Faculty of Computing, Engineering and the Built Environment
Belfast School of Architecture and the Built Environment

Ulster University

Ulster
University

The development of fibre reinforced geopolymer
cladding systems with integral foamed insulation

Luke Oakes
BSc (Hons)

Thesis submitted for the degree of
Doctor of Philosophy
August 2023

This report is less than 100,000 words



Acknowledgements

Without the tireless work and support provided by my primary supervisor Dr Bryan
Magee this project would simply not have been possible. While still an undergraduate
Bryan’s advice to apply for this project funding was paramount to my decision to begin
my research career and I will always be extremely thankful for the influence Bryan has
had on not just my career, but my life as a result. I can honestly say I have become a
completely different, much more confident person though the wide range of experiences
and challenges this doctoral study has afforded me. Bryan helped to instil a consistent
core vision for the project, inspiration for novel data presentation and his help with
document editing and academic writing has been central to my development as a
researcher. I would also like to thank my supporting supervisors, Dr Phillip Millar and Dr
Allistair Mcllhagger, for their help liaising with companies to provide novel materials

required for the project and advice on data analysis/test procedures.

Outside of Ulster University the personal support received from my loved ones, especially
my partner Zara and my mother Jean were irreplaceable, and they both have put up with
so much to help me see the process through. The emotional and often financial support
they provided was perhaps the single most important factor that kept driving me towards
completion. The constant encouragement, love and understanding both have shown to me
throughout the process has helped immensely when the pressures mounted, and I simply
could not have gotten this far without them. My partner Zara also gave birth to our first
child Ruben during the project, who has provided so much motivation in tough times and

I will be forever thankful for all she has done for us to get him here.

il



Abstract

This research aimed to develop the next generation of building cladding, which can
reduce the environmental impact civil engineers have on our planet, create the unique,
architectural styles of the future, and provide increased safety to people in buildings,

while eliminating fire tragedies like Grenfell tower.

Global warming is the most pressing issue currently faced by society. Carbon dioxide
levels are the highest in human history and without major changes by 2100, temperatures
are predicted to rise by up to 6°C. There is no longer any real scientific debate, 97% of
researchers confirm this, yet we so far governments and industry have failed to enact the
changes required to meet climate change targets such as achieving net zero by 2050
(Skidmore, 2023). Full decarbonisation of the construction industry by 2050 will require
widespread rapid change, which will need to be implemented by 2030. One vital area to
change is how buildings are constructed. Buildings account for around 40% of the energy
used and a third of the greenhouse gases emitted worldwide, with their component
materials making up a further 10% (World Green Building Council , 2019). The EU
recognise the scale of change required to achieve net zero and plan to invest £84 billion
through Horizon Europe by 2027 to address these challenges and aim to make all new
builds require no energy from the grid by 2030 (European Commission, 2020).
Lightweight, non-structural cladding can create energy efficient buildings. However,
achieving high levels of insulation, fire safety and surface finish whilst using minimal
amounts of energy, time and money whilst emitting minimal greenhouse gases is
becoming increasingly challenging. Materials commonly used for building cladding
include Glass reinforced concrete, sheet glass walling and aluminium plastic composites,
which were unfortunately set alight on Grenfell tower. While these all excel in providing
an aesthetically pleasing and low maintenance finish, they have high embodied energy

and CO; whereby they use cavities and separate flammable insulation materials for their
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thermal protection. This is no longer acceptable from environmental and safety

prospectives; hence new material solutions must be developed.

Geopolymers are considered to be serious contenders as stronger alternatives to Portland
cement-based concretes and mortars. They have similar mechanic strength properties and
are equally fire-proof, but are formed from recycled waste and have significantly smaller
carbon footprints. Geopolymers with fibre reinforcement and chemical foaming additives
can produce a fireproof high strength material for cladding applications, with huge design
flexibility. Furthermore, geopolymer mixtures can be tailored such that their mechanical
and thermal performances exceed existing standard materials, with added benefits such

as being lightweight (due to reduced thickness) and no cavities for fire to spread.

This research developed novel mix design methods suitable for a wide range of
geopolymer mix designs and source materials, including MK, GGBS, SF and IS
precursors with potassium silicate activation. Optimised empirical equations accurately
predicted strength, flowability and carbon embodiment, which informed a user-friendly
contour-based mix design procedure. Fibre composites created with 2% volume of 13pum,
concrete-sized, basalt fibres in a GGBS/MK mortar achieved 84% the MOR of a GRC
control and concrete. Specific sizing was proven effective and necessary for basalt fibres
in high performance geopolymer composites. Industrial surfactant-based geopolymer
foam insulation was created with density > 607 kg/m® and TC >0.0933 W/mk. This
thereby presents a new range of novel, ‘greener’ cladding materials that comply with UK
building regulation U-values. Furthermore, a carbon embodiment of 0.228 kgCO»/kg was

achieved, which represented a 62% reduction compared with the average GRC studied.
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Chapter 1 — Introduction

This introductory chapter provides relevant background information to illustrate the need
for the research proposed and presents the overall project aim and objectives. A summary

of the thesis structure is also presented.

1.1 Background

Fibre reinforced cementitious cladding systems, using lightweight materials such as Glass
Reinforced Concrete (GRC) are extremely popular in today’s construction industry for
creating the exterior facings and claddings of buildings. Cladding systems are usually
composed of inter-connected individual GRC panels with insulation materials attached to

meet the specific thermal resistance requirements of each project.

GRC is carbon and energy intensive to produce, as it chiefly comprises Portland cement
(PC) that accounts for 5-7% of worldwide CO»> emissions (Benhelal, 2013). Due to the
need for high quality surface finishes and robustness, these composites typically use white
cement, high cement to aggregate ratios, chemical admixtures and are therefore have

increased costs, embodied carbon content and embodied energy (GRCA, 2016-b).

However, GRC suffers from a fatigue process due to the degradation of glass
reinforcement fibres over time in a high alkaline cement paste; whereby fibre diameter
decreases. Glass fibres are coated with zirconia, a cost and carbon intensive material, to
limit degradation but cannot totally mitigate against degradation effects. As a
consequence, GRC cannot be used in many load bearing, structural applications

(Enfedaque et al, 2012).

This research intends to develop a new generation of cladding materials involving the use

of geopolymer mortars reinforced with basalt fibres, which will comprise an external shell



and intrinsic foamed geopolymer insulation section. This is intended to form an all-in-

one, monolithic cladding panel that is suitable for structural applications and fireproof.

Geopolymer mortars have been demonstrated to provide similar performances to PC
mortars but have 60- 90% less embodied carbon and can be created using binders
composed of 100% waste materials, such as fly ash or GGBS (Davidovits, 2013). As
such, these mortars have the potential to significantly reduce the environmental impact of
the cladding industry and find new uses for materials that otherwise would be landfilled.
Basalt fibres were chosen as reinforcement as they are cheaper and more environmentally
friendly than glass fibres (Branston, 2016). Furthermore, when combined with
geopolymer mortars as opposed to PC mortars, basalt fibres may not require zirconia

(coating) to prevent degradation (Branston, 2016; Palmieri et al, 2009).

The combination of this fibre reinforced structure with fireproof, low impact, foamed
geopolymer insulation would allow sufficient thermal resistance for use in any structure
and can improve safety and limit carbon embodiment in the cladding industry. This
research aims to contribute towards the commercialisation and standardisation of
geopolymers, along with their widespread adoption in the construction industry. The
adoption of low impact construction materials such as geopolymers and their
incorporation into building products such as high performance cladding panels is vital in
order to meet government climate change commitments such as ensuring average global
temperatures do not rise by more than 1.5°C and the complete decarbonisation of society
through Net zero by 2050. To achieve this will require rapid transformation of the
construction industry over the next ten years and the widespread adoption of new

technological solutions such as proposed in this research before 2030. (Skidmore, 2023).



1.2 Aim

The aim of this research was to develop innovative cladding panel systems using low

impact, fibre reinforced, geopolymer cement composites and foamed geopolymer

insulation. This solution is intended to produce engineering performances that are

comparable with GRC cladding systems.

1.3 Objectives

In order to achieve the above aim, the following objectives require fulfilment:

The development of mix design procedures suitable for a wide range of
geopolymer mortars and identification of mix parameters significant to strength,
flowability and carbon embodiment. This will enable identification of an optimal
geopolymer mortar to comprise the matrix of a low CO., high strength fibre
composite cladding panel.

The creation of foamed geopolymer insulation materials with thermal
conductivity of approximately 0.03 W/mk and assessment of the efficacy and
necessity of PC sizing techniques and methodologies in geopolymer mortar fibre
composites.

Identification of optimal fibre composition, geometry, and dosage for maximum
flexural strength in the geopolymer mortar matrix and proposal of fibre reinforced
geopolymer mortar cladding panels with foamed geopolymer insulation that are
low CO; and meet UK building regulations including benchmarking of composite

performance against similar materials in common usage for cladding applications.

1.4 Thesis structure

Chapter 1 — Introduction

This chapter presents the research background, the aim and objectives of the research and

a clear outline of the final document contents.



Chapter 2 — Literature review

Chapter 2 presents a critical review of the relevant literature relating to the following:

1. Requirements of modern building cladding

2. Cementitious cladding systems

3. Geopolymers chemistry, design and performance
4. Geopolymer matrix fibre composites

5. Foamed geopolymers for insulation

6. Summary and knowledge gaps

Chapter 3 — Research methodology

Presented in chapter 3 is a summary of sample preparation and laboratory testing
methodologies that were employed to assess the engineering performance of geopolymer

mixtures.

Chapter 4 — Geopolymer mortar development

This chapter focusses on the development of geopolymer mortars that form the panel
structure. A range of pozzolanic precursors and alkali activators were trialled and mix
designs were developed to identify optimal mixtures in terms of strength and carbon
embodiment. Mix design methodologies were created such that they made specification
simpler and more familiar to the construction industry. Empirical equations were
successfully developed to predict performance properties, such as strength flow and

carbon embodiment.

Chapter 5 — Assessment of fibre reinforced geopolymer mortar panels

Based on the result of the previous chapter, chapter 5 focussed on the development of

optimised fibre-reinforced geopolymer mortar designs to investigate the efficacy of using



different types and dosages of fibre reinforcement to improve the mechanical properties

of the mortars produced.

Chapter 6 — Development of foamed geopolymer insulation materials

Chapter 6 presents results from the development and performance of novel foamed
geopolymer mixtures, through thermal assessment. These findings were used to create
cladding design options of specified thermal resistance, which were benchmarked against

current standardised engineering materials.

Chapter 7 — Discussion

This chapter critically appraises the significance of the findings of this research, with
comparisons made against published datasets for existing cladding materials and
geopolymers, including engineering performance, practicality, sustainability and cost.
This enabled a review of the potential benefits of using basalt fibre geopolymer composite
cladding panels in future construction, highlighted future challenges in their use and

commercialisation.

Chapter 8 — Conclusions and recommendations

This chapter summarises the main conclusions derived from this research and provides

recommendations for further research.



Chapter 2 — Literature Review

2.1 Introduction

In modern building construction, cladding systems are widely used for providing the outer
skin of new and retrofitted buildings - comprising interconnected panels. These provide
design flexibility through a range of forms for aesthetical purposes. Cladding systems are
designed to provide protection against the environment (e.g. weather extremes), provide

privacy, security and fire protection for occupants (Theodosiou, 2015).

This literature review investigates modern cementitious building cladding systems,
specifically their applications, technical material design requirements and their
limitations. Focus will also be paid towards the potential benefits of geopolymeric or
alkali activated cementitious materials (AACMs) if upscaled for commercial use. The

following sections will be presented in turn:

1. Requirements of modern building cladding
2. Cementitious cladding systems

3. Geopolymers: A possible solution

4. Geopolymer matrix fibre composites

5. Foamed geopolymers for insulation

6. Conclusions from this literature review

2.2 Requirements of modern building cladding

In the UK, building cladding must meet prescribed minimum standards set out in the
national building regulations for their use in the construction industry. The most
important of these to consider when developing new cladding systems include: structural

safety, fire resistance and thermal performance when in-situ.



2.2.1 Thermal performance of structures

The UK Building Regulations Technical Booklets F1 and F2 (DFPNI, 2022a and b)
provide the minimum acceptable levels of thermal resistance that structures must exhibit
in terms of specified minimum ‘U-values’. This U-value describes the thermal resistivity

(W/m?K) that must be achieved by the envelope of different types of buildings.

These regulations stipulate that, in non-domestic or commercial buildings, walls must
provide an average U-value of 0.21 W/m?K across its entire area, and no single point must
have a value higher than 0.6 W/m?K. In domestic construction such as houses or flats,
requirements are more stringent with a minimum average of 0.18 W/m?K and not greater
than 0.7 W/m?K. Cladding for roof structures must achieve maximum average U-values
below 0.16 W/m?K for domestic and 0.2 W/m?K for non-domestic structures, with no
values exceeding 0.3 W/m?K in either case. Most cladding materials cannot achieve this
level of thermal resistivity independently. As such, cladding systems often use air
cavities, rockwool or expanded polyurethane insulation boards to achieve the required

level of thermal protection.

Limiting of cold bridge protrusion through cladding systems is important to the overall
thermal performance of a building. Any suitable method of construction must be designed
and constructed to mitigate against this effect as much as possible. Structures must also
prove through on-site testing that the quality of construction will provide at least the
minimum required air tightness of less than 10m?/(hour/m?). Technical Booklets F1 and
F2 also stipulates that solar heat transfer through the structure must be limited to reduce
the need for excessive air conditioning or capitalised upon to limit excessive heating
requirements, depending on the local climate and nature of seasonal weather. This limits
the use of fully transparent skins, such as glass curtain walling and most often necessitates

the use of opaque cladding (DFPNI, 2022-a; DFPNI, 2022-b).



2.2.2 Fire resistance

A vitally important aspect of cladding design for buildings is fire and safety resistance,
as highlighted in June 2017 by the tragic Grenfell Tower disaster. Such events have often
led to the development and implementation of more stringent regulatory controls and an
increase in minimum fire resistance over time. In response to the Grenfell Tower disaster,
the UK House of Commons passed a bill that requires the Health and Safety Executive

(HSE) to establish a new building safety regulator (GOV.UK, 2021).

Building Regulations Technical Booklet E (DFPNI(c), 2012) states that building exteriors
must be designed and installed to limit the possibility of ignition from an external source
and the spread of fire both across and through its structure. This is quantified through the
rate of heat transfer and release. The regulations also limit the extent of unprotected areas
(e.g. windows, glass walling) on a building exterior, to limit radiative heat and fire
transfer. This implies that the use of opaque cladding options is often unavoidable. In
practice, DFPNI (c) (2012) specifies a minimum time of fire protection that specific
purpose groups or elements of the structure must provide when tested to BS476 (BSI,
2009). Table 2.1 shows an example of the minimum requirements for various residential

buildings.

Table 2.1. Fire resistance requirements for residential buildings (DFPNI(c), 2012)

Building type: Number of floors Minimum tf;rleereswtance
) ) <5 30 mins
Residential >5 but <18 60 mins

In commercial construction, the process to determine these minimum times is determined
by factors including the building purpose and whether sprinkler systems are considered
to have been installed. In most simple cases, these will be as stated above for residential

but for certain high-risk activities in tall, un-sprinklered buildings, these minimums could
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rise to 120 minutes. Any method used to clad a building must not interfere with fire breaks
or compartmentalisation used to divide areas, such as separate dwellings in a block of

flats, as this would undermine the entire fire safety design strategy (DFPNI(c), 2012).

2.2.3 Structural safety

In terms of structural safety, Building Regulations Technical Booklet D (DFPNI, 2012d)
states that buildings, and therefore cladding elements, must be designed and constructed
such that they can withstand the combined dead, imposed and wind loads acting on the
building. Furthermore, cladding elements must then transfer these forces through the
structure to adequate underlying foundations. Buildings and their components must also
be designed to ensure that for damage occurring to any part of the building, the resulting
collapse will not be disproportionately acute. Cladding design and installation should be
given the same care and consideration as the primary structure during design and
construction to ensure safety, reliability and durability with specific attention focussed on
the design of safety critical aspects such as connectors and fixings. Cross UK
commissioned a safety report entitled ‘Structural issues with cladding’ reiterates these
points and recommends that a single appointed entity has overall control of the cladding
system, along with its connections to the structure to ensure applied loads are adequately

supported at all points (Cross UK, 2020).

In terms of structural safety, design and installation of fixing and support systems are
perhaps the most vital design concern for building cladding. Interactions between
cladding panels and the building superstructure are often not well understood, and can be
a major source of structural failure as a consequence. An example of stiff cladding panels
fixed to the edge of a concrete floor slab can create composite load bearing between the
panels and structure, where load is distributed and can overload individual fixings (Cross
UK, 2020). BS 8297:2017 gives guidance on how fixings and support systems for panels

can be designed to eliminate this composite action and provide consistent predictable load
9



distribution to the supporting structure (BSI, 2017). Fixings should only be selected if
they have proven performance against the risks associated with the application and
materials used. Redundant fixing systems are recommended to ensure that if an individual
fixing fails, the load it supports can be transferred and shared by adjacent fixings to avoid
disproportionate cladding failure and panel detachment (Cross UK, 2020). CIRIA report
RP 566 outlines good practice for the selection, design and installation of fixings in
concrete and masonry construction to ensure structural safety and durability of cladding

systems (CIRIA, 2010).

To design fixing systems suitable for safe cladding, the forces that act on the panels must
be accurately ascertained and reflected in the cladding composition. These forces are
often not consistent across the cladding area or over time with local, transient maxima
that must be sustained. Cladding panels must not only sustain their own weight but also
those forces arising from activities inside or around the structure and local environmental
conditions such as wind, rain and thermal gradients (Cross UK, 2020). Wind loads
incident on cladding can be ascertained based on BS EN 1991-1-4:2005 and its local
annex, which provides consideration for local increases in suction from wind funnelling
in between buildings (BSI, 2005). Changes in load distributions should be accounted for
when cladding is required to support other fixtures such as handrails or signage, act as a
pedestrian barrier or withstand lateral pressure from crowds of people. Cross UK also
report the importance of having sufficient expansion or movement joints integrated into
the overall cladding design to control the stresses placed on individual fixings by factors

such as wind loading or thermal expansion and contraction (Cross UK, 2020).

Building cladding elements will often need to endure significant flexural loads from
environmental loadings such as wind, which cause material fatigue over time, or simply
through an aesthetic-lead design that features large spans or cut outs (Dona, 2017). A

cladding panel must have high flexural strength to cope with differential movement
10



between itself and the structure and the uneven loading often encountered. Typical limit
of proportionality (LOP) and modulus of rupture (MOR) values for the GRC panels range
from 5-10 MPa and 5-30 MPa respectively. These panels also exhibit compressive
strength ranging from 40-80 MPa and tensile strengths between 3-12 MPa. Benchmarking
against values such as these and a similar material that is currently used for building
cladding systems in the UK will be the simplest way to ensure sufficient structural
strength is achieved by any new systems developed (RIBA, 2020; Rieder, 2020; Oscrete,

2016; CIRIA, 2010).

When flexural loads are applied to unreinforced cementitious materials, such as the
mortars developed in Chapter 4, a stress/strain curve of the reaction will follow Hooke’s
law showing linear, elastic deformation until the material yields. At this point, due to the
brittle nature of the material, cracks will form and propagate rapidly causing nearly
instantaneous structural failure (Visintin, 2018). Fibre reinforcement of brittle,
cementitious materials has been shown in the literature to be an effective, lightweight
method of increasing flexural strength (Yan et al, 2016). The ultimate performance and
strength levels achieved by a fibre reinforced composite is a product of three factors: 1)
the matrix properties, 2) the properties of the reinforcement fibres and 3) the interfacial
bonding that holds the composite together by transferring applied stresses from the weak
matrix to the strong fibres. This is accomplished through both chemical and frictional
bonding between the fibre surface and the surrounding matrix, acting to bridge cracks that

would otherwise cause catastrophic failure of the brittle matrix materials (Callister, 2014).

When flexural loads are applied to a single fibre embedded in cementitious material, the
resulting stress/strain curve follows Hooke’s law until a crack appears. While this will
cause fibre debonding an rupture of chemical bonding between the two, a frictional force
will still be present to hold the composite together and prevent the fibre from being pulled

out. In a successful fibre composite the first crack strength will be significantly higher
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than the matrix alone. Due to fibres blocking the propagation of cracks, brittle failure can
be avoided and a higher total force can be sustained. Some composites even exhibit a slip
hardening, where the frictional bond created from fibres being pulled out allows greater
loads to be endured after the first crack before composite failure (Li & Wu, 1992; Lin and

Li, 1997; Rienhardt et al, 2015).

The LOP or first crack strength of a composite is a vital parameter in determining the
field performance of a cladding panel, as often once cracking begins the panel is no longer
fit for purpose. Panels will likely be replaced or repaired once cracks begin forming and
below the MOR level (ESFA, 2018). The difference between LOP and MOR values
allows for a modicum of design safety where instant, catastrophic failure will be avoided.
An MOR/LOP ratio ~1 signifies totally brittle failure, with higher values indicting greater
composite action and a delayed failure after the first crack. Materials that can sustain
significantly higher loads after first cracking but before total failure are strain hardening
marterials (Figure 2.1) (Altoubat, 2018). This occurs when the force required to break the
combined chemical and frictional fibre/matrix bonds are greater than those that hold the
matrix material together. This can provide greater structural safety and lifespans without
catastrophic, instantaneous failure. The area under the load/displacement curves of
plotted from bending tests of composites represents the total energy absorbed and is
analogous to toughness. This metric describes both the strength and ductility of materials

simultaneously and was analysed in this study for a correlation with the LOP and MOR.
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Figure 2.1. Typical stress/strain curve for GRC materials (White, 2015).
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Figure 2.2. Illustration of strain hardening and softening (Altoubat, 2018).

2.2.4 The future of the cladding industry

Lightweight, non-structural cladding systems currently in use meet and surpass minimum
engineering strength and fire resistance standards. Progressively higher levels of thermal
performance, fire safety and aesthetically pleasing surface finishes are highly sought after
by the construction industry and clients, with the added pressure of minimising
greenhouse gas emissions, energy use and financial costs. These demands are likely to
intensify over coming years if the UK’s construction industry is to deliver net zero carbon
emission targets by 2050 (Skidmore, 2023). Furthermore, there are international
environmental / climate change agendas such as the Kyoto Protocol (1997) and the Paris
agreement (2015), which have a significant influence on the development of new

materials and new construction projects (European Council, 2018). However, it is
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plausible that existing cladding material technologies may not be able to deliver on such

targets, highlighting the need for innovation.

Perhaps the greatest factor driving change in the British and European standards required
from building cladding is the increasing public and political awareness of anthropogenic
climate change and its effects on the natural environment. In 2018, worldwide carbon
dioxide (COz2) levels were reported to be the highest in human history. Without making
significant reductions in such emissions by 2100, global temperatures are predicted to rise
by up to 6°C leading to rising sea levels, extreme environmental changes and ecosystem
destabilisation (Cockburn, 2018). With the UK government committed to limit global
warming to 1.5°C by 2050 new technological solutions must be funded and developed to

facilitate the changes required (Skidmore, 2023).

Building construction and operation accounts for around 40% of the energy used and one
third of the greenhouse gases emitted worldwide (UNEPSBCI, 2009). In 2018, this
equated to 14.67 billion tonnes of greenhouse gases released into the atmosphere to
further fuel temperature increases. As a result, buildings and energy use within them has

become a vital area in need of improvement.

Pressure on the construction industry to create ever more sustainable, energy efficient and
environmentally friendly building facades has seen the minimum standards of thermal

insulation increase, and the acceptable levels of carbon embodiment reduce significantly.

2.3 Cementitious cladding systems

Cement-based cladding solutions typically include precast reinforced concrete and GRC
panels, which can be designed to incorporate insulation as required. Precast, reinforced
concrete cladding offers benefits such as intrinsic durability, robustness and precise
architectural features with a wide range of surface finishes. Precast concrete panels can

be supported by the structural frame of a building, or be self-supporting and restrained.
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Cladding panels can also be designed to be load bearing and support a buildings floor
deck. The high density, carbon footprint and panel thickness (for providing sufficient
flexural strength) of reinforced concrete cladding make them disadvantageous for us as
such heavy panels more difficult to install and require larger energy-intensive lifting
equipment. Furthermore, such heavy panels must be supported by a stronger and heavier
structure, which in turn must be supported by stronger foundations; all of which increase

the cost, timespan and carbon footprint of the overall construction project.

Alternatively, GRC panels are typically thin, lightweight (1800-2100 kg/m* compared
with precast reinforced concrete, 2400-2600 kg/m?) and possess high durability and
strength properties; whereby they can be moulded using pre-cast or hand-spray
manufacturing techniques. Developed in 1969, GRC is one of the most common forms of
cementitious fibre composite, comprising a mixture of cement, fine aggregate, water,

chemical admixtures and alkali resistant glass fibres.

GRC panels can be used for structural and non-structural applications with a range of
surface finishes and shapes. In recent years, GRC structural applications have included
industrial floors and roofs (Enfedaque et al, 2012; GRCA, 2016-a). Other applications
include permanent formwork, tunnel cladding, building restoration and decorative
products. Traditionally all applications have been non-load bearing, although structural
GRC floors and roofs can experience static fatigue, due to the deterioration of glass fibres
over time in the highly alkaline environment of the cement matrix (Enfedaque et al, 2012;

GRCA, 2016-a). However, material innovations have mitigated against this.

Due to the quasi-brittle nature of concrete, the glass fibres within GRC panels aim to
increase post crack toughness, flexural strength and reduce panel thickness. Through

careful design, the engineering performance of GRC (i.e. mechanical strength, durability,
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fire protection and corrosion resistance) can be tailored such that it is comparable to steel

reinforced concrete (Choi et al, 2012; Steel Construction Info, 2016; Yan et al, 2016).

