage of ABAQUS beam loading, the beams behaved in a linear elastic manner
until cracks appeared at a moment of 20-35% of the ultimate moment at failure and a mid-
span deflection of 9-15% of the ultimate deflection. Figure 6-21 compares the moment
capacity predictions obtained from the theoretical derivations of the reinforced concrete
beam in the current study against the experimental and FEA moment capacity of steel and
GFRP reinforced beams. It is indicated that there is a great agreement between the
experimental and FEA moments capacity. The theoretical equations reasonably predicted
the failure moments of the steel-reinforced beams and underestimated the moment

capacity for beams reinforced with GFRP.
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Figure 6-21: The theoretical, experimental and ABAQUS moment capacity of the beams

6.14.4 Cracking Pattern and Failure Mode

The failure modes for all beams were observed and examined in the FEA and experiment.
The increasing applied load was set in constant increments until failure. The figures below
show the cracking behaviour and failure mode of the beams. The load applied on the beams
in the increment of 300 N/Sec, all beams show relatively low deflection until the beams
reached the cracking point. It was observed that foamed concrete beams FC+S and
FC+GFRP illustrated higher cracking loads compared to normal weight concrete beams by

22%.

When the applied loads accessed the cracking loads, 20.15 kN, 25.39 kN, 16.96 kN and
19.97 kN respectively for beams NC+S, FC+S, NC+GFRP and FC+GFRP the vertical cracks
started to develop from the extreme tension fibre zone of the concrete section. The
formation of further cracks increased, and the former cracks propagated and widened as

the applied load increases.

When the applied loads reached 70-90% of the ultimate load, the concrete started to fail
in the tension zone, and the stiffness of the beam started to decline dramatically, and large

deformations started to be observed. Additionally, diagonal shear cracks developed at each
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support. When the applied load reached as high as 120 kN -140 kN the beams start to fail.
Figure 6-22 to Figure 6-25 illustrated the ABAQUS crack pattern and failure mode of all
beams. In both beams, NC+S and NC+GFRP, the extreme compression fibre zone of the
concrete section was yielded and some disconnected diagonal shear lines yielding as well.
However, beams FC+S and FC+GFRP experienced less yielding in the concrete compression
fibre zone and more yielding of the shear diagonal lines. The failure modes of all beams in
FEA concrete have great much with the failure mode of the beams in the experimental

programme as shown in the figures below.

NC+S a _

Experimental
failure mode

Active Yielding Flag

ABAQUS
failure mode

Concrete
tensile damage
at ultimate
load

Concrete tensile

damage at 70%-

90% of ultimate
load

Concrete tensile
damage at first
crack load

Figure 6-22: Normal concrete reinforced with steel crack pattern and failure mode in ABAQUS
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FC+S

Experimental
failure mode

Active Yielding Flag

ABAQUS
failure mode

Concrete
tensile damage
at ultimate
load

Concrete tensile

damage at 70%-

90% of ultimate
load

Concrete tensile
damage at first
crack load

Figure 6-23: Foamed concrete reinforced with steel crack pattern and failure mode in ABAQUS
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NC+GFRP

Experimental
failure mode

Active Yielding Flag

ABAQUS
failure mode

Concrete
tensile damage
at ultimate
load

Concrete tensile

damage at 70%-

90% of ultimate
load

Concrete tensile
damage at first
crack load

Figure 6-24: Normal concrete reinforced with GFRP crack pattern and failure mode in ABAQUS
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FC+GFRP

Experimental
failure mode

Active Yielding Flag

ABAQUS
failure mode , 0 s

Concrete tensile
damage at
ultimate load

Concrete tensile

damage at 70%-

90% of ultimate
load

Concrete tensile
damage at first
crack load

Figure 6-25: Foamed concrete reinforced with GFRP crack pattern and failure mode in ABAQUS

Both experimental beam testing and ABAQUS simulations have agreed on the general crack
pattern failure mode. Nevertheless, the ABAQUS simulation was unable to show hair
cracking propagation surrounds the beam model compared with beams in the
experimental testing. This suggests that tensile and compressive behaviour data in the
concrete damage plasticity beam model is highly beneficial but limited to predict the
flexural strength, main crack pattern and failure mode, this limitation can be overcome by
the addition of pre-cracking displacement and fracture energy in the input manager as

suggested by the previous researcher.
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6.15 Summary