GRC is well suited to cladding applications due to its high (early) mechanical strength
and fire resistance properties, along with practical factors including high production
efficiency and easy mouldability. Due to the increased flexural strength, crack resistance
and toughness provided by fibre reinforcement within GRC, this material can be used to
produce much thinner panels compared with precast reinforced concrete; thereby
reducing the bulk mass of building facades from 235 kg/m? for bulk concrete to
approximately 85 kg/m? (GRCA, 2016-a; Fibre technologies international, 2020; RIBA,
2020). This can have wider financial benefits such as reduced costs for foundations, more
flexibility for increased floor space and reductions in the carbon and energy embodiment

of buildings.

2.3.1 Environmental impact of GRC

The manufacture and use of both precast reinforced concrete and GRC cladding panels
does have environmental implications, owing primarily to their reliance on the use of
Portland cement (PC). The manufacture of PC accounts for 5-7% of global CO; emissions
(Benhelal et al., 2013); whereby it releases 0.912 kgCO»/kg and requires 4.5 MJ of energy

per kg of PC produced (Jones, 2019).

The carbon footprint of GRC is significantly greater per kg compared with traditional
reinforced concrete, as the need for robustness and high-quality surface finishes
necessitate the use of high cement to aggregate ratios, low water/cement ratios and high-
grade white cement and silica sand (GRCA, 2016c). However, this is offset since up to
80% less GRC materials are required to fulfil the same application as reinforced concrete

(RIBA, 2020). As a result, GRC structures will have lower carbon embodiment.
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A typical formulation for cast GRC provided by GRCA is included in Table 2.2. The
GRCA document ‘Specification for the Manufacture, Curing & Testing of GRC Products’
provides guidance on typical GRC composition and mix parameters for GRC suitable for
a range for applications and strength requirements. Mix designs that fall outside these
parameters may still be acceptable but “must be fully scrutinised and tested before use”
(GRCA, 2021). It is evident that cement content is high, with a cement to aggregate ratio
of 1, whereby the fine aggregate acts as a filler. This results in higher costs and
environmental impacts compared with traditional precast concrete, which uses both
coarse and fine aggregates as fillers. Furthermore, precast reinforced concrete will often
use less than half the amount of PC in GRC per m® and cement/aggregate ratios closer to
0.25. GRC also uses a Forton polymer additive to control surface cracking and increase
early age strength. Superplasticising additives are used to give sufficient flowability to
ensure surface quality and ease of casting, even at low water/cement ratios. However, the
use of both additives further increases the cost and carbon footprint of the panels (GRCA,

2016-c; Ball, 2005) .

Table 2.2. Typical GRC mix design (GRCA,2016)

GRC constituents kg/m?
White Portland cement 975
Fine aggregate 975
Plasticising admixture 10
Polymer 97.5
Water 312
AR glass fibre 2.5% total vol.

An example of a modern GRC cladding would be the GFRC M4 cladding panel created
by Telling architectural. Telling describe these panels as lightweight, high performance,

fibre reinforced, precast concrete, floor to floor cladding panels than can be moulded to

17



standard form profiles or almost any shape to accommodate window returns, column
surrounds and roof level profiles. The panels use a cement to sand ratio of 1 and alkali
resistant glass fibres as described in the example specification. Ribbing of 50-100 mm
around the perimeter and across the rear face help achieve an LOP and MOR of 5-10 and
18-30 MPa, respectively. These are 12-15 mm thick with standard dimensions of 4m x
2m, which provide 1m? of building fagade at a weight of just 50-70 kg. This is 80% less
than what is provided by traditional precast concrete cladding (RIBA, 2020; Telling
Architectural, 2019). Given that GRC possesses a higher carbon footprint compared with
traditional reinforced concrete, this highlights the need to replace (complete or partial)
high-carbon constituents (e.g. PC) with ‘greener’ alternatives to improve the

environmental credentials of GRCs.

One alternative solution is to replace the PC matrix of the composite with geopolymeric
or AACM systems, which are widely reported to produce superior engineering
performances and significantly lower carbon and energy embodiments compared with

GRC.

2.4 Geopolymers

Geopolymer and AACMs can form, cure, and gain strength rapidly in ambient
temperatures by mixing user friendly alkaline reagents (e.g. Na or K silicates with
Si02:H20O ratios of 1.45-1.85), free water and alumina/silicate rich (i.e. pozzolanic)
precursor powders. The latter can be commercially manufactured, such as metakaolin
(MK) or involve the use of industrial by-products such as fly ash (FA), ground granulated

blast furnace slag (GGBS), silica fume (SF) and biomass waste (Zeobond, 2012).

The geopolymerisation process produces a strong and durable matrix that behaves
similarly to PC-based concretes, whereby it typically exhibits high strength over rapid

setting times — thereby facilitating quick and efficient cladding panel manufacture.
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Geopolymers have been widely reported to be superior to PC-based concretes in the
following ways: they exhibit greater resistance against fire and chemical attack, possess
a carbon footprint that can be up to 90% lower than Portland cement and have the ability
to use a 100% recycled binder powder (Davidovits, 2013; Banah, 2014; Geopolymer

Institute, 2016).

Geopolymer cements can harden more rapidly than PC, with marked strength gains being
achieved within approximately two hours, thereby allowing for efficient pre-casting
operations (Kim, 2012). Such short setting times are also practical for mixing on site in a
batch plant and delivery by mixer truck to in-situ pours. As such, their usage in cladding
panel systems offers technical, economic and environmental benefits to the construction

industry.

2.4.1 Geopolymer definition and chemistry

Discrepancies exist in the literature regarding the distinction between geopolymers and
AACMs (Davidovits, 2017). An AACM can be defined as “any material produced from
an alkali metal reacting with a solid silicate powder”, whereas researchers such as Provis
and Belena (Luukkonen, et al., 2018) would define geopolymers as simply a subset of

these materials.

Joseph Davidovits, the inventor of geopolymers, considers these inorganic, polymerically
bonded materials as discreet - specifically defined by a covalently bonded network of
mineral molecules. Davidovits (2017) states that for an AACM to be classed as a
geopolymer, the material must: 1) gain strength at ambient temperatures, 2) contain only
covalent polymeric bonds, 3) not use a binder composed purely of slags to limit calcium
content and the development of precipitate bridging particles characteristic of AACM -
even though this would increase material strength (Davidovits, 2017; Chen, et al., 2020).

Evidence of Sodium Aluminosilicate Hydrate (NASH) and Potassium Aluminosilicate
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Hydrate (KASH) gel reaction products are considered a direct result of alkali activation

and therefore should not be present within a geopolymerised matrix (Davidovits, 2017).

MacKenzie (2003) suggested several possible criteria for discerning the difference
between geopolymers and AACMs, including the development of strength at ambient
temperatures, lack of long-range atomic ordering, the presence of solely tetrahedral Al-O
and Si-O units and thermal stability at high temperatures. Luukkonen et al. (2018) state
that AACMs are characterised by lower Si co-ordination with 2-dimensional structural
order and higher calcium content, whereas geopolymers exhibit higher, essentially 3-
dimensional, structural coordination but lower calcium contents. This allows greater
structural complexity to form. Luukkonen et al. (2018) further states that while these
distinctions do exist, they are often ignored and the terms are often incorrectly used

interchangeably in published work.

Geopolymer cements can be described as a mixture of compounds composed from
repeating alumino-silicates, for example Silico-oxide (-Si-O-Si-O-), Silico-aluminate (-
Si-O-Al-O-), Ferro-silico-aluminate (Fe-O-Si-O-Al-O-) or alumino-phosphate (Al-O-P-
O). These materials exhibit only short-range structural order and the microstructure
created is highly temperature dependant (Geopolymer Institute, 2016; Geopolymer
Institute , 2006). At room temperature the geopolymers are amorphous in form but above
500°C this evolves into crystalline zeolite phases. The type and relative amount of
reaction phases produced depends on formation parameters, such as the alumino-silicate

source materials or the type of activator used (Kim, 2012).

Fletcher et al. (2005) state that geopolymers consist of tetrahedral AlO4 and SiO4 units
polycondensed at ambient temperatures under highly alkaline conditions with charge
stabilisation provided by alkali earth ions from the activating solution. Davidovits (2002)

stated that poly-silicates which make up geopolymers, are amorphous to semi crystalline
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and organised into three-dimensional aluminate chain or ring polymer structures in which
Si*" and AI** are Q4 structural order with oxygen. The gradual development of structures
formed at changing Si:Al ratios according to this are shown in Figure 2.3 (Davidovits,
2002). Contrastingly, Provis and van Deventer (2009) suggest that these models imply
one-dimensional chain structures, not the 3D network produced by geopolymerisation,
and, only consider Si:Al ratios at integer values (1, 2 or 3) when this is likely not the case

in reality.

Geopolymers are formed as a result of three main reactions; dissolution, condensation
(oligomerisation) and polycondensation (polymerisation) (Davidovits, 2013). These
reactions can occur simultaneously in different parts of the same mixture. A schematic

outline of the geopolymerisation process is included in Figure 2.2 (van Deventer et al.,

2007).
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Figure 2.3. Geopolymer structure at changing Si:Al ratios (Davidovits, 2002).

Water is an integral part of a geopolymer mix design, but it does not become part of the
aluminosilicate gel structure. Water provides a reaction medium, whereby if it is present
in the bulk material — it is expected to be in isolated pore spaces. This directly contrasts
with the hydration of PC (Lizcano et al, 2012). Much like in PC, if excess water is present
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in the mixture it will limit the hardened properties such as strength and microstructure but
due to increased pore volume and reduced density instead of altering the chemical
composition of the binder. Liquidity, however, is required to facilitate reactions between
the powders and the activating solution and to give fluidity. Therefore, a balance must be

achieved (Aughenbaugh, 2015).

Unlike PC hydration where water is driving the reaction, geopolymerisation is initiated
by contact between an aluminosilicate source material and an alkali reagent solution. This
causes the aluminosilicates to depolymerise into separate alumina and silica monomers -
the degree to which this happens is determined by the reactivity of the source material,
the concentration (molarity) of the activating solution and the reaction time (Davidovits,
2013; Kim, 2012). The activating solution provides alkali and hydroxyl ions and

combines with the precursor materials to form a disordered alkali aluminosilicate gel.

Over time this gel will then reorganise and condense into a rigid tetrahedrally orientated
network made up of Si** and AI** cations linked by sharing O* anions and release water,
thereby increasing workability (Mustafa al Bakri et al, 2011; Xu, 2000; Tempest et al,
2015). Hardening then inhibits precursor transport and therefore the reaction process,
which may be initiated by the application of heat, a drop in pH or availability of nucleation

sites by the inclusion of calcium (Davidovits, 2013).

Geopolymer hardening at ambient temperatures requires Ca cations. When a source of
calcium is added (e.g., lime, Class C fly ash or GGBS), a typical PC hydration product is
generally produced (e.g. CSH gel). This has been shown to increase susceptibility to
chemical attack compared with alumino-silicate geopolymer gel and provide higher
strength (Kim, 2012; Oh, et al., 2012; Austroads, 2016). The presence of calcium from
GGBS however has also been shown to increase the degree of geopolymerisation,

increase the mechanical strength and reduce set times in mortar mixes (Wilkinson, 2018)
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Figure 2.4 Schematic outline of the geopolymerisation process (Van Deventer et al.,

2007).

2.4.2 Binder material options for geopolymers

Generally, aluminosilicate materials with high amorphous contents are preferable as
precursor materials (Banah, 2014). Commonly used aluminosilicate materials include
MK, FA, SF and GGBS. The chemical composition of various potential aluminosilicate
source materials is summarised in Table 2.2, along with PC for comparison. As these
materials contain similar metal oxides in varied concentrations, this allows customisation
of the chemical structure using binder blends from multiple sources to control aspects

such as the Si:Al ratio.

Precursors such as kaolin require thermal treatment (forming MK) to increase their
reactivity and amorphous content. However, this is not required for materials like GGBS
and FA, which were generated as waste products from heat-intensive processes associated
with iron/steel manufacture and coal-fired electricity generation, respectively. Performing
any extra pre-processing (e.g. heating) of precursors or alkali reagents has the adverse

impacts of increasing cost and carbon emissions (Austroads, 2016). The use of industrial
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by-products such as FA and GGBS possess the greatest potential for reducing the carbon

footprint of PC and geopolymer concretes.

Table 2.3 Chemical composition of aluminosilicate source materials (Wilkinson, 2018;

Bediako and Amankwah, 2015; Kwasny et al., 2016).

. Portland | Meta- Silica Iron Banah
Material Cement | kaolin GGBS Fume Fly Ash Silicate | CemA

SiO:2 21 55 36.5 96 57 27 32
AlLOs3 5 40 10.4 0.8 24 3.2 25

§ Ca0O 64.2 0.3 424 0.5 3.9 1.8 25.2

g

2 Fe:03 2.9 1.4 0 0.8 6 46 7.8

=

N

:i TiO2 NR 1.5 0.5 0.02 1.4 >(0.001 3.2

L 9

2 |MnO| NR [>0001| 04 |>0.001 | >0001 | >0.001 | 037

N4

En | Mgo| 17 0.3 8.1 0.5 2 07 | 171

s

_§ P20s NR >(0.001 | >0.001 | >0.001 | >0.001 | >0.001 0.14

g

% Na20 0.24 0.4 >0.001 | >0.001 0.4 >0.001 | 0.36
K20 0.7 0.4 >0.001 | >0.001 0.6 >(0.001 0.15
SOs3 2.6 >0.001 | >0.001 | >0.001 1.6 >0.001 | 0.22

2.4.3 MK precursor

MK is a widely used and commercially available precursor (e.g., Metamax from BASF,
Arigical M1000 and M1200S from IMERYS), which is typically manufactured by
preparing, grinding and calcining mined kaolinite. Calcination causes the kaolinite to
undergo dihydroxylation then recrystallisation, producing a more reactive amorphous
material which can then be subjected to dissolution, as the first stage of geopolymerisation
(Provis, et al., 2015). The processes of both dihydroxylation and recrystallisation are vital
to MK reactivity and controlled by the heating regime; too cold and the kaolin particles

have a low reactivity, too hot and the kaolinite recrystallises into less reactive
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arrangements (Wan et al, 2017). Optimal calcination temperatures to ensure high
strengths are achieved in geopolymers have been reported in the literature to vary between
650 and 850°C (Wan et al, 2017); whereby the most commonly used temperatures are
700°C (Yunsheng et al., 2009), 750°C (Rowles and O’Connor, 2009) and 800°C

(Zibouche et al., 2009).

MK as a precursor material has high levels of consistency and can undergo dissolution
more rapidly compared with materials such as FA (Provis et al., 2015). MK manufacture
has a much lower environmental impact than PC manufacture, due to the lower energy
requirements for thermal treatment. As such, partial or full replacement of MK with
industrial waste products not only significantly reduces the environmental impact of the
geopolymer, but can also produce impressive engineering performances in terms of

reduced set times, increased strength and higher flowability (Austroads, 2016).

2.4.4 Fly ash precursor

FA is an inorganic mineral residue generated from coal-fired electric power stations,
which has been the most widely used precursor in geopolymer research studies (Timakul
et al., 2015; Austroads, 2016). From scanning electron microscope (SEM) data, FA
particles are typically spherical with a diameter of 0.6-23 pm, with smooth exterior

surfaces and occasional hollows, which may be infilled with finer FA particles.

The physical and chemical characteristics of FA depend on the type of coal burnt (i.e.
chemical composition) and the efficiency of the power station facility. FA composition
has been reported to vary significantly over time, even from the same source facility due
to natural variations in the composition of the coal burnt. FA solidifies while suspended
in the exhaust gases and is collected by electrostatic precipitators or filter bags. The

powder mainly consists of two forms of SiO: an amorphous form which is smooth,
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rounded and reactive, and a crystalline form which unreactive, sharp, pointed and

hazardous; along with Al,O3 and Fe;Os.

Variations in coal composition will produce variations in the ratio between these SiO>
compounds, which will be reflected in the performance and composition of the FA
produced. In general, higher amorphous content equates to higher reactivity, strength and
flowability. FA contrasts to MK, whereby all oxides are soluble in alkali activating
solutions, hence these crystalline phases cannot undergo geopolymerisation. As the glass
to amorphous ratio defines reactivity and strength development, inconsistency in
composition is a challenge when attempting to meet a specified strength or workability
criteria (Aughenbaugh, 2015; McCarthy, et al., 2008). McCarthy et al. (2008) refers to
this as ‘uncontrollable variability’, which represents the main drawback of using FA in

geopolymers.

There are 2 classes of FA: Class C which has high calcium and alkali contents (making
them suitable for PC replacement in traditional concrete mixes) and Class F which has
lower calcium and alkali contents, and as such requires heat and alkali activation to
promote pozzolanic activity. Due to the popularity of Class C FA as a PC replacement,
the majority of studies into FA geopolymers concentrate on finding suitable applications
for Class F FA. As such, little research attention has been given to Class C FA
geopolymers. These materials have calcium content above 10% (by mass) and as such
can set at ambient temperatures. However, they require higher alkaline activating agent
contents making Class C FA geopolymers more expensive, less environmentally friendly

and more user hostile than for Class F FA, MK or GGBS geopolymers (Davidovits, 2017).

2.4.5 GGBS precursor

GGBS is a hydraulic binder that is produced as a by-product of pig iron manufacture in

blast furnaces (Srinath and Prabha, 2016). GGBS has been used for over 150 years, mostly
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to improve the properties of traditional PC-based cements and concretes. This is a tightly
controlled, as a uniform product with similar constituents to PC, but in different
proportions (see Table 2.2). GGBS creation produces 35 kgCO»/tonne of material due to
post-production processes, such as grinding and granulation (Srinath and Prabha, 2016),

which represents ~4% of the total emission for PC manufacture (Jones, 2019).

GGBS-based geopolymers also require a much smaller amount of activator solids for full
dissolution when compared with MK or FA due to higher silica content. As activators are
the most expensive components of geopolymers with the largest carbon footprint, GGBS-
based geopolymers exhibit environmental and economic benefits compared with MK or
FA based geopolymers. Using GGBS as a source of calcium in MK, FA, and SF
geopolymers also leads to an increase in the formation of Calcium Aluminosilicate

Hydrate (CASH) and increased compressive strength (Komnitsas, 2011).

2.4.6 Silica fume precursor

SF is a by-product from the production of silicon and ferrosilicon alloys used in semi-
conductors and other electronics, which are manufactured by reducing quartz with coal
in an electric furnace. The material has extremely high silica content (>95%), is extremely
fine-grained and is strongly pozzolanic. Hence, SF has been used for decades as PC
replacement to improve mechanical strength and durability by increasing binder
reactivity, density and particle packing and decreasing porosity. SF reacts with the
calcium hydroxide produced during primary PC hydration and creates a secondary CSH,
which may differ in Ca/Si ratio, molecular water content, molecular density and increase

the potential for reactions with external ions (Al, Cl etc) (Khater, 2013).

In geopolymers, SF has been used to increase Si:Al ratio as it partially dissolves in the
activating solution and releases silicon. This increased silicon content is reported to

increase the number of Si-O-Si bonds present, which, theoretically should create
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increased strength development (Austroads, 2016). Unreacted SF particles, however, can
also remain in geopolymer pastes and limit mechanical performance. SEM images have
shown that these particles do not fill the pores in the unreacted metakaolin particles
present and therefore do not successfully reduce binder porosity even if they act to densify
the structure. Ascertaining the proportion of dissolved SF to unreacted SF in the
geopolymer structure is vital to the prediction of strength development. Due to these dual
actions of the SF, irregular correlations exist between SF content and compressive
strength trend, which depends on the SF used and the S/A of the source materials is

reported (Park, et al., 2020).

The optimal SF dosage for strength development of geopolymers is based on the silica
contents required to achieve a specific, optimal Si:Al ratio. Park et al. (2020) reported an
optimal Si:Al ratio = 1.67. When Si:Al values are too far below or above this value, these
result in longer setting times and lower compressive strength .As such, if MK or FA based
geopolymer mix designs developed with optimised Si:Al ratios are to successfully
incorporate SF; then silica from other sources must first be reduced to preserve the Si:Al
ratio and achieve maximum performance. This can be achieved by diluting silicate-based
activating solutions or blending with precursor powders that possess lower silica contents,

such as GGBS or iron silicate (IS).

2.4.7 Novel geopolymer precursors from waste materials

IS fines are produced during copper manufacturing and can become pozzolanic if
processed in a similar manner to GGBS. Hence, the CO> emissions and embodied energy
associated with IS are anticipated to be similar to GGBS. Typical composition data for IS
is provided in Table 2.3 (Aurubis, 2017). IS contains lower silica contents than MK or
FA (Table 2.2) and as such its incorporation into MK or FA based geopolymers can be
used to reduce precursor silica content, control the Si:Al ratio and allow optimum strength

development for ternary precursor blends containing SF.
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The use of locally sourced aluminosilicate materials has the potential to significantly
reduce embodied energy and CO> for geopolymer cements. Pozzolans containing large
proportions of amorphous material (i.e. high specific area) will exhibit high levels of

reactivity (Cabrera and Frias Rojas, 2001).

Mclntosh (2014) stated that due to the difficulties in obtaining a consistent source of FA,
the high cost of MK and long transportation distance between the kaolinite mine and
processing facility, low purity lateritic clays are an attractive alternative source of
aluminosilicates, which are common worldwide. A suitable source was identified in the
lithomarge layer (5-25m depth) of the County Antrim Lava Group’s (Northern Ireland)
inter-basaltic formation, which has been exposed by historic mining in many local basalt
quarries. This local resource offers real potential as a low cost geopolymer precursor for
Northern Ireland to help boost adoption here; whereby SEM, energy dispersive x-ray
(EDX) analysis and XRD confirmed the amorphous and geopolymeric nature of the

binder produced (Mclntosh, 2014).

The world’s first large scale production facility for geopolymer cement was opened in
August 2016, in Northern Ireland, by Banah UK Ltd to utilise this source of
aluminosilicate precursor and produce 200,000 tonnes per year of BanahCEM (CIOB,
2016). The chemical composition of the iron rich aluminosilicate precursor powder,
Banah A, is given in Table 2.2 which shows the same oxides are present as in PC, MK,
FA and GGBS but in differing proportions (Kwasny, et al., 2016). The material is fired
at 750°C and ground to increase reactivity, with significantly lower CO emissions from
cradle to gate manufacturing than PC fired at 1450°C (0.184 vs 0.912 kgCOq/kg)

(Mclntosh, 2014; Jones, 2019).
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The group aimed to supply 3rd party manufacturers with commercially available
geopolymer cements. However, Banah UK Ltd have ceased trading, leaving a gap in the

local market for these materials (CIOB, 2016).

2.4.8 Alkali activators for geopolymers

The most financially and environmentally expensive component of a geopolymer is the
alkali reagent. These are typically used in solution form and can include one or a

combination of products such as NaOH, KOH and Na>SOs; (Mustafa al Bakri et al, 2011).

Zhang et al (2017) found that the difference in dissolution tendency between Na“ and K*
based activating solutions produced different geopolymeric structures and affected the
compressive strength of MK geopolymers. Na promoted higher strengths at the same
Si:Al ratio and cation concentration due to excessive unreacted MK in the K" activated
geopolymers. This occurred due to the lower dissolution tendency of K+ and that Na+
activated geopolymers contain more continuous monolithic structures and extensive
crosslinking; both of which provide additional strength. The compressive strength was
improved by using Na or K silicate solution as opposed to Na or K hydroxide, as this

increased the number of stronger Si-O-Si bonds present (Zhang et al, 2017).

K silicate based activating solutions are double the price of their sodium silicate
counterparts per litre (Davidovits, 2017). However, given that geopolymer mixtures only
require half the amount of K silicate compared with Na silicate reagents, their costs are
similar. Due to the fact Na silicate is much more widely used, its costs have already been
reduced via economies of scale. With increased future use and the resulting cost
reductions, K-based reagents will likely become the most cost-effective option

(Davidovits, 2017).
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2.5 Mixture proportioning of Geopolymers

One of the main challenges for commercialising geopolymer cement as a replacement for
PC is the lack of recognised mix design methodologies for producing concretes with

specified values of compressive strength and/or workability.

While many studies have investigated a range of geopolymer cement/concrete mix
designs, the importance of mix parameters on compressive strength has not been fully
quantified (Lahoti, et al., 2017). The design of these mixes depends on mixing a suitable
activating solution with an alumina-silicate precursor and enough free water to facilitate
monomer transport and allow full geopolymerisation. Several methods can be adopted to
design mixes, including the use of constituent oxide ratios or factors such as liquid/solid
ratios with oxide ratios fixed (Aughenbaugh, 2015). The most important and well known
of these oxide ratios is the silica (SiO2) to alumina (Al>O3) ratio, which is known to
directly affect geopolymer concrete mechanical strength and microstructure. Other
common ratios used include Na,O or K>O (activators)/AloO3, H,O/Na>O, CA:Si and
NaxO/Si0; (Davidovits, 2013; Austroads, 2016). The relative significance of these ratios
to strength performance is unclear in the literature, due to the variation in curing and
activation techniques and the ranges of pozzolanic precursors used. This research will

attempt to better ascertain the significance of various mix parameters on performance.

Most studies on geopolymer mix design have focussed on specific binders and mixture
compositions, most commonly FA systems that tend to require heat curing — thereby
making them of limited use for ambient cured systems, which have the greatest potential
for reducing embodied CO,. Furthermore, most geopolymer cement studies have used
Na-based activating solutions, with very few using only K-silicate activation and even
fewer studies that focus on the specific mix design of these materials (Austroads, 2016;

Timakul et al, 2015)
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Previous research on mix design methods has focussed on single proportioning ratios such
as silica/alumina (S/A), activating solution to binder powder (A/B) or liquid to solid (L/S).
This approach is analogous to the water/cement ratio in PC-based concrete (Austroads,
2016). Other studies have used multiple parameters synergistically to create empirical
formulas and neural networks to predict strength (Wilson, 2015; Diaz-Loya, et al., 2013-
b; Diaz-Loya, et al., 2013-a). As such, these methods are of little relevance to wider
groups of geopolymer binder systems and K-silicate activation. Many methodologies are
only suited for analysing consistent source materials such as MK or GGBS, as the inherent
variability in composition of FA complicates the process (Aughenbaugh, 2015).
Controlling the proportion of each pozzolanic precursor to achieve specific ratios allows

customisation of the geopolymer properties (Austroads, 2016).