This chapter presents a finite element analysis for normal weight and foamed concrete
beams reinforced with steel and GFRP bars. Foamed concrete is an alternative material to
normal weight concrete, and GFRP is an available alternative material to replace steel
reinforcements in concrete structures. Four-point bending tests conducted on the steel

and GFRP reinforced beams. The main finding might be summarised as follows:

e The results from FEA, which are presented in the load-displacement plot show good
agreement with the experiment results.

e GFRP reinforced beams experienced larger deflections than steel-reinforced beams by
an average of 38%. However, GFRP reinforced beams experienced only 10% less
ultimate load than steel-reinforced beams despite the fact that the modulus of
elasticity of GFRP is less than 1/3 of that in steel.

e Duetoits low modulus of elasticity, GFRP reinforcement bars show higher strain values
than steel-reinforced bars by more than 100% at the ultimate load.

e The theoretical equations developed in this study reasonably predicted the failure
moments of the steel/ GFRP reinforced.

e Foamed concrete beams have higher cracking moments than normal-weight concrete
by 20% and less ultimate moment capacity by 10%.

e The failure modes of all concrete beams in FEA match the failure mode of the beams in
the experimental programme well. However, the FEA simulation was unable to show
hair cracking propagation surrounding the beam model compared with beams in the

experimental testing.
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Chapter 7

Conclusions and Recommendations

7.1 Overview

The use of normal weight concrete reinforced with steel in the future construction industry
is facing a number of obstacles due to its relatively heavy weight with a density of 2500
kg/m3 . Reinforcement corrosion has been one of the main durability problems in

reinforced concrete and it is the chief factor in limiting the life expectancy of RC structures.

Foamed concrete is known as a lightweight with low-grade strength, high porosity and
permeability which can only be used for non- or semi-structural applications. However,
adding a waste material namely toner to the mix improved the concrete mechanical
properties where the compressive strength exceeds the minimum strength of 25 N/mm?

required for structural applications.

7.2 Conclusions
From the results and discussions of the experimental, theoretical and numerical analysis of
this research on developing mechanical properties and structural behaviour of foamed

concrete, the following conclusions can be drawn:

e The FC properties more independently follow its density and the type of additives they
consist of. Subsequently, the stress-strain relationship is different for FC mixes based
on either the density or on the additive materials used.

e The use of additives Waste Toner, Metakaolin and silica fume improve the compressive
strength of the FC at all densities. Waste Toner improved the concrete mechanical
properties where the compressive strength exceeds the minimum strength of
25 N/mm? required for structural applications.

e Waste Toner as an additive has the highest effect on FC mechanical properties
compared to MK and SF. It increases the compressive strength by an average of 30%,

tensile strength by 20%, shear strength by 15% and modulus of elasticity by 22%.
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e The 18Ton mix showed a strain in the maximum stress of 0.0045, compared to 0.0035
for normal-weight concrete. Foamed concrete properties are more independently
follow its density and the type of additives they consist of. Subsequently, the stress-
strain relationship will have to be established for every type of FC, to be based on either
the density or on the materials used.

e The tensile strength of foamed concrete is positively proportional to the density and
strongly affected by additives. Indirect tensile strength, splitting and flexural strength
are higher than direct tensile strength. More investigations might be needed to confirm
the empirical equations for tensile strength, flexural strength and modulus of elasticity
of FC of different densities, with the various strengths, and the different factors
controlling the strength. The equations will have to adapt to all the conditions
mentioned above.

e Experimentally, it was found that GFRP bars have 95% of the steel bond with FC and
bond failure occurred partly on the surface between concrete and resin and partly near
the surface between resin and glass fibres. The bond strength of steel/GFRP bars
tended to increase when the compressive strength of concrete increased.

e The equations obtained from the theoretical derivations of the reinforced concrete
beams in the current study to determine the ultimate moment showed a slight under-
estimation compared to experimental results. The ACI-440 equations showed similarity
with the experimental ultimate moment in both normal and foamed concrete beams
reinforced with steel.

e Foamed concrete beams are found to have a higher cracking moment and few cracks
compared to normal weight concrete beams. However, the cracks are bigger, which
may be attributed to the shear effect combined with flexure at failure. Foamed
concrete GFRP reinforced beams illustrated higher deflection than the steel-reinforced
beams, owing to the lower elastic modulus of GFRP bars compared with steel.
Nevertheless, they show a relatively higher ultimate moment capacity by almost 90%
of that in normal-weight concrete beams reinforced with steel bars.

e Three-dimensional, nonlinear finite element models were developed to replicate four

beams tested experimentally. The nonlinear model of normal and foamed concrete
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reflects relatively well the behaviour of the actual concrete beam experimental results.
However, the nonlinear finite element models showed no hair cracking propagation
surrounding the beam model compared with beams in the experimental testing.

e As a final concluding remark, the FC as known today has only been used in non-
structural applications, while with this research, the compressive strength has been
upgraded to over 25 N/mm?. Therefore, Waste Toner foamed concrete with a plastic
density ranging between 1600-1800 kg/m3, reinforced with GFRP is an eco-friendly

material that has a great potential to be used in structural applications.

7.3 Recommendations for Future Work
Further research works can be carried out to advance the current state of this research

project on the following subjects:

Waste Toner and other waste materials can be further investigated in different ratios

for densities from (1500 to 1800) kg/m3, at 100 kg/m?3 intervals, to find the trend of

strength and other physical and mechanical and structural properties which haven't
been investigated in this research. Carrying out a bigger project of this type could lead
to the introduction of standard code for FC in structural applications.

e Steam curing method for the specimens can be examined for waste toner foamed
concrete as this method showed good results with precast low-density lightweight
concrete.

e Further investigation is required to improve the formulas for modulus of elasticity,
tensile and flexural strength to predict the mechanical properties of foamed concrete
from the compressive strength more accurately. The modification factor needs to be
calculated for different concrete densities and materials used in the production of the
FC.

e Further studies on different structural members such as slabs, columns or foundations

made of waste toner foamed concrete reinforced with GFRP to investigate its structural

behaviour.
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e Waste Toner foamed concrete might be reinforced with different materials such as
CFRP bars or CFRP textiles and exploring hybrid solutions which could combine GFRP
bars with another reinforcing type, such as mild steel or other FRP bars.

e Further investigation is required regarding testing FC samples under other types of
static load (axial compression, torsion, combined axial and bending). Also, study the
durability, fire resistance and the behaviour of FC beams under dynamic loads.

e Further investigation is required regarding the long-term behaviour of GFRP bars. The
effect of creep is the main uncertainty in GFRP reinforced concrete design. This provides
designers with more certainty and contributes to GFRP bar products being a more

reliable and competitive alternative for steel reinforcing.
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Appendix

Appendix A: Foamed Concrete Mix Design

Mix number Mix 1 -1600
for70L
Target Density kg/m3 1200 Target plastic Density 1800 kg/m3
Cement (initail) kg/m3 400
% of replaced of silica fume from cement % 10.00 CEMENT 25.2 KG
Silica Fume/toner (15% of Cement) replace kg/m3 40 SAND 42 KG
Cement (final) kg/m3 360 WATER 14 KG
Binder (Cement + Silica Fume) kg/m3 400 FOAM NEEDED 31.4386 L
Water / Binder Ratio 0.5 SF/MK/ Toner 2.8 KG
water kg/m3 200
% of Binder super plasticiser % 0 1tol
super plasticiser (1.5% of Binder) kg/m3 0 cement 480
Sand (Initail) kg/m3 600 sand 480
% of Fly Ash replacement of sand % 0 water 240
kg/m3 0 1200
Sand (Final) kg/m3 600
water added kg/m3 0 Absorption 1to 1.5
Water Corrected kg/m3 200 cement 400
Water / Binder (Final) Ratio 0.5 sand 600
water 200
Densities 1200
Specific Gravity of Cement kg/m3 3150 1to2
Specific Gravity of Silica Fume kg/m3 2100 cement 342.8571
Specific Gravity of Sand kg/m3 2500 sand 685.7143
Specific Gravity of Fly Ash kg/m3 2090 water 171.4286
Unit weight of water kg/m3 1000 1200
Specific Gravity of Foaming Agent kg/m3 1050 1t0 0.5
Unit weight of Foam kg/m3 45 cement 600
super plasticiser kg/m3 1100 sand 300
water 300
Volumes 1200
Cement m3 0.11428571
Silica Fume m3 0.01904762 1to1.5
water m3 0.2 cement 400
Sand m3 0.24 sand 600
Fly Ash m3 0 water 200
super plasticiser m3 0 1200
Air Volume required m3 0.42666667 426.6666667 liter
Total 1
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foam volume