Figure 2.5 shows how the chemical structure and material behaviour evolves in
geopolymers with increasing Si:Al ratios. At low Si:Al ratios (<1) the material is highly
crosslinked with a 3D structural order and therefore brittle and relatively weak. As the Si
content increases the degree of crosslinking is reduced, with more 2D polymeric
structures created and fire-proof, rubber like materials formed (Si:Al >20) (Davidovits,

2002).

Geopolymer concrete designed for compressive loading is optimised with Si:Al ratios of
~2 (Geopolymer Institute , 2006), but for cladding applications flexural strength is vital.
Optimal values for panel creation that provide a suitable compromise between the two
values will likely use higher Si:Al ratios. Silica rich materials such as SF are often added
to increase this ratio and therefore the theoretical strength of geopolymers. As Si:Al
dictates the molecular- and nano-scale structures formed during geopolymerisation,
theoretically there should be a direct correlation between silica content and strength due
to increasing quantities of stronger Si-O-Si bonds until the loss of 3D ordering (Si:Al

>15) (Kim, 2012). With that said, owing to other impacting mixture proportioning
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parameters such as L/S or activating solution composition, optimum levels of S/A

reported by researchers vary.
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Figure 2.5. Effect of Si:Al ratio on geopolymer structure, behaviour, and applications

(Davidovits, 2002).

The current literature reports many different Si:Al ratios to produce the highest
compressive strength. Kim (2012) determined that MK geopolymers with a Si:Al ratio
below 1.4 are very porous and provide little strength. When this figure reached 1.65 a
large increase in compressive strength was reported, which can be attributed to the
development of a more homogenous microstructure. An optimal ratio for compressive
strength development was found to be approximately 1.85. Any higher ratios resulted in

defects of unreacted MK.

Duxson et al. (2007) reported this optimum Si:Al ratio to be slightly higher at 1.9 for MK
geopolymers, whereas Silva et al. (2007) reported 1.7 and Rowles and O’Connor (2009)

a ratio of 2.5. This variance is to be expected, due to the large number of possible
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components, parameters and mix designs for geopolymers. It is very unlikely that

research groups use the same designs.

Fletcher et al. (2005) adopted the same approach as Barbosa et al. (2000) in defining
geopolymer mix designs based on molar ratios of SiO; to ALLOs (S/A). A geopolymer
made from MK alone would have an S/A = 2. However, in atomistic terms it would be a
polysialate with Si:Al =1. Fletcher et al. (2005) used Metamax as the primary precursor
with additions of amorphous alumina and very fine amorphous silica to create both high
and low S/A ratio mixes and tested their resultant engineering properties. High alumina
samples (S/A = 0.5-2) set and hardened, but XRD showed significant crystalline phases
such as gibbsite, thermonatrite and a zeolite-like phase of sodium aluminosilicate hydrate.
No evidence of the expected amorphous structure was present at the 0.5 ratio. As the ratio
increased to 1, amorphous peaks began to appear in the XRD data, but crystalline phases
remained. When S/A = 2, the amorphous phase was predominant with only a single peak
remaining, which represented a zeolite-like structure. These samples set at ambient
temperature but did not resemble geopolymers in many aspects, including not providing
comparable strength and containing octahedral (not tetrahedral) sites under visible Al*’
NMR. These materials were also found to contain both Al and Si rich phases visible under
Si? NMR as opposed to the broad spread of Si expected in geopolymers. Instead, the

samples formed several discreet compounds rather than a single tetrahedral

aluminosilicate structure.

The high silica (S/A = >2-300) samples exhibited considerable variation in setting and
hardening behaviour; whereas samples with a ratio <24 set in a consistent way. For
samples with S/A >30, the material became increasingly rubber-like - thereby limiting
the ability to measure meaningful crushing strength data due to large deformation. This
change in failure mode is a very interesting property, although Fletcher et al. (2005)

highlighted that no explanation exists in the structural parameters to explain this
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behaviour. Based on Figure 2.5, it would seem evident that the lower level of crosslinking
and more 2D structure would have this effect at higher S/A ratios. XRD and NMR data
show much more characteristic amorphous geopolymer structures at this level of silica

content compared with the crystalline formations below this S/A range.

To create MK geopolymers with a desirable microstructure and strength, Si:Al ratios
should be 2-24, whereby a ratio of ~16 is expected to produce the highest strength
(Fletcher et al., 2005). In terms of atomic Si:Al ratios previously used, this equates to a

value of 8 — over four times greater than optimum values reported by other researchers.

The adaptability of geopolymer chemistry to a range of materials is a great advantage for
future adoption in various engineering applications. Augenbaugh (2015) stated that
development of systems to effectively proportion geopolymers for optimum property
development is one of the critical path points for its widespread adoption. Using the S/A
ratio alone allows the correct prediction of the strength of 6/8 FA geopolymers, which
was more significant than the Na,O or K»O (activators)/Al,O3 ratio. When this method
failed, it was attributed to factors unaccounted for in the equations, such as particle size
and vitreous content. Hence a S/A ratio below 4.3 was recommended as mixtures
containing higher ratios possessed significantly lower compressive strengths. While this
is much closer to the findings of Fletcher et al. (2005), this value still highlights the great
variation in reported optimums across the literature. To compare MK and FA systems,

XRD must be used to identify the reactive content of the FA for inclusion in calculations.

Timakul et al. (2015) investigated the effects of Si:Al on the compressive strength of
Class C FA and MK geopolymers. These were activated with a NaOH, Na,SiO3 and water
mixture at a ratio of 1:1:4. The samples were cured at 750°C for 24, 48, 72 and 96 hours
before a further 28 days at ambient temperatures. Density of the samples also increased

with curing time, whereby the most successful mix design was cured at 750°C for 96
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hours, had a S/A ratio of 2.65 and a compressive strength of 40 MPa. The compressive
strength was observed to increase from 32 to 40 MPa when the S/A ratio increased from
2.6-2.65, thereby suggesting that marginal differences in proportioning had a significant
impact on the resulting strength properties. For S/A ratios >2.65, the resulting
compressive strength was observed to degrade. An improved understanding of the nature
of this sensitivity is required to ensure the commercial use of FA and MK geopolymers

as low carbon construction materials.

Empirical correlations have been developed to predict specific material properties such
as strength for a wide range of geopolymer mix designs. Diaz Loya et al. (2013a&b)
proposed a new correlation for geopolymers comprising precursors activated with
NaOH/Na,SiO2, cured for 24 hours at 23°C then 72 hours at 60°C, and finally 24 hours
at 23°C. The correlation was based on the reactive oxide content of FA, loss on ignition
and mean particle size distribution; all of which strongly affect reactivity. Accurate
predictions were reported for 6/8 samples, with those that failed due to similar reasons
for the Si:Al predictions. The correlation, given below (Equation 1), was successful in
predicting the strength of FA geopolymers (R? = 0.78, predicted R?> = 0.73). The most
influential factor in compressive strength development was mean particle size (dso),
followed by reactive Al,Os3 content, LOI, reactive SiO, content and reactive CaO content.
Predicted vs actual values from validations (Figure 2.4) shows prediction accuracy is
relatively consistent across the range of strength values and achieves a level of accuracy

expected from an R? value of 0.73.

flc= —3.62 + 0.59 x RSi0, + 3.35 * RAl,05 - 0.48 * RCa0 - 0.74 x

d50 - 4.39 * LOI (N/mm?) (Equation 1)
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Figure 2.6. Predicted vs measured responses for compressive strength (MPa) of two
groups of FA geopolymers (Diaz-Loya, et al., 2013-a).
The amounts of Network Modifying Elements (NME) (i.e. Ca2+, Mg2+, Na+, K+)
present in Class F FA influence the compressive strengths of the geopolymer created
(Aughenbaugh, 2015). These elements balance the negative charge in tetrahedral
aluminium allowing it to take on 4-fold co-ordination. This provides greater solubility
than the 6 co-ordinated state of an AACM it would otherwise be in (Davidovits, 2013;
Davidovits, 2017). If there are any remaining NMEs present, they can alter the glass
structures of FA by bonding with the oxygen and preventing it from creating a bridge
between adjacent SiO4 tetrahedra. The presence of these Non-Binding Oxygens (NBOs)
therefore increases reactivity. This method does not consider vitreous content,
distribution of NME:s in the glassy phases, particle size or the potential contribution of
calcium. As such, it must be more fully developed before being used to form precise

predictions (Aughenbaugh, 2015).

A ternary diagram was created by Duxson and Provis (2008) based on the relative
amounts of silica, alumina and NMEs in FA. Figure 2.7 illustrates that compressive

strength typically increased with NME content and alumina content. Oh et al (2015)
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examined a range of Class F FAs and the resulting compressive strength, stating that
NME content was the best predictor of compressive strength. A graph plotting this
strength against NME content had an exponential curve (R?=0.952).The ratio of NBO to
tetrahedra (NBO/T) has also been successfully used to predictt the strength of PC concrete
with FA (Bumrongjaroen, et al., 2007), and then for FA geopolymers. Diaz Loya et al.

(2013b) identified a strong linear relationship between the two for 38 different high Ca

FAs (Figure 2.6).
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Figure 2.7. Ternary plot representing the proportions of SiO2, Al1203; and NME’s

(Duxson and Provis, 2008).

NBO _ 2(Na,0 + K,0 + CaO +MgO — Al,05)
T Si0, + Al,0; + Fe, 04

(Equation 2)
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2013b).

Another ratio reported in the literature to significantly affect strength development in
geopolymers is the L/S ratio. This parameter is reported to be analogous to the
water/cement ratio in PC concretes (Austroads, 2016). A low L/S ratio is reported to
create a high viscosity slurry and high strength product. If water content is too low, a lack
of paste fluidity will begin to hinder monomer transport and reorganisation during
geopolymerisation. This will result in low strength materials with unreacted
aluminosilicate phases and low levels of binder formation. A high L/S ratio has been
found to be associated with low viscosity, long reaction and setting times, and generally
lower strength (Heah, et al., 2012). Zuhua et al. (2009) stated that high L/S ratios could
accelerate the dissolution process but was not beneficial to the reorganisation process at

high concentrations of NaOH activator.

Water does not become part of the geopolymer gel structure, but is stored in micropores
and significantly decreases the mechanical strength. Thus, creating an optimally high

strength geopolymer mix design involves finding a L/S level that provides just enough
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fluidity to allow full monomer transport and reorganisation, with as little excess as
possible. Heah et al. (2012) stated that for MK geopolymers, an L/S ratio = 1 produced

the highest compressive strength.

Water reducing or superplasticising admixtures are not designed for use in geopolymers
since they are attacked by highly alkaline solutions, causing rapid degradations in
engineering performance. Nematollahi and Sanjayan (2014) reviewed the effect of
available superplasticisers (SP) on GGBS and FA based geopolymers, corroborating the

correlation between SP content and susceptibility to alkali attack.

In general, polycarboxylate SPs are the most effective type for increasing flowability in
NaOH and Na;SiO;3 activated FA geopolymers; whereas NaOH activated GGBS
geopolymers exhibited highest flowability using naphthalene-based SP systems. In
general, their use slightly decreased the compressive strength but, in some cases, slightly
increased the flexural strength. Furthermore, it is difficult to predict the effect of SPs on
FA based geopolymers due the inherent variability of the source material (Nematollahi &

Sanjayan, 2014).

2.6 Geopolymer matrix fibre composites

Geopolymer cements exhibit good compressive strength and thermal properties but weak
tensile or flexural strength, which can be enhanced by fibre reinforcements. Fibre
materials typically used include carbon, silicon carbide, basalt, plastics, animal derived
fibres, graphene, and steel. Fibre contents vary from 0.5% by weight for short fibres to
20% for matt reinforcement systems. Fibre addition is also an efficient method of
improving fracture toughness, impact absorption, resistance to deformation and flexural
strength of concretes. Furthermore, fibre reinforcement suppresses brittle behaviour,

limits the extent of damage caused by cracking and enhances ductility (Davidovits, 2016).
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Cementitious composites have been developed to improve the toughness of the quasi-
brittle base materials through micromechanical design. These can exhibit significant
tensile strain capacity, typically >3% at fibre dosages of <2% by volume. Comparing this
strain capacity to that of ultra-high strength concrete, which is only 0.3-0.7%,
demonstrates the effectiveness of these materials (Choi et al, 2012). Al-Majidi et al.
(2017) reported that the mechanical performance of fibre reinforced cementitious
composites depend on many factors. These include fibre properties such as their
composition, strength, aspect ratio, Poisson’s ratio and shape, as well as matrix properties
such as strength, shrinkage, and stiffness. However, the friction and physiochemical
bonding developed between the fibre and the matrix components is the primary driver of

composite action and dictates composite performance.

Strain hardening cementitious composites can possess tensile strain capacity over one
hundred times higher than standard PC concrete through the inclusion of a small
proportion of short, randomly orientated fibres (Yang et al., 2012). These composites
require high cement content to develop interfacial bond strength and overcome the
absence of coarse aggregate in the mix design. High cement content leads to a material
with an increased heat of hydration, higher shrinkage potential and a larger carbon
footprint. Bernal et al. (2012) attempted to manufacture an environmentally sustainable
fibre reinforced cementitious composite using an 85% FA binder and reported reduced
drying shrinkage, reduced crack width and improved tensile ductility, but a reduction in
compressive strength. Choi et al. (2012) carried out a similar study and reported that FA

improves bending and tensile behaviour due to stronger Fibre/Matrix (F/M) bonding.

While fibre reinforcement plays a vital role in the aerospace, automotive and biomedical
sectors, the construction industry has been slow to capitalise on the potential benefits.
Carbon and glass fibres are the most commonly used fibre reinforcements, with glass

approximately one order of magnitude less expensive. Glass accounts for 95% of the
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fibres used for reinforcement in the composite industry due to the performance / price

ratio offered (Thomason and Adzima, 2001).

Hammell et al. (1998) developed a method to reduce composite costs by using alternating
layers of E-glass and carbon fibre, reporting the reduction of strength to be minimal and
that the E glass bonded well with the matrix and created an interlaminar plate between
layers. The addition of the E glass layers to the carbon fibre increased the deflection and
therefore, energy adsorption before failure. However, the flexural strength was reduced
due to the much lower elastic modulus of glass compared with carbon fibres. The dual
fibre composite had lower stiffness, but the strength was similar to the carbon fibre at 504
and 525 MPa respectively. The methods used show how multiple fibre types can work in

unison to improve composite behaviour and reduce costs/impact.

PC reinforced with steel fibres is a commonly used material in the construction industry
where the fibres act to provide post crack strength to the brittle matrix. Replacing the PC
with a geopolymer cement blend would reduce the cost and environmental impact of the
material and reduce the likelihood of failure due to corrosion. Ranjbar et al. (2016) studied
the effects of wettability, chemical characterisation and nanometric roughness of
polypropylene and micro steel fibres at dosages of 0.5-4% by volume in a FA geopolymer
matrix. Results showed the steel had a strong bond with the geopolymer paste matrix as
it behaved as a hydrophilic material providing significant improvements to energy
adsorption and flexural strength. The 3% volume steel fibre reinforced, FA geopolymer

exhibited 35 MPa flexural strength compared with 8 MPa for the polypropylene fibres.

Steel fibre reinforcement has several drawbacks, the most significant of which are high
cost and environmentally unfriendly to manufacture. It is also three times as dense as
concrete, therefore adding unnecessary weight to the composite and creating the

possibility of corrosion (Choi et al., 2012).
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Fibre-reinforced composites within a geopolymer matrix have been developed and used
since 1988; whereby the most common types of fibre reinforcement include carbon and
glass fibres (Davidovits, 1988). These materials exhibit excellent performances such as a
high strength to weight ratio, fire resistance with non-toxic fumes and resistance to all
organic solvents. This makes them ideal as a matrix material, i.e. to protect the fibres that
provide the majority of the strength (Duxson et al., 2007; Callister, 2014). Many
applications such as manufacturing automobile and aircraft engine components take
advantage of high fire and heat resistance, whereby in applications over 200°C, most other
organic cementitious matrix composites cannot be used. The ability of a geopolymer
matrix to withstand extremely high temperatures, whilst being easy to manufacture at
ambient temperatures are qualities that have previously been considered inconceivable

(Davidovits, 2002)

Natalie et al. (2011) created geopolymer fibre composites from a range of fibres including
glass, carbon, PVA and PVC and demonstrated that all types significantly improved the
flexural strength and post crack ductility. Zhang et al. (2008) investigated the impact
properties of MK and MK/FA geopolymer based extrudates incorporating PVA fibres.
These materials were reported to outperform similar fibre-reinforced PC concretes and
that the flexural strength and failure mechanisms varied as a function of matrix

composition and F/M bond.

Aydin and Baradan (2013) investigated the effects of steel fibre reinforcement on a range
of alkali-activated GGBS and SF mortars, which confirmed improved flexural toughness
and reduced drying shrinkage compared with non-reinforced control samples. Bernal et
al. (2012) investigated the permeability and engineering properties of GGBS
geopolymers with the addition of steel fibre reinforcement. Their study reported a

reduction in compressive strength when steel fibres were present. This highlighted that
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the effects of reinforcement must be considered for all engineering performance

properties and not just those that are of interest for the intended engineering application.

Nematollahi and Sanjayan (2014) identified two challenges associated with creating fibre
composites for geopolymer cements. First, that they may require viscous liquid activators,
which can be hard to safely handle, and secondly, that they may require heat curing, which
can be impractical on site, costly and increase carbon emissions. Hence, Nematollahi and
Sanjayan (2014) developed strain hardening geopolymer composites from FA and GGBS
pastes and cured them at ambient temperatures. The material exhibited 43-52 MPa
compressive strength, a tensile strain capacity of 2.6-4.2% and tensile strength of 4.3-4.6
MPa at a density of 1800-1874 kg/m?®. The ambient cured GGBS based mortars achieved
superior uniaxial performances compared with the heat treated or gypsum slag-based
options. Slag type and curing conditions had significant effects on the fibre matrix bond
exhibited by the composites. Ambient temperature curing increased the chemical bond
strength on the GGBS based samples. The composites developed were characterised by
76% lower CO; emissions and 36% lower embodied energy than PC alternatives. Hence,

the material was classified as a lightweight composite (Nematollahi & Sanjayan, 2014).

Researchers such as Davidovits (2017) have been proposing the use of more user friendly
geopolymers where the alkaline activator is used at a lower molar ratio to limit
corrosivity. However, Al-Majidi et al. (2017) identified that no studies have been carried
on such geopolymer mixtures with strain hardening characteristics. Al-Majidi et al.
(2017) used a ternary blend (FA/GGBS/SF) geopolymer activated with K»SO3 (molar
ratio = 1.25) and reinforced with discontinuous steel, PVA and glass fibres. The effects
of using a lower molar ratio on the mechanical performance and microstructure of the
composite were assessed by performing compressive and flexural strength tests and SEM
imaging. The research also developed a new methodology for manufacturing such

composites; whereby the order of constituent mixing was: 1) precursor powder, 2) alkali
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reagent and water, 3) fibres and 4) sand filler. Samples were covered with polyethylene
sheets to prevent moisture loss and permit curing at room temperature. The compressive
strength increased by 15-20 MPa with the steel and PVA fibres, but not with glass. The
steel fibre content and aspect ratio significantly affected the compressive strength of the
composites; whereby longer, straight fibres in higher dosages resulting in better
compressive and tensile strength, and post-crack behaviour. The optimum mix design
used 3% 13mm long fibres by volume. This mix produced 70 MPa compressive strength,
the highest flexural strength and with almost 20 times higher deflection at peak load than
those without fibres, and four times greater than those using 6 mm steel fibres (Al-Majidi,

etal., 2017).

Lin et al. (2008) took a geopolymer matrix carbon fibre composite and investigated the
effect of different fibre lengths. In the absence of fibres, the material exhibited a flexural
strength of 16 MPa. With 2 mm and 7 mm fibres, flexural strengths of 62 MPa and 90
MPa were achieved, respectively. This decreased slightly to 86 MPa when using 12 mm

fibres, highlighting the importance of careful fibre length selection.

Basalt fibres are a potential replacement for the steel , plastic, glass or carbon fibre options
used for geopolymer composites. Basalt fibres are manufactured from the volcanic rock
basalt, which is melted in a blast furnace at 1450-1500 °C and forced through
platinum/rhodium crucible bushings to create fibres in a similar manner to glass fibre
production. The continuous spinning process used can create short or continuous fibres
and no additives or complex equipment is required for production (Fiore et al., 2015).
Basalt fibres show promise due to their relatively low cost, high tensile strength, similar
material density to steel-reinforced PC concrete, resistance to corrosion/chemical attack
and fire, and are more environmentally friendly to manufacture compared with glass

fibres — producing less toxic fumes (Sim et al., 2005; Jiang et al., 2014).

45



Basalt fibres have been shown to produce a strong chemical bond with cementitious
matrices (1.8 times higher than would be the case for PVA fibres), with higher first crack
strengths - albeit these materials show more softening behaviour after cracking (Choi et
al, 2012). Furthermore, adding basalt fibres to cementitious composites promotes a more
ductile failure mode, similar to glass fibres (Choi et al 2012). Past research into basalt
fibre reinforced mortars and concretes has focussed on the fundamental mechanical
properties of the material, such as compressive, flexural, and tensile splitting strength.
The basic properties and composition of basalt fibres have been summarised by Choi et
al. (2012), whereby they have a density of 2.65 kg/m?, tensile strength of 1773 MPa and
the following chemical composition: SiO> (48-59%), Al,O3 (15-18%), B2O (1%), CaO

(6-9%), MgO (3-5%), Fez + FeO (7-12%) and NaO+K,0 (4-5%).

Branston (2016) suggested that the same alkali attack damage that occurs to unprotected
glass fibres in PC concretes also deteriorates basalt fibres, but to a lesser extent. Due to
the lower alkalinity of geopolymer matrix composites (pH = 11-11.5) compared with PC
mixtures (pH = 12-12.5), the addition of basalt fibres to an optimally designed, low
alkalinity geopolymer matrix may reduce or eliminate the impact of alkali attack. This
would mean that the use of zirconium dioxide to protect fibres would not be required and
would promote more structural applications (Branston, 2016). Hence, there is the
possibility of developing new high-performance basalt fibre composites with reduced
fibre degradation, similar mechanical performance and a lower carbon footprint than glass

fibre-based equivalents.

Hyde et al. (2017a) developed geopolymer based cladding panels with a hybrid, ambient
cured binder system, comprising GGBS, SF and basalt quarry dust precursors, K-silicate
activation and steel/PVA fibre reinforcement. These were designed for retrofitting
existing buildings to improve aesthetics and, through the use phenolic foam and vacuum

insulation, improving the thermal performance of the building exterior. Two 20 mm thick
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high-strength geopolymer cladding sections were combined with 80 mm of insulation (20
mm phenolic foam board / 40 mm Slimvac insulation / 20 mm phenolic foam board) to
produce a 120 mm thick panel that exhibits U-values of 0.1135 W/m?K. Compressive
strengths of geopolymer mortar of 40 and 84 MPa at 24 hours and 90 days respectively

were reported (Hyde and Kinnane, 2016; Hyde et al., 2017b).

2.6.1 Fibre/ matrix interface bond and sizing technologies

One of the frequently overlooked aspects of fibre reinforced cementitious composites is
the fibre matrix interface, which is usually controlled by fibre surface treatments such as

sizing compounds (Callister, 2014).

Sizings are a 30-100 nm thick fibre coating applied for adhesion enhancement and
protection during handling and when in-situ. These compounds can provide a physio-
chemical bond between fibres and the cementitious matrix, even if the composition or
surface of the virgin materials do not create high bond strength. A large proportion of the
ultimate strength exhibited by a composite depends on the extent of interfacial bonding.
Adequate bonding is essential to maximise the stress transmittance from the relatively
low tensile strength matrix to the high tensile strength fibres (Downey and Drzal, 2016;

Korniejeko et al, 2016).

Fibre sizing is a fundamental stage during the manufacture of glass and basalt fibres,
which is one of the simplest and most cost-effective methods for promoting adhesion
(Ralph, et al., 2019). Individual constituents of these aqueous compound solutions fulfil
a specific function such as increasing adhesion or protection from chemical attack. Sizing
agents are generally composed of an organofunctional silane coupling agent to increase
F/M bond and a film former for fibre protection. They are highly customised for specific
applications and therefore may also contain lubricants to reduce abrasion between the

fibres, emulsifiers, wetting agents, chopping aids and antistatic agents depending on
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applications and production processes. The quantity of sizing used is a carefully
controlled parameter and commonly expressed as a loss on ignition figure that represents

the mass of sizing agent burned off the fibre (Thomason and Adzima, 2001).

Silane coupling agents are multifunctional molecules that perform many other roles other
than adhesion. Their non-coupling aspects require further understanding (Mason, 2006).
Thomason and Adzima (2001) suggested that there is great scope for the development of
better and more cost-effective silane agents and an improved screening method for F/M
interaction to judge their effects. This is especially true for geopolymer composites where
the literature is lacking in comparison to thermoset, thermoplastic and PC based

composites.

Silane molecules are highly effective in providing enhanced F/M bond, but if used in
isolation they will make fibres brittle and prone to damage in manufacture. Therefore,
they require the use of a film forming additive to prevent this. These additives hold
filaments together in a strand, protecting them from damage through fibre/fibre and
processing contacts and is chosen to be closely compatible with the intended matrix
material. Commonly used materials for this application include polyvinyl acetates,
polyurethanes, polyolefins and modified epoxies (McMican, 2012). Many fundamental
areas in the science of sizing remain unexplored. The development of sizing and
composite interface science could be advanced by establishing a better understanding of
molecular adsorption over short time frames from complex sizing onto surfaces, high
speed dynamic wetting and spreading of sizing onto and into fibre assemblies (Thomason

and Adzima, 2001).

The proportions of each constituent of the sizing solution present at any specific point
along the fibre length is hard to predict, due to slight inconsistencies in application and

the level of sorption by the fibre (Ivashenko, 2009). No reference material to assist in
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resolving this problem is currently available. As a result, design of solutions with a small
number of or single components have attracted attention as this would enable more
accurate micromechanical design. Ivashenko (2009) proposed the use of a system
containing only three components via the dispersion of grafted polyvinyl acetate
copolymer and allyloxy methyl cellulose in water. These would still provide film-forming
capabilities, adhesion and plasticiser functions, whilst maintaining its composition at a
specific point of the interface that is more easily predicted and controlled. Water used in
sizing cools the fibres, acts as a carrier and dilutant for the sizing compounds, thereby
ensuring good coverage. The water also wets glass, helping to boost the F/M interaction
and bond. Lower sizing viscosities and fibre packing density generally lead to better
adhesion to the fibre with the relative level dependant on the material the sizing must

displace (Thomason and Adzima, 2001).

Sizing composition is the primary parameter used by fibre manufacturers to adapt their
products for different applications (Mason, 2006). No general-purpose sizings are
available as they are tailor designed to provide a specific type of fibre to suit the concrete
matrix material, protect the fibre during the specific production processes they undergo
and control how the material behaves to suit each unique application. Specialised sizings
are not yet available for geopolymer fibre composites. Great scope exists for the
development of innovative sizing techniques through partnership with fibre suppliers,
which could revolutionise the performance levels of the material. Ivashenko (2009)
identified that the improvement of sizing systems and their creation for different specific

matrix and fibre types is a major concern and represents a significant knowledge gap.

For glass and basalt fibre composites, sizing is one of the most vital components
influencing the success or failure of reinforcement systems. When applying sizing to glass
fibres that are being drawn at 60 m/s and chemically cooled, inconsistency in the

proportions of each sizing component is expected due to selective sorption of some
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components by fibres and aggregation of sizing components. Within milliseconds of the
glass forming, it is coated with an aqueous mixture of coupling agents, lubricants and
emulsified polymers at a dosage of 0.5-10% solids content in a water substrate. This
coating takes place in under 10mm drawing distance or 0.5 milliseconds contact with an
applicator. Successful sizing during manufacture should deliver an undamaged product
without defects from the process, a clean-cut surface for short fibre products, low fibre

fuzzing/damage during handling, high application efficiency and reduced costs.

During composite manufacture, well-sized fibres should exhibit high strand integrity with
low fuzz and fines, continuous processing, successful impregnation of sizing into the
fibre, good of sizing dispersal and predictable behaviour. The fibres should provide
composites with high mechanical strength and thermal resistance performance, high
durability and fatigue resistance, low void contents and clean surfaces with consistent
colour and easy means of recycling. The reason for the composite possessing these
features is due to the effects this sizing has on the interfacial bond between the fibre and
the matrix; including high F/M interaction, good wetting, high levels of stress transfer

and high fibre strength retention (Thomason and Adzima, 2001).

Recent technological developments have produced new sizing techniques that can
improve the engineering performance of fibre composites in the future. One example is
UV o-zone treatment, which increases the amount of reactive oxygen groups on the fibre
surface and reduces the amount of fibre defects to enhance the fibre/matrix bond. The
fibres are exposed to both oxygen and o-zone in the presence of energetic UV photons.
Some surface material is removed, creating a reactive surface for the oxygen to
chemically bond to. This treated surface is then able to bond strongly with either the fibre
sizing or matrix (Tiwari and Bijwe, 2014). For more high-cost technology applications,
such as carbon fibre composites intended for lightweight racing cars or the aerospace

industry, new sizing techniques using materials such as graphene have been developed.
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Zhang et al. (2012) investigated the interfacial properties of carbon fibre composites in
which fibre surfaces were modified by dispersing 5% weight graphene oxide into the
sizing agent. This significantly enhanced the interfacial shear strength but would be
financially too expensive to implement for use in geopolymer composites intended for

construction and cladding applications.

Fibres can also be treated with low molecular compounds to promote bonding between
the sizing, fibres and the matrix; thereby providing F/M bonding. An example of such
bonding would be an epoxy matrix system using an amine hardener to provide reactive
amine groups. These chemically bond with the epoxy groups and provide high adhesive

strength of 5-22 MPa (Ivashchenko, 2009).

European patent EP 25406853 A1 states that glass fibres are usually sized with a silane
compound, so Si-O-Si bonds are formed between the glass fibre surface, the sizing and
adjacent silanol groups to create a crosslink on the fibre surface. This creates a strong
bond and enhances resistance to corrosion and hydrolysis. As the stronger bonds in a
geopolymer structure are also Si-O-Si bonds, this would create the potential where the
fibres could be bonded to the matrix with the same strength the matrix itself is held
together with; a drastic improvement when geopolymer cement mixes can have

compressive strengths of over 100 MPa (Piret et al., 2013).

US Patent 20060204763 for an Al+ sizing for glass fibre composites has potential for use
as geopolymer specific sizing. An aluminosilicate coupling agent was used, which could
exhibit a chemical affinity for geopolymer matrices. This would seem more likely to form
increased (-Si-O-Al-O-) bonds, which are slightly weaker but would still have the

potential to provide high interfacial bond strength (Hartman et al., 2006).
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2.7 Foamed geopolymers for insulation

Geopolymers can provide thermal insulation through chemical or mechanical foaming to
present a promising alternative to polyurethane insulation boards typically mounted to
GRC cladding. This is based on their high strength, lightweight, resistance to fire and
high temperatures, and low environmental impact. However, there are currently no
standard parameters or procedures for geopolymer foam manufacture; whereby each mix
design is unique and optimised for locally available source materials and engineering

applications (Lach et al., 2016).

Geopolymer foams have been produced with density and thermal conductivity as low as
300 kg/m?® and 0.03 W/mK, respectively (Lach et al., 2016) and have great potential for
use as insulation materials. In use, these materials are similar in form and function to the
phenolic foam insulation boards commonly used in cementitious cladding systems, but
have a much lower cost and carbon embodiment. These materials are also intrinsically

inflammable and will compartmentalise fire risks rather than contribute to fire spread.

Geopolymer foams are most often created through two processes: endogenous foaming
and mechanical foaming. Endogenous foaming uses the highly alkaline environment of
the geopolymer paste to decompose chemical foaming agents such as hydrogen peroxide
or aluminium powder. This reaction produces gases including hydrogen and oxygen,

which can then be trapped in the paste to create a porous structure (Kaddami, 2017).

Mechanical foaming introduces pores into the paste either through the addition of a
preformed foam or through mechanically mixing air bubbles into a paste containing
surfactants to promote a foamed structure. The preformed foam comprises foaming agents
including detergents, resin soap or hydrolysed proteins and water, and is added from a
foam generator to the wet paste. Research has been undertaken on the combined use of

endogenous and mechanical foaming methods, with a view to producing an enhanced
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microstructure, mechanical strength and thermal resistance properties (Narayanan &

Ramamurthy, 2000).

The most important factors that determine compressive strength, thermal conductivity
and permeability of foamed geopolymers are the size, volume and interconnectivity of
pore spaces developed. Pores present in the hardened material will include interlayer pore
space in reaction products like CSH (<1 nm), gel pores in the materials structure (1-10
nm) and capillary pores between gel clusters (>10 nm). This is in addition to the air voids

(1-2 mm) introduced via foaming (Nambiar and Ramamurthy, 2007).

Extensive research has been undertaken on the pore structure of foamed PC concretes and
how foams affects microstructure, mechanical strength and thermal resistance properties,
with several models developed to define the relationship between strength and porosity.
However, it has yet to be determined whether these models are applicable for geopolymer
foams. Very few models have been developed for geopolymer foams due to the
complexity of geopolymer formulation. Further research on ranges of geopolymer
formulations is required to understand the effect of pore characteristics and intelligently

design these materials (Zhang and Wang, 2016).

The total pore volume and the percentage of interconnected open pores are both
approximately inversely proportional to the compressive strength and thermal
conductivity of the materials produced. The level of pore interconnectivity depends on
the foaming method and agents used. Endogenous foaming by aluminium powder and
hydrogen peroxide generates fewer interconnected pores than mechanical foaming with

a surfactant, even at a lower total density (Masi, et al., 2014).

Pore size in foamed geopolymers is dependent on the foam dosage, foaming agent and its
distribution, which significantly influences compressive strength development -
especially at high porosity (where higher dosages result in larger pores of an ellipsoidal
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shape). Large pores have a greater influence on compressive strength than smaller pores
for the same volume. Zhang and Wang (2016) reported that critical voids (pores >100
um) were the primary factor influencing the strength of geopolymer foams. The shape of

pores remained relatively constant and bared little influence on mechanical properties.

A geopolymer foam that is optimised for thermal insulation applications will comprise a
large volume of small, closed, uniform, spherical pores, which act to limit heat transfer
through the material. Many methods have been employed to achieve this, such as a gel
templating procedure similar to the manufacture of aerogel. A gel/liquid structure is
created and doped with hydrophobic compounds. The pore liquid is then exchanged with
a solvent, which is then slowly expelled under controlled pressure in an autoclave. This
allows customisation of pore structure and reduces the effects of capillary drying forces
and the likelihood of pore collapse or coalescence (Glad and Kriven, 2014). Other
researchers have included porous or hollow aggregate, such as expanded perlite or
polystyrene and microspheres in their paste to create sections of the materials with

controlled porosity (Duan et al., 2017).

Geopolymer foams based on perlite have been created with densities and thermal
conductivities as low as 200 kg/m® and 0.03 W/mK; approximately ten times lower than
what can currently be achieved in FA foams. This is similar to the level achieved by
Rockwool based insulation, but higher than more effective board systems providing
suitable insulation for buildings at approximately 100 mm thickness. This highlights the
importance of material selection for ensuring successful development of foamed
geopolymers (Szabo and Mucsi, 2016). TROLIT is a commercially available inorganic
geopolymer foam insulation created using peroxide and perborate foaming agents and a
recycled silica/alumina source. It has a density of 200-800 kg/m?, thermal conductance
0of >0.037 W/mK depending on density and a pore parameter range of 0.5-3.0 mm (Lach

etal., 2016).
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Zhang and Wang (2016) concluded that geopolymer foams are a greener alternative to
PC foams for construction and insulation applications and gave two important guidelines
for creating these materials. Firstly, the foaming method employed must be able to
produce fine bubbles which should be kept stable during mixing to avoid coalescence into
larger pores. Secondly, this state can be achieved by introducing foam stabilisers or
adjusting the setting behaviour of the geopolymer. One complication in the development
of geopolymer foam insulation is that the foamed paste must be suitably viscous to trap
gas bubbles throughout the geopolymerisation process, until the porous structure is
retained by hardening. As geopolymer concretes have lower yield stresses compared with
PC concretes, their composition must be carefully controlled. Methods used to combat
this problem include using additives or heat to increase the materials viscosity and
hardening rate or delaying foaming or foam addition until a suitable viscosity level is
reached (Kaddami, 2017). For geopolymer pastes, it has been shown that high L/S ratios
and paste viscosity increase the materials foaming-ability but reduces its ability to retain

its porous structure (Masi et al., 2014).

2.8 Environmental impact of Geopolymers

Since the mid-1900s PC production globally has experienced exponential growth. PC
manufacturing is estimated to be responsible for producing 5-7% of global CO;
emissions, whereby its usage continues to grow by 10% each year (Austroads, 2016;
Benhelal, 2013). This is largely being driven by the growth of the Chinese economy and
associated rapid large scale urbanisation, which necessitates the construction of major
civil engineering infrastructure networks. China consumed 2.23 billion tonnes of cement
in 2018, which represents 54% of the global total. This equates to an estimated 4,460,000

m?® of concrete (Statista, 2020; World Cement Assosiation, 2019).

CO; accounts for around 65% of the global warming effect due to anthropogenic

activities. Hence, it is vital to reduce CO; emissions to alleviate the catastrophic effects
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of climate change. The manufacture of PC releases CO; in three major ways; 50% from
the de-carbonation of limestone, 40% from the burning of fossil fuels used to heat the kiln
(using operating temperatures of 1000 — 1200°C) and 10% from generating the electricity
required (Srinath and Prabha, 2016). Geopolymers offer the ability to eliminate the first
of these two stages of CO» release as they do not contain limestone and can be created
from secondary materials generated from existing processes. Table 2.4 shows the carbon
embodiment of the average UK PC compared with values from geopolymer precursor
materials. It is evident that significant carbon savings can be made and that secondary
materials have the greatest potential. MK, a popular option, is calcined at temperatures
less than half the 1450°C required for PC production to form alite. As such, MK has
significantly lower embodied carbon than PC (Yunsheng et al., 2009). Geopolymer
cement production also does not require as much financial investment in plant equipment.
Thermal processing of common, naturally occurring pozzolanic materials presents a

multitude of precursor feedstocks that are available worldwide (Davidovits, 2015).

Table 2.4. Embodied carbon content of pozzolanic precursor materials
Materials | PC MK GGBS SF FA JAY

Carbon embodiment o @ 3 @ (5) -
(kgCOx/kg) 0912 0.347 0.032 0.064 0.004 0.057

M Jones (2019); @ Komkova and Habert (2023), @ EPD Ireland (2019),
®Values provided by Elkem and Aurubis, ©McGrath, T et al (2018)

There are many methods currently used in industry to quantify the carbon footprint of
materials; the most popular of which is Life Cycle Assessments (LCA) — which considers
all of the material / energy inputs and products / emissions outputs for each step of the
manufacturing process. There are three approaches that can be taken for performing LCA
analyses: ‘cradle-to-gate’, ‘cradle-to-grave’ and ‘cradle-to-cradle’. ‘Cradle-to-gate’
LCA’s calculate and report the carbon required for all processes required to manufacture
the final product, including acquiring the raw materials, transport to the manufacturing
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facility and any processing required before the product reaches the factory gate. ‘Cradle-
to-grave’ LCA’s go a step further and quantify the carbon footprint arising from the whole
life of the product, including installation, maintenance, demolition, removal and disposal.

(Clearloop, 2021).

The first full cradle to grave LCA of the CO> emissions from geopolymer cement
production was proposed by Habert at the 2010 Geopolymer Camp, who suggested that
geopolymer concretes generate more CO> emissions than PC concretes, due to the use of
Na silicates. This was then clarified in greater detail by Habert et al. (2011), which
considered numerous mix designs. However, most of the mixtures considered were
identified by Davidovits (2017) as AACMs and that many methodological errors had been
identified in Habert et al.’s (2011) LCA methodology. Furthermore, Habert et al. (2011)
stated that the data used for the Na silicate solution was sourced from Fawer (1999), who
considered a 100% pure sodium silicate. However, Habert et al. (2011) considered alkali
silicate activators that were often used in a 0.55:0.45 ratio with water. It can therefore be
reasonably stated that the CO> emissions calculations published by Habert et al. (2011)
could be reduced by ~50% before being added to the data for the rest of the components
(Davidovits, 2013). This error has been repeated in other papers attempting LCAs of
geopolymers, such as Turner and Collins (2013). As stated by Austroads (2016), Habert
et al. (2011) did not consider FA to be a by-product of coal fired power stations and
attributed CO; emissions from electricity generation to the material. This further

discredited their earlier assertions.

Jones (2019) reported that a MK 750 and Na silicate geopolymer mix used five times more
alkali silicate than would typically be required today. This formed the basis of the claim
that geopolymer cement production produced twice as much CO; as PC. The mix
specified was also considered a binder and not a cement, due to its inability to harden at

ambient temperatures. When compared with an epoxy resin, there was great potential for
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CO2 emissions savings using this blend. Carbon embodiment of 286 vs 6663 kg CO»/1000
kg was expected for the geopolymer and epoxy resin, respectively (Davidovits, 2015;

Jones, 2019).

McLellen et al. (2011) performed an analysis of the CO, emissions from the average
geopolymer concrete mix created in Australia and compared this with a PC mix, using
accurate values for the Na silicate solution. A CO> emissions reduction of 44-64% was
achievable, depending on the materials used. However, the financial costs were 7-39%
higher. These figures were greatly influenced by the large transportation distances
required for geopolymeric materials in Australia compared with PC, due to the less
developed infrastructure. A similar situation would be apparent in other large countries
such as the USA, but less so in smaller countries such as the UK and across Continental
Europe. With increased usage, supply chains and economies of scale will help to reduce
costs and carbon embodiment (Davidovits, 2015). Davidovits (2015) stated that datasets
from local and specialised environments were being generalised for the whole world and
suggested using two values, with the other being where travel distances are estimated for

5-10 years after industrialisation begins.

It is apparent that most published literature on LCAs for geopolymer cements were
actually for AACMs, with the scientific community not understanding the differences and
neglecting to research the patent literature available for geopolymer cement (Davidovits,
2017; Austroads, 2016). LCAs of available proprietary geopolymer cement blends are
exceptionally rare as this information can be commercially sensitive. One produced by
Start2see (2012) for E-Crete, a GGBS/FA/alkali silicate-based geopolymer cement, found
that using this product could reduce CO; emissions by 62-66% and embodied energy by

80% against a comparable PC mix.
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Based on the above studies and reported data, a geopolymer-basalt fibre composite
cladding panel could potentially be created with similar design specifications to GRC,
without the need for AR glass fibres, polymeric additions or superplasticising admixtures.
With careful design, the composite could have embodied energy of just 54 MJ/m? and an
embodied carbon content of 20.4 kgCO,E/m?. For comparison, a standard bulk concrete
cladding panel would have 1057.5 MJ/m? embodied energy and 171.6 kgCO.E/m?
embodied carbon, whereas the GRC panel would have 624 MJ/m? embodied energy and
64.2 kgCO2E/m?> embodied carbon. As such, geopolymer cladding panels, if used to
replace bulk concrete cladding, could achieve a 95% reduction in embodied energy and
an 88% reduction in embodied carbon. If used to replace GRC building cladding, it has
the potential to reduce the embodied energy by 91% and embodied carbon contents by
68%. However, these figures are an approximation. Once the embodied energy and
carbon required to produce the basalt fibre reinforcement for such a composite are
considered, the energy and carbon savings may not be as significant (RIBA, 2020; Jones,

2019).

2.9 Summary and knowledge gaps

Cementitious cladding systems are required to possess high engineering performances
(e.g. strength and fire resistance), with the smallest possible carbon footprint.
Geopolymers offer a low impact alternative to PC-based claddings with comparable
engineering performances and up to a 90% reduction in embodied carbon. Despite these
benefits, a key barrier to the commercial use of geopolymers and AACMs is the lack of
recognised mix design methodologies. A consistent method capable of producing
materials with specified values of compressive strength and/or workability, that is
applicable to most precursor sources, must be developed to drive forward its commercial

use in the construction industry.

59



Against this background, one of the aims of this research is to produce a simplified
preliminary mix design method, which allows easy selection of geopolymer and AACM
mortars by industrial practitioners who are more familiar with performance-based
specification of PC cement systems. This research also aims to create a methodology that
will enable strength prediction for K-silicate activated geopolymer mortars comprising a
wide range of binder combinations and mix parameters. In this way, the intention is to
drive forward the adoption of these systems as a high performance, low impact alternative
to PC-based materials such as GRC in building cladding components.

As geopolymers undergo brittle failure and possess low tensile strengths, randomly
orientated fibre reinforcement is often incorporated. Basalt fibres have several technical
advantages over glass fibres for this application such as lower costs and lower carbon
embodiment. Suitable sizing on reinforcement fibres is vital for creating a strong interface
bond and composite. However, it is currently unclear whether sizing developed for PC
composites would perform similarly in a geopolymer composites or the optimal fibre
type, geometry and dosages for maximum flexural strength.

Geopolymers can also serve as a low carbon alternative to traditional insulation boards
through either mechanical foaming, endogenous chemical foaming or a combination of
the two. The choice of method, materials and dosages significantly affects the pore
structure achieved and therefore the strength and thermal conductivity exhibited by the
final product. The optimal method, mix designs, rheology and processes for creating these
foams in geopolymer pastes have yet to be identified.

There are no recognised mix design methodologies capable of producing foamed
industrial waste-based geopolymeric material of specific strength, density or thermal
conductivity and one must be developed. Current research in the field highlights the need
for this research and similar attempts made by other researchers have shown great

promise.
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Chapter 3 — Materials and testing methodologies

3.1 Introduction

This chapter describes the methods and materials used throughout this thesis to fulfil the
research aims and objectives. Where possible, readily available materials and reputable
test methodologies (BS-EN, ASTM etc) have been used to maximise the reproducibility
and impact of this research. This research was carried out in four main stages, which are

outlined in Figure 3.1.

Stage 3: Stage 4:

Foamed Investigation of
geopolymer insulated
insulation geopolymer
development cladding solutions

Stage 1: Stage 2:
Optimised Geopolymer fibre

geopolymer mortar composite
development development

Figure 3.1. Flow chart illustrating research stages.

3.2 Materials

3.2.1 Geopolymer precursors

Five precursor materials were investigated to facilitate national/international commercial
use of the methodologies presented and beneficial reuse of prevalent local waste streams.
Metastar 501 MK from Imerys UK was used as the primary pozzolanic precursor due its
commercial availability, consistency, high amorphous content, rapid dissolution and

geopolymerisation at ambient temperatures (Provis et al., 2015).
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To reduce the environmental footprint of the MK precursor, whilst providing reduced
setting times, increased strength and flow values (Austroads, 2016), industrial by-
products were used to partially or completely replace MK. These included GGBS from
ECOCEM Ireland, SF from Elkem, FA from Kilroot power station in Northern Ireland
and IS fines from Aurubis (Bulgaria). IS is a low impact by-product of copper production
and novel in its usage as a geopolymer source material. GGBS geopolymers require less
alkali reagent content and, therefore, have lower environmental impact than MK systems
which have a lower Si:Al ratio, necessitating more reagent to be used for full dissolution
to occur (Komnitsas, 2011). SF has been shown by Okoye (2016) to increase the Si:Al
ratio of the binder and thereby promote increased strength development between 7 and

28 days.

The mineralogies (from XRF data published by Wilkinson, 2018) and published
embodied CO; values (derived from cradle to gate LCA, according to BS EN 15804) for
the precursors considered are presented in Table 3.1, together with typical values for PC
for comparative purposes. Particle size distribution data is provided in Table 3.2, which

shows that SF is finer than the other precursors.

Table 3.1. Composition and environmental impact of source materials used in this study.

. .| Chemical composition (% by mass) | Embodied carbon
Material g0, | AkOs | CaO |Fe0s| (kgCOwkg)

PC 20 4.6 64.6 3.8 0.92 M
MK 55 40 0.3 1.4 0.347 @
GGBS 36.5 10.4 42.4 0 0.032®
SF 96 0.8 0.5 0.8 0.064®
FA 57 24 3.9 6 0.004®)

IS 27 3.2 1.8 46 0.057%

(Wilkinson, 2018), (V) Jones (2019); @ Komkova and Habert (2023), ® EPD
Ireland (2019), “Values provided by Elkem and Aurubis, ©McGrath, T et al (2018) .
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Figure 3.2. SEM images of (A) fly ash (Terzano et al., 2005), (B) GGBS (Nagendra et
al., 2018), (C) silica fume (Mindess, 2008), (D) metakaolin (Pillay et al., 2020) and (E)
iron silicate (Gamonchuang et al, 2021).

S 4

Figure 3.2 shows the varied particle shapes of the precursor powders; whereby the FA,
SF and IS powders chiefly comprised smooth spherical particles. Contrastingly, the
GGBS and MK powders were characterised by angular flaky particles. As such, GGBS
and MK create higher water demand in fresh geopolymer pastes before they are broken
down into individual silica and alumina monomers, therefore requiring higher shear
mixing to achieve dissolution. As water in geopolymers remains in pores after
geopolymerisation, pastes that require increased water contents to provide sufficient
liquidity for dissolution will possess inferior mechanical strength properties. The
blending of the highly reactive, but angular and flaky MK and GGBS with the spherical,
smooth FA, SF and IS particles has the potential to reduce early water demand and

therefore provide increased strength and durability (Provis et al., 2010).
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Table 3.2 Particle size distribution of pozzolanic precursors and filler.

Material:]| MK | GGBS | SF | FA IS | Filler

. Do | 09 11 | 0053 | 29 5.8 164
Particle ™ =7 5 53 | 021 | 188 | 421 | 311
Size (um)

Doo 8.2 22.5 8.7 124.6 99.8 1799

3.2.2 Filler material

Fine sand aggregate was sourced locally from Stanley Emerson & Sons Ltd (Northern
Ireland), for use as an inert filler material and mixing with precursors, alkali reagents and
water to create geopolymer mortars. Particle size distribution data for the sand is given in
Table 3.2, which was dredged from the south bank of Lough Neagh. The mineralogy of
the sand resembled the following parent rocks: 1) amphibolite, 2) altered granite, 3)
metagranite, 4) quartzite and 5) schist — all of which possessed a relatively high quartz

content (Wilkinson, 2018).

3.2.3 Activators and additives

To ascertain the most effective activating solution for the geopolymer mortars studied in
this research, two alkali reagents were considered: 1) Geosil 14515 (K2SiO3, molar ratio
= 1.5, solids content = 45% by mass, provided by Woellner and 2) Na silicate solution
(Na2Si103, molar ratio = 1.7, where values of 1.45-1.85 are user-friendly (Geopolymer
Institute, 2016). This was formulated in the lab by mixing Na-silicate powder with

distilled water and comprised 45% solids content by mass).

A PCE based superplasticising admixture sourced from Sika, Visco-crete 25 MP, was
trialled to ascertain its efficacy for increasing flowability in MK-based geopolymers,
compared with the PC-based materials it is designed to work with. The use of

superplasticising admixtures allowed the creation of highly flowable geopolymers, with
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low L/S ratios and increased strength (Callister, 2014). This additive was chosen as it is

a popular option used in many PC concrete pre-casting operations.