foam needed

amount of foaming agent needed to produce x liter foam
weight of the foaming agent (0.8* foam volume needed)
amount of water needed to foam

weight of the water needed to produce x liter foam

1 M3 mix
Cement

Silica Fume

water

Sand

Fly Ash

super plasticiser
Foam

m3 0.44912281
Liter 449.122807
ml 359.298246
kg 0.35929825
gram " 20210.5263
kg 20.2105263
w/b 0.5
kg 360
kg 40
kg 200
kg 600
kg 0
kg 0
Liter 426.666667

0.004
Cement
Silica Fume
water
Sand
Fly Ash
super plasticiser
Foam

mix volume m3

kg
kg
kg
kg
kg
kg
Liter

1.70666667

Design Density 1200
Mix Volume 0.004 m3 w/b 0.5
Cement Gram 1000
Silica Fume Gram 160|
water Gram 800
Sand Gram 2400
Fly Ash Gram 0
super plasticiser Gram 0
Foam Liter 1.70666667
measured density 1318
design density 1200

0.31 w/b

0.5 w/b
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Appendix B: Glass Fiber Reinforced Polymer GFRP Properties

Diameter Cross Density Weight Ultimate Ultimate Ultimate E-
(mm) Section (g/cm3) (g/m) Tensile(KN) Tensile Shear modult
(mm2) Strength(Mpa) Strength(Mpa) (GPa)
3 7 22 g 13.5 90! ~150 »40
4 2 22 32 8 500 150 »40
6 28 2.2 5 36 1280 ~150 »40
8 50 22 98 54 1080 150 =40
10 73 22 150 72 980 150 40
12 103 21 210 99 870 150 40
4 34 2 275 7 764 150 40
16 180 21 388 149 752 150 40
8 248 2 485 29 744 150 »40
20 27 21 570 225 716 ~150 ~40
22 355 2.1 700 270 695 -150 »40
25 478 21 970 42 675 ~150 ~40
28 590 21 1195 432 702 *150 >40
30 67 2 350 450 637 150 40
32 74 21 1520 504 626 150 40
34 857 2 801 540 595 150 40
36 96 2 2044 585 575 150 40
40 90 2 2380 64 509 150 40
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Appendix C: Stress Block Calculations Example

NC+ Steel 150
NC+ GFRP
FC+ Steel
FC+ GFRP
x
Current Case-
N ________
X
e

a3

0.4444|

al

From the volume of both shaps

V of parabolic0.85* fck* b*x/1.5 - (1/3* 0.85*fck*b*(0.5714*X)/1.5

0.4587 *fck*b*X

V of equiv- re g1 *fck*b*x

0.4827]

V*X

a2*X

By finding the centroid of the force C
a2*X=V*X/ Where:
= (0.85*fck*b*X*X/2)/1.5 - (1/3*0.85/1.5*0.5714*fck*b*x*(x-0.5714*x/4)
0.1908*fck*b*x"2
Therefore
= 0.1908*fck*b*x"2/ 0.4587* fck*b*x

0.4324|
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F-C
N-C

0.0045
0.0035

ec/x=es/(d-x) Then
€s=(0.0035*(192-x)/x

0.85fck/1.5 l
al fck ‘

4—1_' = C=a1 fckbx
|

fs=Es *es ((d/x)-1) ec* Es <=fy
T=C Where:
c=a1 *fok *b* x = 25343 x |

T=fs* As =
T=C

((d/x)-1) ec* Es* As =

162777.6 ((d/x)-1)

2534.259025925926X" 2+162777.6X-31253299.2=0

lift right
-5463816.91 0
X = 73.7512|mm Gy soOlver
Check fs
fs = 43290 If > 1000 Take  x = 237.892 mm
Ix = 73.751 |
C = 186904.64
= 260989.10 #
M=(Tor C) *Z = 29.926 kN.m
Ultimat Load= 105.0 kN
525 52.5

From strain digram at balance,
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