3.2.4 Fibres

Fibre types used in this study included glass, basalt and micro steel fibres. The glass fibres
(NEG ARG Fibre AR2500H103) were sourced from Fibre Technologies International.
This material came as a roving and was cut to length by hand in the laboratory to lengths
of 12 mm, to ensure consistency with the basalt fibres and facilitate comparisons. The
fibres were composed of soda lime glass made by Nippon Electric Company, which
possessed a flexural strength of 1.5 GN/m? and a Youngs modulus of 74 GN/m?. A
proprietary sizing called H103 specifically designed for use in cementitious composites
was then applied with a minimum zirconia content of 17% by mass. The glass fibres had
aroving tex of 2500 g/1000 m, a strand tex of 78 g/1000 m and had 200 filaments woven

together to make each strand.

Chopped basalt fibres were sourced from Mafic Black Basalt (Ireland) Ltd, which had a
length of 12 mm. Four fibre types were considered, one with no sizing and the other with
a proprietary silane-based sizing (0.15-2 wt%) designed to optimise performance in a PC-
based composites. However, both fibre types had a diameter of 13 pm. The remaining
two fibre types were 17 um in diameter with the same treatments applied. These were
compared against the GRC-RTU control. The 13 pm fibres had tensile strength of 3.1
GN/m? and Young’s modulus of 90 GN/m?, while the 17 um fibres were slightly weaker
at 3 GN/m? and 88 GN/m? respectively. Fibre diameter (13 pm and 17 pm) and dosage
range variation (0-2% volume of total mix) allowed optimisation of fibre reinforcement
type and mechanical properties. Sizing variation allowed the identification of the extent
to which sizing requirements differ between geopolymeric materials and PC. This
information was considered important for the future design of geopolymer specific sizing

systems for basalt fibre composites.
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The copper coated, micro-steel fibres used in this study, SD-2013, were sourced from
SDS Fibres for Concrete Ltd and manufactured by Tengzhou Star Smith Metal Products
Co. These fibred had a diameter 200 um, a length of 13 mm tensile strength of 2.85

GN/m>.

GRC-RTU is a blend of white cement, silica sand, alkali resistant glass fibres,
superplasticisers and polymers that have been specifically developed for use in GRC.
Oscrete state that the product should deliver compressive and flexural strengths of up to
40 MPa and 8 MPa after 1 day, respectively. Oscrete report enhanced early age strength
gain, improved OP and maximum load before failure MOR (Equations 3 and 4, Figure
2.1), faster demoulding and improved dry curing times over traditional GRC without their

novel admixture and polymer blend.

3.2.5 Foaming agents

This work investigated four types of materials used to increase the porosity of a MK or
commercially available binder paste. This included endogenous foaming agents,

surfactant based foaming agents, pre-formed foam and porous aggregates.

A hydrogen peroxide solution (35% H>0O; by mass) was used as an endogenous foaming
agent. This material decomposed in highly alkaline paste environments to produce
hydrogen gas bubbles that could then be trapped by a viscous geopolymer paste.
Industrially available non-ionic surfactant Glucopon 225 DK was used to create porosity
by trapping air through the mixing process, due to reduced surface tension created in the
geopolymer paste. This material is an aqueous solution of alkyl poly-glucosides based on
a natural fatty alcohol C8 — C10. Preformed foam addition was trailed using two types of
Gillette shaving foam products, a traditional white foam (Gillette foamy regular shaving
foam) and a more modern gel that foams with mixing (Gillette series sensitive shave gel).

Both of which were composed mainly of water, palmitic acid, triethanolamine, isopentane
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and steric acid. Expanded perlite aggregate Silvaperl P45 was also trialled to provide
controlled porosity. This aggregate had a 0-5 mm particle size range and a bulk density

between 90-120 kg/m>.

3.3 Preparation of geopolymer mortars and pastes
3.3.1 Structural mortar preparation

Geopolymer mortar samples were prepared in laboratory conditions, whereby batches
were mixed using a Hobart A200 mechanical mixer, as shown in Figure 3.3. Powdered
precursor materials were first placed into the mixer on a medium setting (113 rpm) for 1
minute to achieve a homogeneous mix. Additives and alkali reagents were then added.
The free water was used to wash out the container that previously held the activating
solution into the mixer bowl. This ensured that none of the viscous activator remained in
the measurement pot. The materials were then mixed at a medium speed for

approximately five minutes.

Figure 3.3. Pozzolanic precursor powder being added to Hobart A200 mixer.
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Any material adhering to the sides of the bowl was scraped in periodically with a plastic
spatula to ensure full dissolution. Half of the sand filler was then added to the paste and
mixed for 30 seconds before the remaining sand was added. The mortar was mixed for a
further 2 minutes. For sample mixtures which comprised fibres, they were added with the

second batch of sand.

The GRC-RTU material was created according to the manufacturer’s instructions. 4.5

litres of water per 25kg of powder were combined in the following sequence:

e 3/4 of the water was added to a clean mixer;

e 3/5 of the GRC-RTU was then added while mixing until homogenous;

e 1/2 the remaining water was added and mixed until homogenous;

e The remaining 2/5 of the GRC-RTU was then added while mixing;

e The sides of the mixing vessel were then scraped to remove any build up;

e The remaining water was added and mixed until the required consistency was

obtained.

A summary of all the geopolymer design mixtures tested in this research are summarised

in Tables 3.3 —3.6.
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Table 3.3. MK geopolymer mix designs for investigation of Na>SiO3 and K»SiOs alkali reagents.

Materials Alk. L./S A/B S/A Sand /
(kg/m): MK | GGBS FA SF IS Rea Water | Sand ratio ratio ratio Binder
1 547 0 0 0 0 436 135 1351 0.505 0.80 1.84 1.209
S 2 544 0 0 0 0 434 140 1351 0.512 0.80 1.84 1.209
z 3 534 0 0 0 0 426 158 1351 0.540 0.80 1.84 1.209
§ 4 542 0 0 0 0 453 134 1340 0.514 0.84 1.86 1.187
> 5 540 0 0 0 0 451 139 1340 0.521 0.84 1.86 1.187
6 530 0 0 0 0 443 157 1340 0.549 0.84 1.86 1.187
7 547 0 0 0 0 436 135 1351 0.505 0.80 1.84 1.209
.é: 8 544 0 0 0 0 434 140 1351 0.512 0.80 1.84 1.209
v&% 9 534 0 0 0 0 426 158 1351 0.540 0.80 1.84 1.209
s 10 542 0 0 0 0 453 134 1340 0.514 0.84 1.86 1.187
S 11 540 0 0 0 0 451 139 1340 0.521 0.84 1.86 1.187
12 530 0 0 0 0 443 157 1340 0.549 0.84 1.86 1.187
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Table 3.4. Geopolymer mix designs with binary combinations of precursor powder.

Materials MK  GGBS | FA SF IS | K:SiO; Water Sand L/ | AB 1 SA Sand /
(kg/m°): ratio ratio ratio Binder
13 488 54 0 0 0 453 134 | 1340 | 0514 | 0.84 | 194 1.187

14 434 108 0 0 0 453 134 | 1340 | 0514 | 0.84 | 2.03 1.187

15 380 163 0 0 0 453 134 | 1340 | 0514 | 084 | 2.14 1.187

2 16 325 | 217 0 0 0 453 134 | 1340 | 0514 | 0.84 | 226 1.187
< 17 271 271 0 0 0 453 134 | 1340 | 0514 | 084 | 2.42 1.187
> 18 217 | 325 0 0 0 453 134 | 1340 | 0514 | 084 | 261 1.187
= 19 163 380 0 0 0 453 134 | 1340 | 0514 | 084 | 2.86 1.187
20 108 | 434 0 0 0 453 134 | 1340 | 0514 | 0.84 | 3.16 1.187

21 54 488 0 0 0 453 134 | 1340 | 0514 | 0.84 | 3.59 1.187

2 0 542 0 0 0 453 134 | 1340 | 0514 | 084 | 4.16 1.187

23 488 0 54 0 0 453 134 | 1340 | 0514 | 084 | 1.9 1.187

24 434 0 108 0 0 453 134 | 1340 | 0514 | 0.84 | 1.99 1.187

= 25 380 0 163 0 0 453 134 | 1340 | 0514 @ 0.84 | 2.08 1.187
2 26 325 0 217 0 0 453 134 | 1340 | 0514 | 084 | 2.16 1.187
= 27 217 0 325 0 0 453 134 | 1340 | 0514 | 0.84 | 239 1.187
28 108 0 434 0 0 453 134 | 1340 | 0514 | 0.84 | 2.59 1.187

29 0 0 542 0 0 453 134 | 1340 | 0514 | 084 | 2.85 1.187

- 30 488 0 0 54 0 453 134 | 1340 | 0514 @ 084 | 2.8 1.187
7 31 434 0 0 108 0 453 134 | 1340 | 0514 | 084 | 2.57 1.187
E 32 380 0 0 163 0 453 134 | 1340 | 0514 | 0.84 | 3.10 1.187
33 325 0 0 217 0 453 134 | 1340 | 0514 | 084 | 3.75 1.187
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Materials MK GGBS FA | SF | IS  KiSiOs| Water | Sand > | AB 1 SA Sand /
(kg/m°): ratio ratio ratio Binder
34 217 0 0 325 0 453 134 1340 0.514 0.84 6.53 1.187

35 108 0 0 434 0 453 134 1340 0.514 0.84 12.81 1.187

36 0 0 0 542 0 453 134 1340 0.514 0.84 232.10 1.187

37 488 0 0 0 54 453 134 1340 0.514 0.84 1.97 1.187

38 434 0 0 0 108 453 134 1340 0.514 0.84 2.10 1.187

” 39 380 0 0 0 163 453 134 1340 0.514 0.84 2.27 1.187
E 40 325 0 0 0 217 453 134 1340 0.514 0.84 2.50 1.187
= 41 271 0 0 0 271 453 134 1340 0.514 0.84 2.80 1.187
42 217 0 0 0 325 453 134 1340 0.514 0.84 3.21 1.187

43 108 0 0 0 434 453 134 1340 0.514 0.84 4.92 1.187

44 0 0 0 0 542 453 134 1340 0.514 0.84 14.49 1.187

71



Table 3.5. Geopolymer mix designs with ternary combinations of precursor powder.

Materials MK  GGBS | FA SF IS | K:SiO; Water Sand L/ | AB 1 SA Sand /
(kg/m°): ratio ratio ratio Binder
45 325 108 108 0 0 453 134 | 1340 | 0514 | 084 | 221 1.187
46 217 | 217 108 0 0 453 134 | 1340 | 0514 | 084 | 2.51 1.187
" 47 217 108 | 217 0 0 453 134 | 1340 | 0514 | 084 | 2.42 1.187
= 48 108 | 217 | 217 0 0 453 134 | 1340 | 0514 | 0.84 | 2.87 1.187
= 49 108 325 108 0 0 453 134 | 1340 | 0514 | 084 | 297 1.187
X 50 108 108 325 0 0 453 134 | 1340 | 0514 @ 084 | 2.68 1.187
E 51 325 108 0 108 0 453 134 | 1340 | 0514 | 0.84 | 2.94 1.187
o) 52 217 | 217 0 108 0 453 134 | 1340 | 0514 | 0.84 | 3.50 1.187
& 53 217 108 0 217 0 453 134 | 1340 | 0514 | 0.84 | 4.62 1.187
= 54 108 | 217 0 217 0 453 134 | 1340 | 0514 @ 0.84 | 6.18 1.187
= 55 108 325 0 108 0 453 134 | 1340 | 0514 | 084 | 4.43 1.187
- 56 108 108 0 325 0 453 134 | 1340 | 0514 | 0.84 | 21.40 1.187
= 57 325 108 0 0 108 | 453 134 | 1340 | 0514 @ 0.84 | 2.38 1.187
Z 58 217 | 217 0 0 108 | 453 134 | 1340 | 0514 @ 0.84 | 2.78 1.187
= 59 217 108 0 0 217 | 453 134 | 1340 | 0514 @ 0.84 | 298 1.187
= 60 108 | 217 0 0 217 | 453 134 | 1340 | 0514 | 084 | 3.81 1.187
61 108 325 0 0 108 | 453 134 | 1340 | 0514 | 0.84 | 3.45 1.187
62 108 108 0 0 325 453 134 | 1340 | 0514 @ 0.84 | 428 1.187
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Table 3.6 Geopolymer mix designs based on factorial experimental design

Materials MK  GGBS | FA SF IS | K:SiO; Water Sand L/ | AB 1 SA Sand /
(kg/m>): ratio ratio ratio Binder

63 490 0 0 0 0 400 100 | 1143 | 0478 | 0.82 | 2.19 1.155

64 490 0 0 0 0 500 100 | 974 | 0524 | 1.02 | 2.40 0.893

65 590 0 0 0 0 500 100 | 875 | 0.460 | 085 | 2024 0.736

E 66 590 0 0 0 0 400 100 | 1045 | 0416 | 0.68 | 2.07 0.959
= 67 490 0 0 0 0 500 160 | 820 | 0.608 | 1.02 | 2.40 0.713
z 68 590 0 0 0 0 500 160 | 722 | 0534 | 085 | 2024 0.577
3 69 490 0 0 0 0 400 160 | 990 | 0567 | 0.82 | 2.19 0.943
= 70 590 0 0 0 0 400 160 | 891 | 0.494 | 0.68 | 2.07 0.775
< 71 540 0 0 0 0 450 130 | 933 | 0508 | 083 | 222 0.833
S 72 540 0 0 0 0 500 130 | 848 | 0529 | 093 | 231 0.725
v 73 540 0 0 0 0 400 130 | 1017 | 0486 | 074 | 2.13 0.951
= 74 490 0 0 0 0 450 130 | 982 | 0545 | 092 | 2.30 0.918
75 590 0 0 0 0 450 130 | 883 | 0476 | 0.76 | 2.15 0.755

76 540 0 0 0 0 450 100 | 1009 | 0.468 | 0.83 | 222 0.926

77 540 0 0 0 0 450 160 | 856 | 0549 | 0.83 | 222 0.744

78 0 440 0 110 0 400 70 1186 | 0397 | 0.73 | 8.8 1.163

2 79 0 440 0 110 0 500 70 1017 | 0445 | 091 | 9.00 0.908
zz 80 0 520 0 130 0 500 70 923 | 0394 | 077 | 837 0.756
29 81 0 520 0 130 0 400 70 1092 | 0349 | 0.62 | 7.67 0.975
5 S 82 0 440 0 110 0 500 130 | 863 | 0523 | 091 | 9.00 0.731
= 83 0 520 0 130 0 500 130 | 769 | 0463 | 077 | 837 0.601
84 0 440 0 110 0 400 130 | 1033 | 0479 @ 0.73 | 8.18 0.956
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Materials MK GGBS| FA | SF IS | K:sSi0s Water | Samd | /5 | AB 1 SA Sand/
(kg/m°): ratio ratio ratio Binder
85 0 520 0 130 0 400 130 939 0.422 0.62 7.67 0.796

86 0 480 0 120 0 450 100 978 0.433 0.75 8.28 0.850

87 0 480 0 120 0 500 100 893 0.455 0.83 8.66 0.744

88 0 480 0 120 0 400 100 1062 0.410 0.67 7.90 0.966

89 0 440 0 110 0 450 100 1025 0.462 0.82 8.59 0.932

90 0 520 0 130 0 450 100 931 0.408 0.69 8.02 0.776

91 0 480 0 120 0 450 70 1055 0.396 0.75 8.28 0.942

92 0 480 0 120 0 450 130 901 0.470 0.75 8.28 0.763

93 110 440 0 0 0 400 70 1206 0.397 0.73 4.61 1.182

94 110 440 0 0 0 500 70 1036 0.445 0.91 5.18 0.925

95 130 520 0 0 0 500 70 946 0.394 0.77 4.74 0.775

- 96 130 520 0 0 0 400 70 1116 0.349 0.62 4.26 0.996
E 97 110 440 0 0 0 500 130 883 0.523 0.91 5.18 0.748
2 98 130 520 0 0 0 500 130 793 0.463 0.77 4.74 0.619
& 99 110 440 0 0 0 400 130 1052 0.479 0.73 4.61 0.974
é 100 130 520 0 0 0 400 130 962 0.422 0.62 4.26 0.815
E 101 120 480 0 0 0 450 100 999 0.433 0.75 4.68 0.869
A 102 120 480 0 0 0 500 100 914 0.455 0.83 4.94 0.762
@ 103 120 480 0 0 0 400 100 1084 0.410 0.67 4.42 0.985
O 104 110 440 0 0 0 450 100 1044 0.462 0.82 4.90 0.949
105 130 520 0 0 0 450 100 954 0.408 0.69 4.50 0.795

106 120 480 0 0 0 450 70 1076 0.396 0.75 4.68 0.961

107 120 480 0 0 0 450 130 922 0.470 0.75 4.68 0.782
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3.3.2 Mortar/paste preparation for foaming

Paste mix designs for foaming were created using the following methodology:

e The powder binder materials were placed into the mixer on a medium setting for 1
minute to achieve a homogeneous composition;

e Additives and alkali reagent solution were poured in;

e The free water was then poured into the container that contained the activating
solution, and then transferred into the mixer bowl. This ensured that none of the
viscous alkali reagent remained in the measurement pot;

e The materials were then mixed at a medium speed for approximately 5 minutes
with any materials stuck to the sides scraped in periodically with a plastic spatula
to ensure full dissolution.

From this point, methods varied for each method of foaming. Perlite aggregate, pre-
formed foams and foaming agents were added. Mixing times for materials were judged
by visually inspecting the paste as easily identifiable peaks in porosity were identifiable
while mixing. This point varied based on mix compositions and porosity degraded with

overmixing.

3.4 Casting and curing of samples
3.4.1 Cubes for compressive strength tests

Once prepared, geopolymer mixtures were cast in a variety of methods, including in 50
mm cubes, 500 mm beams and poured out onto plastic sheeting to replicate both cast and

sprayed applications.

Three 50 mm steel cube moulds were coated with demoulding agent (Eco-lease MR2
from LogCo manufacturing) to ensure easy release without damage. The mortar was then
added in two layers and tamped with a rod to ensure full compaction as per BS EN 1015-

11 (BSL 1999). Any excess material was removed with a pallet knife. Mortars with low
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workability were further compacted using a vibration table to ensure full compaction. The
filled moulds were sealed with polyethylene sheeting to eliminate moisture loss and left
for 24 hours to harden. Samples were then removed from the mould (Figure 3.4) and

placed in an airtight tub to cure at 20°C until testing.

Figure 3.4. 50mm mortar cube samples.

3.4.2 Fibre reinforced panels

Fibre reinforced panels were created using two methodologies. The first based on GRCA

standard test 3 (2017) and the second in accordance with ASTM C947-03 (2016).

While the GRCA methodology requires samples to be cut from an existing panel, due to
limitations in mould availability and cutting methods it was decided to cast a thick beam
of each sample (100 x 100 x 500 mm) and slice these using a diamond tipped circular saw

to the correct dimensions (300 x 50 x 12.5 mm). This ensured that the sample ends were

76



flat, parallel, smooth, and thus ensured an even stress distribution throughout samples

during loading.

As stipulated in ASTM C947-03 and C1228-96, a bespoke mould to produce panels and
an articulation rig for the test device was required. These were designed using AutoCAD
and manufactured within the university. Six test panels measuring 300 x 50 x 13 mm were
taken from a marked location on a single test board for 1, 7 and 28-day testing of flexural

strength.

Fibre reinforced panels were cast by adding the total amount of mortar to the mould in
quarters and spreading evenly with a palette knife. A vibration table was then used to
ensure full compaction. Vibration was carried out in 10 second intervals until the mortar
had fully consolidated within the mould and air bubbles had stopped being released from
the top surface. The vibration times used varied due to the differences in rheology of the
mortars studied. The filled moulds were sealed with polyethylene sheeting to eliminate
moisture loss and prevent cracking, then left for 24 hours to harden. After this they were

removed from the mould and placed in an airtight bag to cure at 20°C until testing.

3.4.3 Foamed mortars and pastes

Foamed mortars were cast in three 50 mm steel gang moulds with the mortar carefully
added in two stages to preserve the foam structure. After 24 hours the foamed mortar was

removed and cured in an airtight container for 7 days at 20°C.

Foamed pastes were cast and cured using various cube and beam moulds, and poured out
onto plastic sheeting to replicate both cast and sprayed applications. These procedures are
described in greater detail in chapter 6. Samples that underwent thermal conductivity
testing were cast into 100 mm cubes and cured using the same method described from the

foamed mortars.
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3.5 Test procedures
3.5.1 Fresh properties

The rheological behaviour of mortar mixes was determined by flow table testing in
accordance with BS EN 1015-3:1999, to ensure sufficient workability and limited void
areas. While this standard specifies the use of a 250 mm wide flow table, this was not
large enough to assess some highly flowable mixes. As a result, a modified methodology

was created using a 700 mm flow table as specified in BS EN 12350-5:2000.

The setting time for each of the designed mortar mixes is of vital importance for efficient
pre-casting, which was determined using Vicat testing in accordance with BS EN 196-3.
Initial and final setting times were measured to the closest 5- and 15-minute intervals,

respectively.

3.5.2 Uniaxial compressive strength

A fundamental mechanical property for assessing the engineering performance of
geopolymer concrete or mortar is uniaxial compressive strength. This was assessed at 1,
7 and 28 days in accordance with BS EN 1015-11:1999. An ADR 2000 BS Non automatic
compressive test machine was used (Figure 3.5) with a loading rate of 10 N/s to crush 50
mm cubes, allowing the effects of important mix variables to be quantified and strength

optimised.
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Figure 3.5. ADR 2000 BS Non automatic compressive test machine

3.5.3 Flexural strength

Preliminary fibre matrix investigations on a range of fibre matrix compositions and
combinates involved performing 4-point bending tests to determine the flexural strength,
and therefore the most suitable high-performance combinations for use in cladding
panels. These tests were carried out and reported in accordance with the ‘Determination
of flexural strength of glass fibre reinforced concrete material’ test method described in
part 3 of the ‘GRCA Methods of testing glass fibre reinforced concrete (GRC)’ standards
document and compared flexural strength of the GRC composites developed against a
commercially available pre-bagged GRC material sourced from Oscrete, GRC-RTU. This
standard was chosen as none currently exist for fibre reinforced geopolymer composites,

and GRC is a similar but much more widely studied material. This allowed comparative
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analysis of test results through proven methodologies and direct benchmarking against

GRC data found in the literature (GRCA, 2017).

The parameters used to examine the flexural performance included LOP and MOR. These
values were calculated using Equations 3 and 4 from GRCA, 2016 where: W; = load at
which the load/deflection curve deviates from linearity (newtons), W2 = maximum load
before failure (newtons), L = major span, b = width and d = thickness (GRCA, 2017). All
LOP and MOR values presented were average values based on the results of multiple

individual samples.
LOP = W, /bd? (Equation 3)
MOR = W,/bd? (Equation 4)
(GRCA, 2017)

To benchmark the flexural strength level achieved by the geopolymer composites, a
commercially available pre-bagged GRC product (GRC-RTU) was used as a control.
Geopolymers can significantly outperform PC materials in terms of strength development
and the costly additives for these materials are not as well developed or understood.
Therefore, additives were not used in the geopolymer composites. As such, any
geopolymer composites achieving comparable strength to the control sample was
considered a success, indicating that through further development much higher

performance could be achieved with suitable admixtures employed.

After analysing the process and results of the preliminary test methodology (GRCA,
2017), a suitable mould and testing rig were custom-built to carry out further 4-point
bending tests to the more well defined, less specialised methodology in ASTM C947-03
‘Standard test method for Flexural properties of thin section Glass fibre reinforced

concrete (Using simple beam with third point loading)’. This methodology was then
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followed for the remainder of flexural strength testing. Adopting the ASTM (C947
standard required a force centring rig that increased testing precision and allowed more
consistent samples and test results to be generated. The force centring device was required
to provide articulation of the loading head to load the samples more evenly. This

attachment was designed in Auto-CAD and manufactured as shown in Figure 3.6.

Figure 3.6. Flexural test rig to ASTM C947-03.

3.5.4 Foamed materials

The method of foam generation/addition and the viscosity of the base paste was predicted
to have significant effects on the pore structure developed. Hence, four methods of

foaming were investigated (endogenous foaming, surfactant-based foaming, pre-formed
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foam addition and porous aggregate addition) in a range of geopolymer mortars and

pastes, to identify optimal foam compositions and creation methods.

The experimental programme was carried out in the following four phases:

e Phase 1 - Investigation of foamed MK-based mortars

Due to the much lower cost and carbon embodiment of mortar compared with paste, initial
investigations studied mortar mix designs, which were with endogenous and surfactant-

based foaming agents and expanded perlite aggregate.

Optical microscopy and mass comparisons were used to identify successful compositions,
analyse the materials produced — specifically regarding the pore structure created by each
method over a range of L/S ratios. The microscope used was a Leica M165C stereo

microscope (Figure 3.7); whereby images of samples were taken for a 1 cm? field of view.

Figure 3.7. Leica M165C stereo microscope
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e Phase 2 - Investigation of foamed MK-based pastes

After foaming of mortars was unable to produce materials with high enough porosity, the
research then focussed on the use of a paste-only base mix. As for phase 1, the same mix
designs, foaming agents and expansive lightweight aggregates were used to optimise the
porosity and pore structure developed. A second control base paste provided by Banah
UK Ltd, intended for use in foaming applications was also investigated. Viscosity
modifying admixtures (VMA) and fibre additions were also trialled to control mix
viscosity. Macro scale visual inspections were used to assess the integrity and
microstructure of the MK-based pastes, with a view to selecting optimum compositions
for further testing. Density comparisons were not possible as many of these materials

collapsed or could not be cut to a uniform volume due to their brittleness.

A small selection of samples underwent 3D CT scanning using a Skyscan 1272 device
(CT-analyser: Version: 1.16.9.0). This allowed 3D visualisation and quantification of the
internal pore structure (including closed and open pores).Samples for CT scanning were
cut into small cubes (50 x 50 x 50 mm) using a diamond tipped circular saw. Proprietary
analysis software systems CTVOX, CTAN and CTVOL were used to analyse the data

and create 3D images of sample pore structures.

e Phase 3 - Thermal conductivity testing and proposed cladding panels

Thermal conductivity testing was carried out on three iterations of an optimised foamed
geopolymer mix design created in Phase 2 to ascertain exact density and R-values. The
thermal resistance of insulation and structural cladding materials was analysed by
Gearing Scientific Ltd., whereby thermal conductivity testing was performed in
accordance with ISO 8301. The apparatus used was a Fox 304, which was calibrated to
10°C mean T (£ 2% accuracy). Each 100mm cube sample was weighed, measured and

placed in the apparatus at 20-22°C. A holding pressure of 1 bar was applied from the top
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plate with a constant temperature set at 0°C. The lower plate was set at 20°C for a mean
of +10°C. Every 0.5 seconds, values of heat flow and lamda were recorded and averaged
every four minutes to form one block. Lambda was defined as the heat (watts) transferred
through a 1m? wall when the temperature differential is 1°C. The last seven blocks were
averaged for the equilibrium reading. As the sample of fibre reinforced, structural mortar

was so dense and conducting +5 and +15 °C Ts were used.

e Phase 4 - Proposed claddings panels

Based on the thermal conductivity results for both the foamed insulation and the structural
geopolymeric materials, cladding panels have been proposed to meet the thermal
resistance requirements laid out in UK building regulations (technical booklets F1 and

F2) for a range of domestic and non-domestic applications.

AutoCAD drawings illustrating each option (Figure 6.6) have been created and are
presented alongside the calculated U values (Tables 6.3 and 6.4) and benchmarked against
currently available options. U values were calculated using the conventions outlined in
BRE 443 (2019) based on the thermal conductivity (W/mK) and the thickness (mm) of

each component (Anderson and Kosmina, 2019).
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Chapter 4 — Geopolymer mortar development

4.1 Introduction

The aim of this chapter is to identify suitable geopolymer mix designs for use in fibre
reinforced cladding panels and create simplified, preliminary mixing methods that are
practical for proportioning of geopolymers and AACMs. Furthermore, this chapter will
focus on developing methodologies for predicting compressive strength, flowability and
carbon embodiment for K-silicate activated mortars comprising a wide range of precursor
combinations and mix parameters. In this way, the intention is to facilitate adoption of
these systems as a high performance, low impact alternative to PC-based materials in

buildings. This chapter is presented in the following phases:

Phase A: Geopolymer mortars created from single source materials

Phase B: Single replacement of MK geopolymers with industrial by-products
Phase C: Replacement of MK with multiple industrial by-products

Phase D: Influence of singular mixture proportioning ratios

Phase E: Simplified preliminary mix design methodology

Phase F: Synergistic influence of multiple mixture proportioning ratios

4.2 Phase A: Geopolymer mortars created from single source materials
4.2.1 MK based geopolymer mortars

The first phase in the development of the mortar component of the geopolymer cladding
panel was to investigate Metastar 501 MK as the pozzolanic precursor. Two alkali reagent
solutions were selected for mixing with MK, including K-silicate solution Geosil 14515
(45% solids by mass) and a laboratory made, Na-silicate water glass with the same solids
content. A range of mix designs titled MK 1-6 were developed for this preliminary testing

and compositions repeated using each activating solution.
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The mix designs for these mortars are given in Table 4.1. These value ranges were

identified to provide high performance in previous work (Wilkinson, 2018).

The flow of each mortar mix was measured prior to casting in 50 mm steel cubes. While
the K-silicate mortars hardened sufficiently in 24 hours, those using Na-silicate fell apart
as the moulds were removed. As a result, setting times and hardened property testing of
these mortars was not possible. Therefore, K-silicate was chosen as the most suitable
activation medium for the geopolymer mortars going forward. This result was unexpected
based on the literature review (Zhang et al., 2017; Alves and Leklou, 2020) where Na-
silicate activators were reported to have higher dissolution tendency, provide more
continuous monolithic structures and more extensive crosslinking; all of which should

create increased strength.

Significant variation in flowability was found between MK mortars activated with the
two different solutions. The K-silicate activated mortars had on average 52% higher flow
than those activated with the Na-silicate. The chemical reaction that causes dissolution of
aluminosilicate source materials creates water, which increases flow. This trend
combined with low strength gain indicates that the Na was not as successful in

depolymerising MK into individual monomers required for geopolymerisation.

Table 4.1. Mix designs for metakaolin based geopolymer mortars

. Mixture ID
Materials (kg/m3)
MK1 MK2 MK3 MK4 MK5 MKG6
MK 547 544 534 542 540 530
Alkaline reagent 436 434 423 453 451 443
Water 135 140 158 134 139 1567
Sand 1351 1351 1351 1340 1340 1340
L/S ratio 0.505 0.512 0.540 0.514 0.521 0.549
A/B ratio 0.797 0.797 0.797 0.835 0.835 0.835
S/A ratio 1.84 1.84 1.84 1.86 1.86 1.86
Sand / Paste 1.21 1.21 1.21 1.19 1.19 1.19
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According Austroads (2016), the L/S ratio of geopolymeric material is comparable with
the water/cement ratio of traditional cementitious materials and should significantly affect
the flow, setting times and strength levels. As the L/S or W/C ratio increases, material

flowability and setting times should increase, whereas the strength should decrease.

Figure 4.1 plots the compressive strength achieved for each of the 6 mix designs against
their respective L/S ratios. High R? values in the range 0.84-0.94 indicate that the strong
relationships predicted in the literature apply in this study, even with variations in other
mix parameters. This shows that the L/S ratio plays a fundamental role in controlling the

performance of MK based geopolymer mortars.

Figure 4.2 shows similar strong relationships between setting times and L/S ratio. In all
three of the ways tested (flow, setting times, strength), the L/S ratio has been confirmed
as analogous to the water to cement (W/C) ratio in PCs and dictates many performance

properties in a similar manner.

MK1-3 which had lower average L/S ratios also had higher average 7- and 28-day
strength, lower setting times and flowability than MK4-6 at 0.835. However, the strongest
mix design at both 7 and 28 days was MK4, not MK 1 or MK2 as expected — given their
lower L/S ratios. This indicates a complex relationship. MK4 was also found to have the
lowest flowability of the mortars tested. This shows that other mix parameters may have
significant effects. An optimal L/S ratio has been found at 0.514, which provides the
liquidity required for monomer breakdown, transport and reorganisation without the

excess that becomes detrimental to performance.

The S/A, A/B and sand to paste ratios were constant for MK1-MK3 and then again for

MK4-6. As such, it was impossible to separate the significance this change had in each.
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Figure 4.1. Compressive strength and flow vs L/S ratio of MK based geopolymer
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Figure 4.2. Set times of MK/potassium silicate based geopolymer mortars.

Based on the results presented in Figures 4.1 and 4.2, MK4 was selected for further
investigation as it produced the highest compressive strength performance. As these
mortars are intended for applications requiring high flexural strengths, the relationship

between the compressive and flexural strength was investigated. Flexural strengths were
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found to be on average 17% of compressive strength values. Knowledge of this

relationship enabled initial estimations of flexural strength.

A preliminary trial was then carried out to determine if superplasticising additives could
provide the same performance benefits as in PC-based materials. This was assessed by
measuring the flow of mixes containing 0-3% (with respect to mass of MK) of PCE-based
admixture Sika Visco-crete 25 MP. As shown in Figure 4.3, at dosages below 1% by mass
MK4 flowability was inconsistent with minimal actual impact from the additive.
Increases in flowability beyond 1% by addition rate were insignificant (<10 mm) and
likely created by the additional water the admixture contains rather than its active
components. As the main reaction of the superplasticising additives involves C3A, as
present in PC, this was not a surprising result. It is widely reported that the effects of these

admixtures in geopolymeric materials is inconsistent and unproven (Austroads, 2016).
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Figure 4.3. Effects of superplasticiser dose on mortar MK4.

4.3 Phase B: Single replacement of metakaolin geopolymers with industrial waste

materials

While MK has a lower environmental impact compared with PC, partially or fully

replacing it with industrial by-products has been shown to both significantly reduce this
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impact, reduce setting times, increase strength and flow values (Austroads, 2016). As
such, the industrial by-products considered in this phase B of testing included GGBS, SF,

FA and IS fines.

From Table 3.1 it is evident that significant variation exists in the major oxide contents
of these materials, suggesting that there is potential to produce geopolymer mixes with a
wide range of tailored engineering performances. To investigate this, mortar mix (MK 4)
was selected as a base with its mix composition held constant except for the binder
powder composition to enable investigation of effects on mortar compressive strength,

flow and setting times. The results of this work are presented in Figures 4.4-4.7.

4.3.1 MK replacement with GGBS

GGBS has been shown in the literature to have the greatest potential from the industrial
by-products considered for replacing MK in the creation of high strength geopolymers.
GGBS was used to replace the MK in mortar MK4 in 10% increments from 10-100%

(Figure 4.4-4.6).

Initial and final setting times were dramatically reduced with increasing GGBS content,
down to a minimum of 35 and 45 minutes respectively beyond 80% replacement (Figure
4.7). Hence, these mortars would be well suited for efficient pre-casting of fibre
reinforced cladding panels. GGBS incorporation also increased the 7-day and 28-day
compressive strength of MK4 by up to 41% and 46% respectively, and exhibited

significantly higher strength gain between these ages.

Figure 4.4 shows that all GGBS additions, except 10%, improved the 7-day compressive
strength up to a maximum of 70 MPa at 80% replacement. All levels of GGBS addition
increased the 28-day strength up to a maximum of 86 MPa, whereby the highest

performing mixture involved using 80% replacement of MK with GGBS (Figure 4.5).
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These MK/GGBS mortars all had increased flowability, such that they spilled over the
edges of the 255 mm flow table used and could not be measured. These mortars had a
S/A range between 1.86-4.16, which increased with GGBS content. With maximum
compressive strengths emerging at 80% replacement and reductions observed at 90 and
100% replacement, this may indicate that an optimal S/A ratio was determined at 3.16.

This will be confirmed through further testing later in Phase D.

Furthermore, the geopolymer gels and CASH hydration products resulting from the
GGBS formed simultaneously and bonded well together. The needle like CASH hydrates
could be reasonably inferred to have expanded into the geopolymer gel pores to create a
stronger, interlocked, homogenous microstructure and provide increased mechanical
strength. 80% GGBS content may provide the optimal phase distribution to allow this
type of structural formation. Future SEM investigation would be required to confirm this

postulation, which will be highlighted in Chapter 7.
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4.3.2 MK replacement with FA

Figures 4.4-4.6 show the effect of MK replacement with FA on mortar MK4. FA addition
resulted in a small increase in compressive strength at 10% replacement, but reduced
strength beyond this level. No mortars were able to set within 24 hours which contained
>30% FA content. However, all mixtures (except MK4) exhibited diminished strength

gain between 7 and 28 days.

All mortars that did set, did so within 10 hours allowing efficient pre-casting. These
mortars exhibited S/A ratios between 1.86-1.99 with the highest strength found at 1.92.
The highly spherical nature of FA particles acted to increase the flow of the mortar at all

addition levels.

The non-uniformity of FA composition and its amorphous to glassy content must be
measured consistently and accounted for when using these materials for ongoing
production. Mortars with less than 30% FA do, however, have potential due to the reduced
costs, emissions and embodied energy from this pre-fired waste material albeit with

slightly lower performance.
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4.3.3 MK replacement with SF

SF reduced the 7-day strength at all addition levels (Figure 4.4). At 28 days the
compressive strength of the 20% SF mortar was similar to MK4 (Figure 4.5). This late
strength development was significantly greater (137% increase) than for any other mortar
combination investigated. Setting times increased with SF content until mortars no longer
set at >20%. These mortars had increased flowability due to the small, smooth, spherical
SF particles, indicating that the material could be used to increase the workability of
geopolymer mortar mixes like in PC. However, SF powders do have additional health and

safety concerns, which this must be safely managed during production.

4.3.4 MK replacement with IS

Replacement of MK with IS resulted in an increase in the compressive strength of the
mortar at 10% and 20% replacement, with a maximum 28-day strength of 51 MPa
achieved by using 10% replacement (S/A=2.1) (Figure 4.5). Setting times and mix

flowability increased with IS contents and mortars set with up to 60% replacement.

The fact that this material is magnetic and metallic may create unforeseen phenomena
with regards to thermal conductivity, electrical conductivity and thermal bridging. As
such, these mortars may require further investigation before adoption for use in cladding

panels.

4.3.5 Summary

Using industrial by-products to replace MK in these mortars was found to increase their
setting times, with the exception of GGBS, which was well suited for efficient pre-casting
of these mortars. In general, GGBS was the most successful MK replacement and
produced high compressive strength mortars up to 100% GGBS content. The strongest

mortar produced at both 7- and 28-days contained 80% GGBS content and an S/A ratio
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of 3.16. The FA, SF and IS mixes continued to produce high strength until they no longer
set. As many geopolymers need some form of heat curing to initiate their hardening phase,
these could still potentially provide high performing mixes. Many of the materials were
found to increase mortar strength when their contents were low but then drastically reduce

this as their content increases.

4.4 Phase C: Replacement of MK with multiple industrial waste materials

The same base MK mortar used in Phase B was used as the basis for developing further
mortar mix designs, which included a combination of industrial by-products. The binder
combinations considered included MK/GGBS/FA, MK/GGBS/SF and MK/GGBS/IS,
with full ranges of unary, binary and ternary binders considered for each by considering

respective binder increments of 20% in the range 0-100% by mass.

By adopting this approach, it was recognised that performance levels were likely to vary
and potentially beyond limits of suitability. MK-based mixes, for instance, are reported
to require more liquids than FA or slag-based geopolymers to ensure monomer transport,
full dissolution and reorganisation (Lahoti et al., 2017). The mix design methodology

used is illustrated in Table 4.2.

In terms of mortar flowability, results varied significantly for the binder combinations
considered and, at almost all increments of MK replacement, were in excess of 250 mm.
As such, flow rates were generally too high for accurate measurement or making any
meaningful comparisons. While this high range was clearly influenced by the L/S ratio
of the base mix used (0.51), the ability of industrial by-products to increase flowability
was considered a positive finding in terms of industrial-scale cladding panel production,
for example, a factory-based precast production process demanding high-flow and high-

strength materials.
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Table 4.2. Mix design methodology for replacement of metakaolin with multiple waste

materials.
Material quantities (kg/m?)
] ] L/S Paste/sand
Binder | Activator | Water | Sand ratio ratio
542 453 134 1340 0.514 0.843
Binder composition: (% by
Mix mass)
no. | Binder | Binder | Binder
A B C oAl
1 0 100 0
2 0 80 20
‘—-
3 20 80 0 Binder C ‘MiXS‘ ‘Mix‘l‘ ‘MiX6‘ Binder B
4 20 60 20 0.4 ° 0.6
S 0 60 40 Mix 7] [Mix9] [Mix 10| [Mix 8|
6 40 60 0 0.6 ° ° 0.4
7 0 40 60 Mix 14] [Mix12] [Mix 11] [Mix 13] [Mix 15]
8 60 40 0 0.8 ° ° ° 0.2
9 20 40 40 Mix 16] Mix 18] |Mix 19| [Mix 20| [Mix 21| [Mix 17|
10 40 40 20 1
11 40 20 40 0 0.2 0.4 0.6 0.8 1
12 20 20 60 BinderA/
13 60 20 20
14 0 20 80 Binder combination:
15 80 20 0 A B C
16 0 0 100 FA MK | GGBS
17 100 0 0 SF MK | GGBS
18 20 0 80 IS MK GGBS
19 40 0 60
20 60 0 40
21 80 0 20

Based on the mixes considered, Figure 4.8 presents contoured ternary plots illustrating

the significant influence of binder powder composition on both 7- and 28-day mortar

compressive strength. Represented at the pinnacle of each ternary plot in Figure 4.8, the

100% MK mix attained 7 and 28-day strengths of 41.5 and 46 MPa, respectively. At both

7 and 28 days, GGBS was proven to be a successful replacement for MK, with respective

strengths of 69.5 and 85 MPa recorded for the binary 20%MK/80%GGBS combination.
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This binder blend outperformed the 100%GGBS mortar, suggesting that in these mixes
geopolymer gels and CASH hydration products likely formed to create a strong,
homogenous microstructure. While at 7 days (Figures 4.8a-c), the 20%MK/80%GGBS
combination delivered the highest strength of all combinations considered (70 MPa), at
28 days this was achieved by the 20%SF/80%GGBS binary blend (106 MPa). As
suggested previously, these performance levels reflect increasing quantities of Si-O-Si

bonds present due to associated increasing S/A ratios.

In comparison with these maximum binary combinations, similar general trends were
noted from the three ternary plots considered at both 7 and 28 days (MK/GGBS/SF,
MK/GGBS/FA and MK/GGBS/IS), with strengths steadily decreasing as levels of MK
and GGBS were replaced with increasing levels of either SF, FA or IS. While this was
perhaps unexpected given the significant disparity of the chemical compositions of these
binders, it confirmed the dominance of GGBS and MK in resultant geopolymerisation
reactions and performance levels. From Figures 4.8 and 4.9, compressive strength values
ranged from 4-70 and 5-106 MPa at 7 and 28 days, respectively across the range of binder

combination considered, offering significant performance and mix design flexibility.

Overlaid on the 28-day strength ternary plots (Figures 4.8d-f) are embodied CO; contents
for each binder combination, based on published Stage A-1 (raw material extraction and
processing only) LCA’s created using the methodology described in BS EN 15804. This
enabled both environmental- and performance-informed decision making. From these
plots, embodied CO; values generally decrease with corresponding reductions of MK;
reflecting the fact that it is commercially mined and calcined, as opposed to a by-product
from other industrial activities. Of significance from these combined plots in Figure 4.8
(d-f) is that for the binder combinations considered, improving levels of compressive
strength generally correspond with reducing levels of embodied CO». This is contrary to

trends typical of conventional PC-based concrete mixes.
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7-day strength results (L:S ratio = 0.51)

Key: === Compressive strength contours (N/mm?)
— Embodied CO, contours (kgCO,/kg)
28-day strength results and embodied CO, levels (L:S ratio = 0.51)

Figure 4.8. Ternary plots of 7-day strength (a-c) and combined ternary plots of 28-day strength and embodied CO; (d-f).
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Table 4.3. Factorial mix design methodology and strength results

"1: 100% MK; 2: 80%GGBS/20%MK; 3: 80%GGBS/20%SF

Central composite design variables

7-day compressive

28-day compressive

Mix strength (MPa) strength (MPa)
no. | sl Binder combination: ™ Binder combination: *
V. i 2 3 1 2 3
1 | -1]-1]-1 IR 425 75 48 58.5 100 93
2 -1 -1 A 42 69 535 | 465 83 | 1165
3 11 [-1 AL 58 86 60 56.5 93 | 1185
4 [1]-1]4 100% MK - 825 | 685 - 102.5 92
5 111 , 1 0 1 38 | 675 | 385 | 435 | 72.5 84
6 | 111 g- E:::ldvjt — jgg 2‘5‘8 2(9)8 39 79 51 | 385 | 88 | 835
7 [ e e 33 72 34.5 33 86.5 75
8 |11 ' _ 79.5 | 445 ] 96 94
9 lololo 80% GGBS / 20%MK 42 775 | 555 | 515 | 935 79
10010 0% GGES / 20% SF 415 | 735 | 545 | 415 | 885 84
1 jol-1]0 1 o0 1 _ 71 52.5 ] 104 | 865
12 [-110] 0] A Binder 550 600 650 35 75 505 | 465 | 865 | 875
13 11010 B. Activator 400 450 500 46.5 82.5 57 52.5 96.5 89.5
14 0 0|-1 C. Free water 70 100 130 51 85 52.5 59 &8 88.5
15001 39 79 47 47 775 87
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4.5 Phase D: Influence of singular mixture proportioning ratios

While previous work was effective in identifying the influence of binder composition on
geopolymer mortar performance, this was established for one mix design only, with other
important and inter-relating mix parameters not considered. As such, the following three
binder powder blends were selected for further investigation: 100% MK;
80%GGBS/20%MK and 80% GGBS/20% SF. The latter two were chosen as they

achieved the highest strength at 7 and 28 days, respectively.

4.5.1 Mix designs

As shown in Table 4.4, a ‘face centred central composite’ mix design approach was used
to consider three mortar component variables (pozzolanic precursor, activator and free
water content) across three levels (Low -1, Medium 0, High +1) in order to ascertain their

significance to performance properties for each selected binder blend.

In section 4.3, the L/S solid of 0.51 used provided a wide range of flowabilities across the
different binder types considered, with pure MK geopolymers exhibiting significantly
lower values than hybrid or GGBS-based blends. This was due to the MK geopolymers
requiring higher L/S and A/B ratios than FA or GGBS geopolymers for full dissolution,
monomer transport and reorganisation to take place. This trend was addressed by
lowering the binder mass and increasing water mass for the 100% MK mixes to maximise

the potential of forming homogenous geopolymer matrices.

The ranges of pozzolanic precursor, activator and free water content considered for the
MK mixes were 490-590, 400-500 and 100-160 kg/m’, respectively; whereas the
corresponding ranges for the GGBS/MK and GGBS/SF mixes were 550-650, 400-500
and 70-130 kg/m?>. This facilitated further investigation of the influences of the following
key relationships, as presented in the literature (Kim, 2012; Wilson, 2015; Provis et al.,
2015; Austroads, 2016; Lahoti, 2017) as being significant for geopolymers: S/A, L/S and
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A/B. Values of A/B and L/S ranged from 0.76-1.02 and 0.46-0.57, respectively for the 15
MK mixes. Corresponding ratio ranges for the GGBS/MK and GGBS/SF mixes were

0.62-0.91, 0.35-0.52.

4.5.2 Compressive strength

The 7- and 28-day compressive strength results achieved by the geopolymer mortar mixes
considered are presented in Table 4.4. As expected, and reflecting the mix constituent
ranges introduced as part of the experimental design, broad ranges of strength were
recorded for each binder mixture investigated. For the 100%MK, 80%GGBS/20%MK
and 80%GGBS/20%SF combinations, these were 33.0-58.0, 67.5-86.0 and 34.5-68.5

MPa, respectively.

Of the 15 mixtures considered for each binder blend, mix no.4 was perhaps expected to
produce the greatest compressive strength as it possessed the lowest L/S ratio, highest
mass of precursor, the lowest amount of activating solution and free water. This was
provided that sufficient activating solids existed in the mixture for full dissolution to occur
without leaving unreacted binder, which would promote microdefects. Indeed, for the
100%MK binder, mix no. 4 (as well as for mix no.8 and no.11) this proved not to be the

case, with the material failing to set or gain any appreciable strength.

Alternatively, all the GGBS/MK and GGBS/SF mixtures successfully depolymerised the
precursor and had enough liquidity for monomer transport and reorganisation, allowing
homogeneous hardened geopolymer mortar to form in all 15 mix iterations, irrespective
of the lower ratio values considered. This suggests that the amount of activator solids
required for geopolymers based on these industrial by-products was significantly lower.
As this is likely to be the most significant component of these geopolymer mixtures from
both economic and environmental standpoints, the benefits of partially replacing the MK
with these are clear. As expected from results presented in section 4.3 the GGBS/SF
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mixes exhibited the greatest strength gain between 7 and 28 days with many over

doubling in strength.

4.5.3 Relationships between singular mixture proportioning ratios and strength

As 1illustrated in Table 4.4, work progressed to explore if clear relationships existed
between the strength results obtained and the aforementioned ratios reported as being
significant for geopolymer mix design (i.e. S/A, L/S and A/B). Figure 4.9 plots these
ratios versus 7- and 28-day compressive strength for all 15 mixes considered for the three

binder combinations under investigation.

The S/A ratio of source materials used to create geopolymers dictates the formation of
molecular- and nano-scale structures. Theoretically, there should be a direct correlation
between silica content and compressive strength due to increasing quantities of strong Si-
O-Si bonds. With that said, owing to other impacting mixture proportioning parameters
such as L/S or activating solution composition, optimum levels of S/A reported by

researchers have been noted to be variable (Kim, 2012; Austroads, 2016).

However, in this study the influence of S/A ratio on 7-day strength was less significant
as previously reported, with insignificant R? values of 0.06, 0.28 and 0.07 at 7 days and
0.08, 0.53 and 0.03 noted for the MK, GGBS/MK and GGBS/SF mixtures, respectively.
While the MK mix designs had the most significant relationships between S/A ratio and
compressive strength as there was only one binder type used in these mixes, this value is

a stronger reflection of the binder mass level being used.
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Figure 4.9. Silica/Alumina, Liquid/Solid and Activating solution to Binder powder
ratios vs 7- and 28- day compressive strength.

A/B ratio is one of the most important factors in the successful design of geopolymer
mixes, enabling full dissolution of the original aluminosilicate chains in the precursor and
geopolymerisation without defects from unreacted binder powder (Wilson, 2015). Three
of the 100%MK mortar mixes (MK4, MK8 and MKI1) were unable to form
geopolymeric bonds owing to insufficient activator solids in the mix to depolymerise the
binder powder. With no release of silica and alumina monomers, along with chemically
bound water, dry sandy mortars lacking any cohesion or liquidity were formed. All MK
mixes with an A/B ratio less than 0.75, or an activator solid to binder ratio of 0.34 reacted

in this way. While vital to geopolymer formation, this ratio was of little relevance in trying
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to predict strength, with R? values ranging from 0.07 to 0.28 at 7 days and 0.03 to 0.58 at

28 days.

L/S ratio in geopolymer materials is reported to be analogous to the water/cement (W/C)
ratio in PC concrete mix designs in terms of its impact on properties such as flowability
and compressive strength. In PC-based materials, compressive strength is inversely
proportional to W/C. Relationships which are similar, albeit varying and with diminished
significance, were noted for the three geopolymer binder compositions considered,
reflecting the probable influence of other key mix variables that are not present in PC
concrete. The R? values ranged from 0.41 to 0.72 at 7 days, indicating a stronger
correlation between L/S ratio and strength. At 28 days this range varied from 0.14 to 0.67
with the GGBS/SF mortars showing the lowest significance. This was likely due to the
large strength gains exhibited by these mortars between 7 and 28 days not being a product

of the L/S, but indicative of the material properties of the SF.

From Figure 4.9, no principal mix proportioning ratio can be used to accurately predict
7- or 28-day compressive strength. With that said, of the three considered, L/S was the
most significant; albeit with differing relationships apparent for the different binder

compositions investigated.

The data presented in Figure 4.9 was manipulated further to investigate and develop
generic relationships of performance versus L/S ratio and to explore its applicability to a
wide range of geopolymer binder types. To this end, further laboratory work was
undertaken to assess flowability and compressive strength performance of additional

selected representative binder types across a range of L/S ratios (0.35-0.61).

Binder = combinations  considered  included: 100%  MK; 100%GGBS;
80%GGBS/20%MK; and 60%GGBS/20%MK/20%SF. Primary data was additionally
supplemented by performance versus L/S ratios published in the literature (Gao et al.,
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2013; Kumar, 2015; Shivaranjan et al., 2016; Lahoti, et al., 2017; Guzman-Aponte et al.,
2017). The results with respect to compressive strength are presented in Figure 4.10. From
Figure 4.10(a), it is evident that while clearly distinctive and inconsistent relationships
exist for individual mix types (determined by differences in binder types, associated
geopolymerisation reactions, testing times, experimental variables, etc. used), families of
generic relationships are identifiable. While recognised not to closely fit all primary and
secondary data sets compiled in Figure 4.10(a), a proposed normalisation of this
observation is presented in Figure 4.10(b) for use within a preliminary mixture
proportioning methodology. Similar normalised relationships for flow versus L/S ratio

are presented in Figure 4.10(c, d).

4.6 Phase E: Simplified preliminary mix design methodology

Combining the results presented from phases A-D, a simplistic mix design procedure is
hereby proposed for geopolymer mortar mixes comprising any binder combination of
MK/GGBS/FA (see Figure 4.11). This methodology is intended to be reproducible for
the other geopolymer combinations. Included in Figure 4.11 are values of embodied CO>
and 7-day compressive strength for mixes with L/S ratio of 0.51, as well as generic
relationships linking both 7-day compressive strength and flow with L/S ratio in the range
0.30-0.65. In this way, the figure enables estimations of approximate mixture proportions

for specified values of compressive strength and/or flow.

In the example presented, initial mix design requirements include a maximum value of
embodied CO: content (0.15 kgCO»/kg) and 7-day strength (50 MPa). Using Figures
4.11(a) and (b), the 7-day strength can be estimated for geopolymer cement mortar

comprising a suitable binder combination and L/S ratio of 0.51.
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In the example shown, a value of 35 MPa is predicted for a 30%MK/50%GGBS/20%FA
binder combination. This value can then be transposed onto Figure 4.11(c) to estimate the
L/S ratio required to achieve a 7-day strength of 50 MPa. An L/S value of 0.38 is
estimated, leading to an approximate flow value of 260 mm. It is recognised that by not
accounting for other mix design criteria (e.g. aggregate size/type/properties and
paste/aggregate ratio), this mix design procedure requires refinement for geopolymer
cement mortar/concrete. However, a provisional user-friendly methodology is hereby
proposed to enable rapid estimation of performance for a wide range of low impact binder

material options.

4.7 Phase F: Synergistic influence of multiple mixture proportioning ratios

While the mixture proportioning method presented in section 4.4 was capable of
providing preliminary mixture proportions for a variety of geopolymers and AACMs, its
limitations were recognised given its sole reliance on L/S ratio as a performance predictor.
Thus, work in this phase proceeded to ascertain whether combinations of several mix

parameters could be used synergistically with more success.

Data analysis programme Design Expert 12 was used to determine mix parameters most
closely linked with performance properties, to represent these relationships in easily
identifiable forms and to create equations that can predict important performance
properties. For each of the three mix types (MK, GGBS/MK and GGBS/SF) separate
models were developed to map and predict the 7- and 28-day compressive strength,
flowability and carbon embodiment based on variation of the three experimental factors
(A=binder mass, B= activator mass, C= free water mass). While the aim at the outset was
to generate generic models capable of predicting the value of performance properties
across all binder combinations, this was found not to be possible within acceptable limits
of accuracy. Significantly different factors and equations were found to better predict

geopolymer performance across the binder types studied.
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Figures 4.12 and 4.13 show the experimental factors (binder powder, alkaline reagent and
water contents), plotted against compressive strength at 7 and 28 days, carbon
embodiment and flowability for each binder type. For the 100% MK mortars water
content was the most significant factor for both 7- and 28-day strength. However, R?
values were relatively low (0.53 and 0.46 respectively). In MK/GGBS mortars the binder
content was of the greatest significance to 7-day strength (R? = 0.55), whereas this factor
had less significance towards 28-day strength. Activator and water contents were more
significant to 28-day compressive strength (R*= 0.18 vs 0.32 and 0.30 respectively).
GGBS/SF mortar strength development was primarily influenced by water contents,

followed by binder content.

The significance of alkaline reagents contents to strength development was minimal at 7
days. However, by 28 days an increased significance was apparent for all binder types.
For all mortars, the carbon embodiment was primarily determined by alkaline reagent
contents as they possessed high carbon embodiment relative to the other mix components
such as precursors and filler (R?> = 0.77-0.87). Binder contents were only significant in
MK mortars (R? = 0.44) since MK is a commercial material specifically manufactured as
a geopolymer precursor as opposed to industrial by-products. Flowability of all mortars
was found to be a product of water and alkaline reagent contents with binder contents

surprisingly of negligible significance for all binder types (R? < 0.1).

Based on the relatively low R? values exhibited by the factors across all binder types,
further analysis and more complex equations are required to accurately map and predict
the performance of these geopolymer mortars. In isolation, each factor was of limited
importance and none would allow accurate performance prediction. Examples of effects
that could not be accounted for in the simple analysis of Figures 4.12 and 4.13 include:
1) the most suitable alkaline reagent content is dependent on the binder content; 2) a

suitable A/B ratio must be achieved to allow full dissolution of the binder 3) the alkaline
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reagent solution is water based therefore minimum free water contents required to provide
sufficient early workability are dependent on alkaline reagent contents contribution
towards total water content. This minimum total water content is vital to allow
dissolution, monomer transport and homogenous mixing of K-silicate through the binder
powder. However, excess water creates porosity and lowers strength; and therefore has
significant influence on performance. Using equations that can identify the interaction
effects present between these interconnected factors allowed a more comprehensive
understanding of factors that significantly impact performance properties and the types

of relationships present.

Figures 4.14-4.16 show the models created for each binder type and analysis of their
ability to make accurate predictions. Each figure is composed of four individual sub-
figures (a-d) that represent individual performance properties (7-day compressive
strength, 28-day compressive strength, embodied carbon content and flowability). The
top of each figure contains both the actual and coded equations for predicting the
performance property described, or assess the significance of each factor respectively.
The graphs provided illustrate the predictions made from these models vs the measured
values used to create them, allowing the identification of predictive accuracy at specific
points within the value range. For example, from Figure 4.15(a) for GGBS/MK mortars,
7-day strength prediction accuracy generally increases with the compressive strength
achieved. Thus, predictions for high strength mortars can be used with more confidence.
Finally, relevant statistical analysis of the model is presented including factors such as

adjusted and predicted R? used to assess model significance.

Based on the models presented in Figures 4.14-4.16, Figures 4.17-4.19 show sets of
contour graphs illustrating the relationship between Binder mass (A) and Activator mass
(B) in terms of the four response outputs; (1) 7-day strength, (2) 28-day strength, (3)

carbon embodiment and (4) flowability, respectively. For each response, three plots are
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presented, which represent increasing Free water content (C) i.e., left = minimum, centre
=medium, right = maximum. This allowed easy identification of the relationships present
and the predicted performance of specific mix compositions. A graphical example of how
the plots contained in Figures 4.17-4.19 could be used as mix design methodology is

presented in Figure 4.20.
4.7.1 Compressive strength

For all binder types studied, significant variation existed between factors that were vital
to performance. The equations which were most successful at predicting performance are
slightly different between the binder types and for strength development at different

curing times.

Generally, for MK-based mortars lower water contents correlated with higher
compressive strengths. However, the relationships between strength, binder contents and
activator contents were more complex. At low binder dosage (490 kg/m?), the optimum
activator content for strength development was predicted to be approximately 450 kg/m?.
When the dosage increased to 590 kg/m?, the optimal activator content also increased up
to a maximum of 480 kg/m>. At higher water contents, contours in Figure 4.17 merged
showing that maximum strengths were predicted at these two distinct points and

decreased between them.

From the coded equations in Figures 4.14-4.16, the contribution of the activator content
was the most significant factor in determining the 7-day compressive strength, followed
by the free water content. The binder content and its interaction with the activator content,
while forming a fundamental part of the predictions, was of lower significance. Activator
content was more important regarding the development of 28-day than for 7-day

compressive strength. The effect of free water content became insignificant.
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Equations predicting the 7- and 28-day strength of MK mortars used similar components
and had relatively similar success at modelling strength development. Quadratic functions
were introduced to allow the effects of each variable to be scaled, dependent on other mix
parameters. The actual equation used for predicting performance is shown in Figure 4.17
as well as a coded equation used to identify the significance and effect of each parameter
on the output value. Adjusted R? values around 0.8 and predicted R? values of over 0.6
illustrate that while the models can make successful predictions, a significant proportion
of the variation in the results will not be accounted for. This is confirmed in the predicted
vs actual results graphs. The models were also unable to successfully predict when a

mortar would be unable to set before mould removal and would therefore score 0 MPa.

Strength development in GGBS/MK mortars was driven by many of the same factor
effects as for the 100%MK mortars. The equation found to be most successful at
predicting 7-day strength values used the same factors as the equation for MK mortars,
albeit with variation in the coefficients applied to each. The 28-day equation was also
similar and all R? values of both the 7- and 28-day strength equations were higher than

for the MK mortars.

The only difference between the MK and MK/GGBS equations for 28-day strength is that
a term AB (Binder mass*Activator mass) is replaced with a C? term (Free water content?)
in the latter. However, the contour graphs in Figure 4.17-4.19 show slight differences in
form between the two mortar types, whereby they each provide different mix

compositions for optimal compressive strength.

While MK mortars have consistent factor responses for 7- and 28-day strength
development, this was not the case in MK/GGBS mortars. In MK/GGBS mortars the most
significant factor that determined strength development at 7-days was the binder content.

However, by 28 days the activator content became dominant — as for MK mortars.
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After 7 days curing, instead of the two optimal areas evident in MK mortars, GGBS/MK
mortars provided maximum compressive strength when the water content was lowest (70
kg/m?), the binder content was highest (590 kg/m®), and the activator content was
approximately 450 kg/m>. Contrastingly, maximum 28-day strength development in

GGBS/MK mortars was produced when activator to binder ratios were at their lowest.

As expected, the equations used to model strength development in GGBS/SF mortars
exhibited significant differences to those used for MK mortars. The most dominant factor
that determined 7-day compressive strength was the free water content, with binder
content also found to be significant. The effect of activator content was insignificant at
this age and therefore not used in the predictive equation. R? statistics (R* = 0.91,
Adjusted R? = 0.86, Predicted R? = 0.78) for the 7-day strength equations illustrate similar

success to that achieved by the GGBS/MK mortar equations.

After 28-days curing, the free water content remained the dominant factor in strength
development. Precursor contents became insignificant, whereas the increased
significance of activator content became apparent. However, this model had the lowest
significance of any model developed, whereby it only accounted for 64% of the variation
in the responses measured (adjusted R?) and exhibited a Predicted R? value of only 0.45.
Predictions from this model were therefore likely to be less accurate and some trends

identified may be a result of model inadequacies rather than real behaviour.
4.7.2 Flowability

Factors that determined mortar flowability and the equations that were most successful at
predicting this value varied significantly with binder type. For MK mortars, activator
content was the dominant parameter and the interactions between this and the binder
content determined mortar flowability irrespective of free water content. Contour graphs
in Figure 4.17 show that the same mortar compositions that provide the greatest
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flowability also provide the greatest strength. Rapid and effective dissolution of the
pozzolanic precursors will produce the water required for this increased flow and reactive
monomers in sufficient quantities to build a high strength geopolymerised matrix. This

combination of properties indicates an optimal A/B ratio was determined at 0.93.

In GGBS/MK mortars, the activator and precursor contents still dominated flow
predictions, but free water contents also became significant. A more complex equation
and contour topography was required to accurately model flowability, which produced
R? values > 0.95. From the contour plots in Figure 4.18, it is evident that the greatest
mortar flow was not generated when activator contents were highest and precursor
contents were lowest. This was expected but also affected by the variable release of
chemical water with changing A/B ratios. Maximum flowability was found instead when
activator and free water contents were maximised, binder contents were in the mid-range

around 580 kg/m?, and the A/B ratio was around 0.86.

The A/B content interactions that determined flow in MK and GGBS/MK mortars were
also present in GGBS/SF mortars. However, these effects bared less influence on the
predictions made. Free water content was the primary determinant of flowability in
GGBS/SF mortars and the model was extremely accurate in making predictions of flow
values (predicted R?=0.91). When activator content was highest, the greatest flowability
was achieved using a binder powder mass in the centre of the mass range. This is likely
to be the point where the flow reduction from increased precursor content was overcome
by the rate of chemical water release during dissolution. Additional precursor content
reduced the A/B ratio and therefore dissolution efficiency compared with the optimum
A/B ratio found at 0.83. This lower optimal A/B ratio for both GGBS/MK and GGBS/SF
mortars corroborates the literature, whereby the geopolymers containing GGBS require

lower amounts of activating solution.
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4.7.3 Embodied carbon

For each of the three binder types studied, the activator content was the primary factor
that determined the embodied carbon of the mortars produced, followed by the binder
content. Furthermore, increasing the activator and binder contents increased the embodied
carbon content and the contours plots describing the relationships are very similar to each
other. The higher carbon embodiment of MK means that carbon contents can be described
as MK>GGBS/MK>GGBS/SF. Predicted R? values were between 0.99-1 and highlight

how successful these models were in determining carbon embodiment.

4.8 Contour based mix design methodology

In a similar manner to the simplified mix design presented in section 4.6, the contour plots
created to define the influence of multiple mix parameters on strength and flowability
performance properties can be used as a mix design tool. This method will allow the
selection of MK, GGBS, FA, IS-based geopolymer concretes that can meet specified
design strength, flowability and carbon footprint requirements in a simple manner and

will have much greater accuracy and applicability than the previous attempt.

A summary example is provided in Figure 4.20 based on a proposed client brief that

stipulates the following:

e 7-day compressive strength must be >40 MPa;
e 28-day compressive strength must be >90 MPa;
e Flowability must be 275-350 mm to enable casting;

e Embodied carbon content must be <0.24 kgCO»/kg.

A major advantage for this method is that the predicted vs measured response graphs in
Figures 4.14-4.16 allow the exact variation level and error direction that should be
expected at a specific point in the output value range to be analysed (7-day day strength
etc.). This implies that mixes can be selected based on optimised criteria or controlled
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predictive error. As a result, increased confidence can be placed on mix design predictions

made and safety margins can be employed to ensure compliance in practice.

Not all combinations of performance properties are achievable. Alteration of other mix
parameters may be required to modify resulting mixes in order to meet all demands
simultaneously. For example, a small amount of GGBS may be added to the MK based
mixes to lower CO; content. Conversely, a small amount of MK could be added to reduce
the flowability of GGBS/SF mortars. The mix designs proposed can all be modified using
the techniques previously discussed to have significance on engineering performance,

such as the L/S ratio.

4.9 Chapter summary

The goal of the work reported in this chapter was to develop performance-based mix
design methodologies capable of reliably producing K-silicate-activated geopolymer
mortars, based on MK and a range of industrial by-products with specified levels of

strength, flowability and/or embodied carbon content.

For a given geopolymer mix design, the influence of binder composition on the resulting
reactions and corresponding values of compressive strength gain has been shown to be
significant. High performance geopolymer mortars were developed, exhibiting high
flowability and 7- and 28-day compressive strengths of up to 87 and 106 MPa
respectively; whereby the latter used a binder system comprising 100% by-product

precursor powder.

Many of the highest performing mortars investigated had embodied CO; binder levels
around 30% lower than corresponding PC-based mixes. This is deemed to be a major
benefit of geopolymers, where a broad range of structural performance levels can be

attained using various combinations of, ideally, locally available, low impact binders.
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Further improvements to the engineering performance for geopolymer mixes are possible
via further adjustments to mixture proportioning parameters, such as the mass of alkali
reagents, as these are the environmentally and financially expensive component. The
reagent dosages are relatively high in industrial by-product-based binders, in the absence
of MK. While the CO» savings reported here are modest compared with some published
in the literature (Davidovits, J (b) 2013), if similar geopolymer systems are to be used for
replacing all PC-based materials, the theoretical reduction in total global carbon emission

would be approximately 2.1% (Jones, 2011; Benhelal, 2013).

This chapter confirmed that the use of single proportioning ratios is not the optimum
approach for accurate strength prediction and that combinations of mixture design
parameters can have a bearing on performance. Of the single ratios studied, L/S ratio
appeared to show the strongest correlation with strength, albeit that mixes with low L/S
values did not consistently provide the greatest strength in the mix designs studied. Mix
designs with the lowest L/S ratios often had the lowest A/B ratio, causing difficulties in
precursor dissolution and subsequent geopolymerisation. In MK based mortars, A/B
ratios below 0.75 produced dry, sandy mortars due to the lack of activating solids present

causing incomplete dissolution.

Experimental design software was successfully used to develop empirical equations for
accurately predicting performance properties of geopolymer mortars based on a mix
design. These equations and contour graphs representing important relationships are a
vital mix design tool in increasing the ease of geopolymer adoption by the construction

industry.
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Example mix design requirements: 1) Max. embodied CO, content = 0.15 kgCO,/kg; 2) 7-day strength = 50 MPa

Step 1: Highlight required embodied CO, equivalence line on ternary plot (0.15 kgCO kg in example shown);
Step 2: Transpose embodied CO, equivalence line on to compressive strength ternary plot;

Step 3: Select appropriate binder combination (30% MK/50% GGBS/20% FA in example shown) and note
corresponding 7-day compressive strength at L/S ratio of 0.51 (MPa in example shown) ;

Step 4: (i) Transpose performance level of chosen binder combination at L/S ratio 0.51 onto generic strength versus L/S
ratio chart; (i) Plot corresponding strength versus L/S ratio relationship curve for binder combination chosen;

Step 5: Use plotted curve to identify approximate L/S ratio required to achieve target strength (0.38 in example shown);
Step 6: Repeat steps 4 and 5 to predict approximate flow levels (260 mm in example shown);

Step 7: Undertake trial mixes and adjust proportions accordingly (not shown on figure).

Figure 4.11. Indicative mix design worked example
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100% Metakaolin — 7-day Compressive strength
Coded=407688 +-47* A+ 143 *B+-445*C+ 115625 * AB+
-17.0937 * B2+ 7.15625 * C2
Actual=-144228 +-2.17525 * A=+ 304225 * B+ -2 21569 *C +
0.004625 * A*B~+-0.0068375 * BX+ 0.00795139 * C2
60 |
50 |
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S a0
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g i
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]
8
= 10
[0} L
&
':. —
-10 |
T T T T T T T T
=10 1] 10 20 30 40 50 60
Actual 7-day strength (MPa)
Source Mean Square F-value | p-value
Model 752.74 17.8 < 00001 | significant
A-Binder mass 2209 5.22 0.0397
B-Activator mass 2044 9 4835 < 00001
C-Free water mass 198.03 468 0.0497
AB 1069.53 2529 00002
B 93503 2211 00004
Ce 163.38 3.88 0.0707
Residual 42 29
Lack of Fit 66.11 1584 0.0037 | significant
Pure Error 417
R: 08915
Adjusted B2 08414
Predicted R* 0.6384
Adequate Precision 15758

Figure 4.14(a). MK mortars: Analysed equation for 7-day Compressive strength
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100% Metakaolin — 28-day Compressive strength
Coded=5155+-805*A+135*B+-585*C+12.0625 * AB +-
19.75 * B4
Actual =-384 935 +-233225 * A + 4 7745 * B+ -0.195 * C+ 0.004825
*A®* B+-0.007% * B2
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T T | | | | | I
=10 0 10 20 30 40 50 60
Actual 28-day strength (MPa)
Source Mean Square F-value p-value
Model 1185.42 16.38 < (0.0001 | sionificant
A-Binder mass 648.02 296 0.0097
B-Activator mass 1822.5 25.19 0.0002
|{C-Free water mass 34222 4.73 0.0473
AB 1164.03 16.09 0.0013
B 1950.31 26.95 0.0001
Residual 72.36
Lack of Fit 108.46 14.71 0.0043 sionificant
Pure Error 1.37
R 0.854
Adjusted R? 0.8019
Predicted R? 0.6208
Adequate Precision 14 4363

Figure 4.14(b). MK mortars: Analysed equation for 28-day Compressive strength
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100% MK - Embodied Carbon

Coded = 0.2533 + (0.0081 * A) + (0.0212 * B) + (0.0053 * C) +
(0.0001 * AB) + (0.0002 * AC) + (0.0006 * BC) + (0.0004 * B2) +

(0.0001 * C?)

Actual = 0.027356 + (0.000122 * A) + (0.000216 * B) — (0.000094 * C) +

(5.15x10° * AB) + (1.20833x107 *AC) + (3.825x 107 * BC)

+(1.435 x107* B?) + (1.31944x107 * C?)

Predicted Embodied carbon (kgCO»/kg)

029 _|

028 |

027 _|

026 |

025 _|

024 _|

023 _|

022 _|

022 023 024 025 026 027 0.28 029

Actual Embodied carbon content (kgCO2/kg)

Source Mean Square | F-value | p-value
Model 0.0007 5.920x10° | <0.0001 | significant
A-Binder mass 0.0006 5.686 x10° | <0.0001
B-Activator mass 0.0045 3.916x107 | <0.0001
C-Free water mass 0.0003 2.480x10° | <0.0001
AB 1.326x1077 1160.03 | <0.0001
AC 2.628x1077 2298.96 | <0.0001
BC 2.634x107 23036.69 | <0.0001
B? 4,118 x1077 3602.62 | <0.0001
C? 4.512x10°® 39473 | <0.0001
Residual 1.257x10”
Lack of Fit 1.257x10°
Pure Error 0.0000
R? 1
Adjusted 1
Predicted 1
Adequate Precision 9633.0509

Figure 4.14(c). MK mortars: Analysed equation for embodied carbon contents
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100% Metalkaolin — Flow

Coded=24175+-334* A+ 86*B + 459375 * AB+-66.55 *B*

Actual =-876.955 +-9.33675 * A+ 157375 * B+ 0018375 *A*B

+-0.0266 * B?
400 _|
300 |
Fl
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-100 _|
| | | | 1
-100 0 100 200 300 400
Actual flow (mm)
Source Mean Square | F-value | p-value
Model 35367.22 24 39 < 0.0001 significant
A-Binder mass 28515.6 19.82 0.0005
B-Activator mass 73560 51.42 = 0.0001
AB 16882.03 11.74 0.0038
B* 22111.25 15.37 0.0014
Residual 1438 44
Lack of Fit 213744 52.85 0.0002 significant
Pure Error 40.44
R 0.8677
Adjusted R* 0.8324
Predicted R* 0.7386
Adeguate Precision 160962

Figure 4.14(d). MK mortars: Analysed equation for flow
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GGBS/Metakaolin — 7-day Compressive Strength
Coded=778375 +52%A+ 035*B+-205*C+16875*AB~+-
56875 *BI+4.0625 *C?

Actual =-206.528 +-0.19975 * A + 16325 *B+-0971111 *C+
0.000675 * A*B +-0.002275 * B2 + 0.00451389 * C2
90 _
85 |
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~ B0
= _
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g 75
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8
.2
B 70
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65
| T T T I T
65 70 75 80 ] a0
Actual 7-day strength (MPa)
Source MAlean Square| F-value | p-value
Model 7389 207 < 0.0001 | significant
A-Binder mass 2704 75.75 < 0.0001
B-Activator mass 2.5 0.7003 04178
C-Free water mass 42 .02 11.77 00045
AB 2278 G.38 0.0253
B 103.51 29 0.0001
c: 5281 14.79 0.002
Residual 357
Lack of Fit 3.18 0.7361 0.6553 |not sienificant
Pure Error 42
R 0.9052
Adjusted R2 0.8615
Predicted R* 0.7754
Adequate Precision 159917

Figure 4.15(a). GGBS/MK mortars: Analysed equation for 7-day compressive strength
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GGBS/Metakaolin — 28-day Compressive Strength
Coded=923187 +48* A+ §45*B+-505*C+ 640625 *B2+-
9.0937s5 * C2
Actual =527 467 +0.096 * A+ 243525 *B+ 18525 *C +
0.0025625 * B2+ -0.0101042 * C2
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| I | I T
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Actual 28-day strength (MPa)
Source Mean Square | F-value | p-value
Model 23412 2499 [« 0.0001 sionificant
A-Binder mass 2304 24.6 0.0002
B-Activator mass 416.02 4441 [=<0.0001
C-Free water mass 255.02 2722 00001
B2 131.33 14.02 0.0022
c? 264.63 2825 0.0001
Residual 9.37
Lack of Fit 10.55 146 0.3542 | not sienificant
Pure Error 7.24
R 0.8993
Adjusted R* 0.8633
Predicted R* 0.7673
Adequate Precision 19 4465

Figure 4.15(b). GGBS/MK mortars: Analysed equation for 28-day compressive strength
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GGBS/Metakaolin - Embodied Carbon

Coded = 0.2246 + (0.0065 * A) + (0.024 * B) + (0.0057 * C) +
(0.0007 * AB) + (0.0003 * AC) + (0.0008 * BC)

+(0.0003 * A%) +(0.0005 * B?)

Actual = 0.09292 —(0.000147 * A) + (0.000098 * B) — (1.81x10° * C) +
(2.69x107* AB) +(2.03333x107 * AC) + (5.56667x107 * BC)

+(1.1325 x107 *A2) + (2.1525x107 * B)

028 _|

026 _|

024 _|

022 _|

Predicted Embodied carbon (kgCO-/kg)

02

I
022

T
024

T T
026 028

Actual Embodied carbon content (kgCO-/kg)

Source Mean Square | F-value | p-value
Model 0.0009 47540.83 | <0.0001 | significant
A-Binder mass 0.0004 22259.64 | <0.0001
B-Activator mass 0.0065 3.401x10° | <0.0001
C-Free water mass 0.0003 17324.48 | <0.0001
AB 3.618x10° 190.44 | <0.0001
AC 7.442x107 39.17 <0.0001
BC 5.578x10°6 293.60 | <0.0001
A? 2.565x107 13.50 | 0.0037
B? 9.267x1077 48.78 <0.0001
Residual 1.9x10®
Lack of Fit 3.483x10°
Pure Error 0.000
R? 1
Adjusted 1
Predicted 0.9998
Adequate Precision 814.566

Figure 4.15(c). GGBS/MK mortars: Analysed equation for embodied carbon contents
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GGBS/Metakaolin — Flow

Coded=3153564 +-233* A+ 1475 *B+285*C+44375 * AB +
126875 * AC+ 150909 * AT+ 334001 *BI+ 158409 * C2+ -
548125 * ATB+ 181875 * AXC

Actual =62494 1 +-217.044 * A+ 144 8303 B+ 79.6548 * C +
0527975 * A*B+-0282542 * A* C+ 0179111 * A2+ -0.0133636 *
B+ 0.017601 * C2+ -0.0004385 * AZ* B +0.0002425 * A2* C

450 _|
400 _|
350 |
Bl
)
2300
Z -
=
=
L
.S -
= 250
3 _
&
200 |
150 _|
T T T T T T
150 200 250 300 350 400 450
Actual flow (mm)
Source Mean F-value | p-value
Square
Model 7103.97 267.06 < 0.0001 significant
A-Binder mass 342889 20408 < 0.0001
B-Activator mass 2194513 325 < (.0001
C-Free water mass 1624.5 61.07 < 0.0001
AB 157.53 5.92 0.0378
AC 128778 4541 < 0.0001
A2 62627 23.54 0.0009
B 3069.46 115.39 < 0.0001
c* 69007 2594 0.0007
A*B 4807.06 180.71 < 0.0001
A2C 52926 19.9 0.0016
Residual 26.0
Lack of Fit 37.14 2.04 0.2262 | not significant
Pure Error 18.17
R 0.9966
Adjusted B2 0.9929
Predicted R* 0.9588
Adeqguate Precision 627069

Figure 4.15(d). GGBS/MK mortars: Analysed equation for flow
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GBS/Silica Fume — 7-day Compressive Strength
Coded=546+56*A+-67*C+-48* (2
Actual =436 +0.112 * A+ (.843333 * C+-0.00533333 * 2
70|
= 60 |
[a T
=
k=
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5
2 s0 |
>
<
o~
el
2
2
g 40
&
30 |
I | | | I
30 40 50 &0 70
Actual 7-day strength (MPa)
Source Mean Square | F-value | p-value
Model 29257 2935 < (L0001 significant
A-Binder mass 3136 31.46 < 0.0001
C-Free water mass 4489 45.03 < 0.0001
c 115.2 11.56 0.0037
Residual 097
Lack of Fit 13.1 426 0.0609  |not sienificant
Pure Error 3.07
R 0.8462
Adjusted R? 08174
Predicted R? 0.7237
Adequate Precision 17.4221

Figure 4.16(a). GGBS/SF mortars: Analysed equation for 7-day compressive strength
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GGBS/Silica Fume — 28-day Compressive Strength
Coded=8205+46*B+-85*C+-0HBC+11.15* 2
Actual =-2.275 = 0.521167 * B+ -0.785417 * C+ -0.00429187 * B*C
+0.0121667 * C2
120 |
110 _|
=
[a T
=
k=
%’J 100 |
-
_g
Z o0 ]
o
L
.2
o
g
& 80 |
70 _|
| T T | T T
70 80 90 100 110 120
Actual 28-day strength (MPa)
Source Mean Sguare | F-value | p-value
Model 471.81 034 00005 significant
B-Activator mass 211.6 4.19 0.0586
C-Free water mass 722.5 14.3 0.0018
EC 331.53 6.56 0.0217
c? 621.61 12.31 00032
Residual 30.51
Lack of Fit 66.09 34 0.093%9 |not significant
Pure Error 19.37
R? 0.7135
Adjusted R? 0.6371
Predicted R? 04472
Adequate Precision 0.93

Figure 4.16(b). GGBS/SF mortars: Analysed equation for 28-day compressive strength
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GGBS / Silica fume - Embodied Carbon

Coded = 0.2068 + (0.0043 * A) + (0.0250 * B) + (0.0049 * C) +
(0.0012 * AB) + (0.0008 * AC) + (0.0014 * BC) + (0.0011 * B?)

Actual = 0.214188 - (0.000190 * A) - (0.000299 * B)
—(0.000580 * C) + (4.915x107 * AB) + (5.40833x107 * AC) +
(9.29167x107 * BC) + (4.56 x107 * B?)

026 _|

024 _|

022 _|

02 _]

Predicted Embodied carbon (kgCO»/kg)

016 _|
I I \ I I \
0.16 0.18 02 022 024 026
Actual Embodied carbon content (kgCO»/kg)
Source Mean Square | F-value p-value
Model 0.0010 253545 <0.0001 | significant
A-Binder mass 0.0002 480.50 <0.0001
B-Activator mass 0.0062 16530.10 | <0.0001
C-Free water mass 0.0002 633.06 <0.0001
AB 0.0000 32.06 0.0001
AC 5.265x10° 13.97 0.0028
BC ~0.0000 41.24 <0.0001
B? 6.498x10¢ 17.25 0.0013
Residual 3.768x107
Lack of Fit 6.459x1077
Pure Error 0.0000
R? 0.9993
Adjusted R? 0.9989
Predicted R? o 0.9919
Adequate Precision 175.6503

Figure 4.16(c). GGBS/SF mortars: Analysed equation for embodied carbon contents
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GGBS/Silica Fume — Flow

Coded=2952+-255*A+6375*B+3515*C+3*AB+085*
A+ 275*% AIB

Actual = 357213 +-119.799 * A + T8 645 * B + 1.17167 * C + 0.2652
*A*B+0.09934 * A2+ -000022 *A**B
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350 |
£ 4
2
< 300
E =
g
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250 | “
[ ]
200 _|
| T | T |
200 250 300 350 400
Actual flow (mm)
Source Aean Square| F-value | p-value
Model 518941 51.96 < 00001 | significant
A-Binder mass 65.03 0.651 0.4343
B-Activator mass 812813 81.38 < 00001
C-Free water mass 1235523 1237 < 00001
AB 72 0.7209 04112
A 3.61 0.0362 0.8521
A'B 1210 12.11 0.0041
Residual 99 38
Lack of Fit 13239 2.77 0.1387 |not sienificant
Pure Error 47 87
R 0.96
Adjusted R* 0.9415
Predicted R* 0.51
Adequate Precision 251668

Figure 4.16(d). GGBS/SF mortars: Analysed equation for flow
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Free Water = 100kg/m* Free Water = 130kg/m’ Free Water = 160kg/m”
500 ee 1N : .
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Figure 4.17. Contour plots for prediction of the 7-and 28 -strength (MPa), embodied
carbon (kgCO2/kg) and flow (mm) of MK-based mortars with increasing free water
content
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Figure 4.18: Contour plots for prediction of the 7-and 28 -strength (MPa), embodied

carbon (kgCOy/kg) and flow (mm) of GGBS/MK-based mortars with increasing free
water content
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Figure 4.19. Contour plots for prediction of the 7-and 28 -strength (MPa), embodied
carbon (kgCOy/kg) and flow (mm) of GGBS/SF-based mortars with increasing free

water content
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550 570 590 610 630 650
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4«5}50 570 500 610 650 650 570 590 610 650 650 570 500 610 630 650
Binder Mass (Kg/m®)
Specification: 7-day strength > 40 MPa , 28-day strength > 90 MPa, flow = 275-350 mm, embodied carbon <0.24kgCO2/kg
Step 1: For a given binder type (GGBS/MK) select a water content likely to produce the required performance levels.
Step 2: Create an outline of the areas in each contour plot where values are predicted to meet or exceed requirements.

Step 3: Super-impose these shapes onto a clean contour plot at the same scale to create a Venn diagram.

Step 4: Select any point inside the area confined by all four outlines (see mortar 1). This will give the binder and activator mass required.
Figure 4.20. Proposed contour-based mix design methodology
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Chapter 5 — Assessment of fibre reinforced geopolymer mortar panels

5.1 Introduction

This chapter investigates a range of fibre/matrix compositions to identify an optimal
method for combining the high strength geopolymer mortars created in the previous
chapter with fibre reinforcement. This aimed to improve the flexural strength of these
mortars such that they would become suitable materials for cladding structures in a similar

manner to GRC.

Geopolymeric materials are often less alkaline than PC materials and basalt fibres have
increased resistance to alkaline degradation (Ivashchenko, 2009; Geopolymer Institute,
2006). Hence, there is the potential to create a GRC-like material from basalt fibre
reinforced geopolymer mortars that may not require zirconium dioxide protection. No
general-purpose sizings are available as they are bespoke and designed to give a specific
type of fibre a strong affinity to the choice of matrix material. Sizing also protects the
fibre during the specific fibre production processes and control how the material behaves
to suit each unique application (Lin et al., 1999; Downey and Drzal, 2016; Ivashchenko,
2009). To date, no specialised sizing treatment has been developed for geopolymer fibre
composites. Hence, opportunities exists for the development of innovative sizing

techniques that could revolutionise the performance levels of the materials.

This chapter focusses on assessing whether existing sizing technologies for optimising
fibre/matrix bond in PC-basalt fibre composites can be applied to geopolymer-basalt fibre
composites. Flexural strength was selected as the chief engineering parameter for
assessing the effectiveness of such sizing technologies for a range of fibre/geopolymer
mortar combinations. These composites were based on the mortars developed in chapter
4 (Tables 3.3-3.6), which were reinforced with different fibre types and addition levels to

enable the identification of the most suitable material configurations.

136



Once basalt fibres and a GGBS/metakaolin mortar were selected, work proceeded to
identify which fibre diameters and sizing techniques provided the greatest performance.

Flexural strength was monitored over time.

The ultimate goal of this chapter was to produce a fibre composite configuration with
flexural strength values similar to that of the GRC control, as this would make the
resulting materials suitable to form a strong, lightweight building cladding panel. The
metrics used to assess flexural strength included LOP and MOR; whereby the difference
between these values is representative of the post crack toughness. Finally, the
compressive strength of the fibre matrix compositions was assessed against those of the
unreinforced mortar. The results were compared against a benchmark set by a pre-mix
GRC product that is currently used for building cladding applications. This work was
carried out in two phases to consider the 4-point bending testing of GRC vs glass, basalt
and steel fibre reinforced geopolymer composites when undertaken to GRCA standards

(Phase 1) and then to ASTM C974-03 (Phase 2).

5.2 Phase 1: 4-point bending testing of GRC vs glass, basalt and steel fibre

geopolymer composites to GRCA standard
5.2.1 Introduction

Preliminary fibre matrix investigations used 4-point bending tests (GRC standard test
method 3) to calculate the flexural strength achieved by a range of fibre matrix
compositions and determine the most suitable (GRCA, 2017). The fibres used in this
preliminary testing included chopped glass, basalt and micro-steel fibres. This GRC
standard was initially chosen as none currently exist for the testing of fibre reinforced,
geopolymer composites and GRC is a similar material used in similar applications. These
standards are widely used and allowed analysis of test results and secondary data through

proven methodologies and direct benchmarking against GRC. Samples were tested at 7
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days to give an early understanding of the relative success of both the test method and

material studied before taking further time to age samples.

5.2.2 Composites

The geopolymer composites considered were based on two of the highest performing
binders developed in Chapter 4; namely Mortar A composed solely of GGBS and Mortar
B, a 80%GGBS/20%SF binder. These mix designs were selected due to their high
flowability, high strength and low embodied CO» contents, which are shown in Table 5.1.
The mixes have slightly lower compressive strength at 7 days compared with the 73 MPa

achieved by the GRC control.

Table 5.1. Performance properties and mix design of unreinforced geopolymer matrix

mixes.
Mix Components (kg/m?) Mortar A | Mortar B
GGBS 605 484
Silica fume 0 121
Activator 453 453
Water 134 134
Sand 1340 1340
Fibre volume 1% (cm?) 9.4 9.5
Fibre volume 2% (cm?) 18.75 19
Performance Properties
Flow 323 mm 260.5 mm
7-day Compressive strength 57 MPa 52 MPa
28-day Compressive strength 68 MPa 106 MPa

Four-point bending tests were initially performed on unreinforced mortar samples without
fibre reinforcements and then with chopped glass, basalt and micro-steel fibres at dosages
of 1 and 2% of the total composite volume. The fifteen composite iterations considered
and their relative values of LOP and MOR are shown in Tables 5.2 and 5.3. The composite
abbreviations adopted (for example, A-G2), refers to the mortar used (Mortar A or B),
fibre type (G= glass, B=basalt, S=steel, NF=no fibres) and fibre dosage (1 or 2% by

volume).
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5.2.3 Load/displacement curves

The load/displacement curves from the GRC control samples are presented in Figure 5.1,
whose general shapes are similar to theoretical curves as shown on Figure 2.2. However,
there is a significant deviation between the 4 load/displacement curves. This is likely
associated with the rough surface texture of the samples and the lack of force centring
capabilities of the test device stipulated in the GRCA test standard (GRCA, 2017).
Evidence of some strain hardening was exhibited by most samples after LOP had been

reached, prior to reaching their respective yield points.

350
300 ]
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150 -
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Figure 5.1. Load/displacement curves for GRC control samples.

Load/displacement curves for the geopolymer-fibre composite samples are presented in
Figures 5.2 and 5.3. The curve morphologies for glass and basalt fibre reinforced
composites were similar to those of the GRC control, indicating similar behaviour in
response to loading. This is beneficial for the material, if it is to satisfy engineering
standards and fulfil the same building cladding applications as GRC. Furthermore, the
load/displacement curves generally exhibited successful development of composite
action between the fibres and the cementitious matrix of the mortars, indicating suitability

for their synergistic use.
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Load/displacement curves for the steel fibre reinforced samples exhibited more complex
behaviour and larger variation in results compared with samples containing other fibre
materials; whereby some samples experienced brittle failure once first crack was initiated.
An irregular trend in the load/displacement curves after the formation of the first crack
signified the pull out (or failure) of individual crack bridging fibres, often after the matrix
had crumbed away. Little to no fibre reinforcement was to be found at the point of failure
in samples that experienced brittle failures, and a greater volume than would be expected
were present in those with more ductile failure modes. Composites A-S1 and B-S2
showed some evidence of an increase in load after first crack, signifying a modest strain

hardening effect.
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Figure 5.2. Load displacement curves for Mortar A with glass, basalt, and steel fibre reinforcement (0, 1 and 2% volume).
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Figure 5.3. Load displacement curves for Mortar B with glass, basalt, and steel fibre reinforcement (0, 1 and 2% volume).
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5.2.4 LOP and MOR results

With regards to LOP, the commercial GRC product exhibited the highest average value
of 5.5 MPa. In comparison for Mortar A mixes, values for the glass, basalt and steel

reinforced samples were on average 86%, 79% and 63% of this value, respectively.

In terms of Mortar B, the glass, basalt and steel fibres achieved on average 70%, 77% and
53% of the control value, respectively. The low average LOP of the glass fibres in Mortar
B compared with Mortar A can be partially attributed to samples reinforced with 2% glass

fibres were too dry to form or be tested, and therefore were given a value of 0 MPa.

Mortar A provided greater LOP values than Mortar B when they contained no fibres,
contained all fibre types and addition levels. This was unsurprising as the compressive
strength of the mortar was higher and viscosity was lower, which allowed all

compositions to be formed and tested.

Table 5.2. Relative LOP and MOR of fibre/matrix compositions.

Mix Mix composition Relative Relative
abbreviation Mortar Fibre addition LOP MOR

GRC Pre-bagged product 15 (100%) 274 (95.1%)
A-Gl 1% glass 27 (85.8%) 4™ (85.6%)
A-G2 2% glass 3 (85.5%) 1t (100%)

A-Bl Geopolymer 1% basalt 4™ (81.1%) 5" (81.6%)
A-B2 mortar A 2% basalt 6" (77.9%) 71 (77.9%)
A-S1 1% steel 9™ (65.9%) 10" (67.5%)
A-S2 2% steel 10" (59.7%) 111 (55%)

A-NF No fibres 111 (55.4%) | 13" (47.7%)
B-G1 1% glass 8" (70.1%) 8" (74.2%)
B-G2 2% glass 15" (0%) 15" (0%)

B-Bl Geopolymer 1% basalt 5% (78.9%) 37 (87.1%)
B-B2 mortar B 2% basalt 7" (75.5%) 6" (79.8%)
B-S1 1% steel 131 (52.3%) | 12" (50.5%)
B-S2 2% steel 120 (54.1%) | 9™ (69.3%)
B-NF No fibres 14" (48.6%) | 14" (40.7%)
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Unlike LOP, the GRC control was outperformed in terms of MOR by mix A-G2, which
exhibited an MOR = 6.6 MPa. The GRC control exhibited an average MOR = 6.3 MPa.
In comparison for Mortar A, average MOR values for the glass, basalt and steel reinforced
samples were 98%, 84% and 64%, respectively of the GRC’s MOR value. In Mortar B,

these values were 78%, 88% and 63%, respectively.

While fibre additions significantly increased the MOR value achieved by Mortars A and
B (Figure 5.5), significant differences in behaviour were evident between them. The

average MOR value achieved by Mortar A across all compositions was higher than that

of Mortar B (4.84 vs 3.79 MPa).

Mix B-G2 became too dry during mixing to form, successfully distribute the fibres or be
cast. As such, this composition was unable to form a homogenous composite and
therefore could not be tested. The mortar dried out and flash set in the bowl directly after
fibre addition and mixing, making successful casting impossible. However, mix B-G1
(which contained a lower fibre dosage) did not exhibit the same problems. The slightly
higher flowability of Mortar A may have helped fibre dispersal and allowed mix A-G2 to

form successfully, albeit with significant data spread.

When mix B-G2 was excluded from average MOR calculations, the average values for
Mortar A and B were more comparable (4.56 vs 4.42 MPa). Fibre type and dosage were

therefore shown to be the most significant factors of variation than mortar type.

Basalt fibres provided the highest average MOR value of any fibre addition at 5.37 MPa,
compared with 4.27 MPa for glass and 3.99 MPa for steel fibres. This represents an 81.7%
increase in the maximum load that the composite could sustain before total failure

compared with the unreinforced mortars.

The mortar that provided optimal performance to steel fibre composites varied with fibre

dosage, but none of the composites created performed satisfactorily. The dense fibres
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sank through the relatively thin mortars and tended to agglomerate at the bottom of the
mould, even before being vibrated. Thus, fibre distribution was heterogeneous and the
weakest samples showed no sign of fibres at the point of failure. The brittle failure shown
in the load/displacement curves for these samples provided further evidence of a lack of
bridging fibres. Even those samples that exhibited high MOR values were often
completely devoid of matrix material around the failure zone, which had crumbled away
during the test, leaving only fibres. Failure of the composite occurred at a much lower

load and much earlier than the test results alone would suggest.

The MOR value (6.26 MPa) achieved by the GRC control is at the lower limit of the range
declared typical for GRC by the GRCA of 5-15 MPa (GRCA, 2017) . The value is also
significantly lower than the MOR of 8 MPa declared by Oscrete (Oscrete, 2016). This
indicates that the testing and manufacturing processes used are likely sub-optimal and
improvement could increase performance across all composite types. Mix A-G2 achieved
a higher MOR value of 6.58 MPa, indicating slightly better performance given the
absence of additives. The relative MOR achieved by each composite is included in Table

5.3 along with their rankings.

5.2.5 Summary

The mortars selected for this investigation were too flowable and not viscous enough to
hold the steel fibres in suspension, or prevent the drying phenomena that took place with
the glass fibres. This highlights that a more viscous matrix with lower flowability was
required for the next stage of testing. Steel fibres were the least effective reinforcement
materials and, while this may have been due to the viscosity of the mortars, they also have

high carbon embodiment and self-weight.
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While glass fibres produced the strongest composites, basalt fibres produced higher levels
of consistency in terms of compressive strength performance across the mortar types. This
coupled with the lower environmental impact of basalt fibres, along with their ability to
resist degradation and associated strength loss informed the selection of basalt fibres for

further investigation in the next stage of testing.

5.3 Phase 2: 4-point bending testing of GRC vs basalt fibre geopolymer composites
to ASTM C974-03

5.3.1 Introduction

This phase of testing aimed to evaluate the performance of basalt fibres with different

diameters and sizings, relative to a GRC control material for multiple curing times. After

analysing the process, the variation in load/displacement curves and the relative standard

deviation in test results from the preliminary flexural testing (Table 5.3), a mould was

manufactured to carry out further 4-point bending tests to ASTM C947-03.

Table 5.3. Variation in flexural strength results from Phase 1.

Composition GRC Mortar A Mortar B

Average relatwe( ;t;mdard deviation 17 20 14
0

An 80%GGBS/20%MK mortar developed in Chapter 4 was selected for this
investigation, which was characterised by a higher viscosity than the preliminary test
mortars, to more easily incorporate high fibre dosages. Hence, the geopolymer mortar
was selected to match the strength gain of the GRC as closely as possible to allow for
easier comparisons between the glass and basalt fibres at different ages. Table 5.4 gives
the mix design of the geopolymer mortar and its strength gain compared with the GRC
control. Four types of basalt fibre were used to create composites with this mortar, whose

acronyms and descriptions are given in Table 5.5.
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Table 5.4. Mix design and strength gain of GGBS/MK mortar and GRC control.

Compressive strength
Material Mix proportions (kg/m?) (MPa)
1-day | 7-day | 28-day
MK 96

GGBS 387

Sgosé)li(l}yBr’li/rzroliﬁrl\tgf Alkaline reagent 402 19 70 86
Water 119
Sand 1194

Pre-bagged GRC Proprietary information 39 73 83

Table 5.5. Composite combinations.

Mix Fibre details
Material name Type Diameter | Length Sizing
(pm) (mm) applicability
GP-13-A 13 12 None
80%GGBS/20%MK | GP-13-B Basalt 13 12 Concrete
geopolymer mortar | GP-17-A 17 12 None
GP-17-B 17 12 Concrete
Pre-bagged GRC GRC Glass 14 12 Unknown

5.3.2 Load/displacement curves

The load/displacement plots for the GRC and geopolymer composites tested at 28 days
are presented in Figure 5.8. GRC composites experienced significantly less deformation
compared with geopolymer composites, along with brittle failure modes without strain
hardening. The load/displacement curves for GRC samples had greater consistency and

less deviation than geopolymer composites.

Geopolymer composites, particularly mix GP-13-A, exhibited greater ductility than GRC.
Larger displacements could be endured before failure and often exhibited strain
hardening, albeit at loads below the LOP of GRC samples. Mix GP-13-B bared the most
resemblance with the load/displacement curves for the GRC control. Geopolymer
composites often showed significant strain hardening but this was limited in GRC

samples.
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The effects of fibre diameter and sizing were not easily identifiable in the
load/displacement curves presented in Figure 5.8. In fact, the samples exhibiting the most
similar curves had different diameters and sizing regimes, for example mixes GP-17-A

and GP-13-B, or, GP-17-B and GP-13-A.

GRC

0 05 1 15 2 25 3 35 4 45 5
Displacement (mm)

GP-17-A GP-17-B

350
' GP-13-A GP-13-B
300 -
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Displacement (mm) Displacement (mm)

Figure 5.5. Load/displacement curves for GRC and geopolymer composites at 28 days.
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5.3.3 LOP and MOR results

Figure 5.9 shows the LOP and MOR values achieved by the geopolymer-basalt fibre
composites and the GRC control. As expected, after 28 days curing, GRC performed best
with average LOP and MOR values of 7.21 and 7.51 MPa, respectively. In comparison,
LOP and MOR values for the various geopolymer mixes were on average 40 and 30%
lower than the GRC controls. 13 um diameter fibres generally outperformed 17um
diameter fibres, exhibiting average LOP and MOR values 12% and 16% higher,
respectively. Concrete containing sized fibres clearly outperformed non-sized fibres with
LOP and MOR values by 28 and 23%, respectively. The highest performing geopolymer
composite (GP-13-B) exhibited LOP and MOR values 5.4 and 6.3 MPa, respectively —
approximately 25% and 16% lower than values for the GRC controls. Average LOP and
MOR values were strongly correlated (R?=0.95), as the two most important factors
dictating performance are common to both; fibre/matrix bonding and matrix hydration

kinetics.

The GRC control material exhibited the highest LOP and MOR value after all curing
times. However, the disparity between this and the highest performing geopolymer
composites was found to reduce significantly with age. Early age results indicate that the
benefits of sizing do not become apparent from the outset, but develops over time as the
bond strength increases. This lower early strength may be a direct result of the
waterproofing process and could indicate silane sizing may not be optimal for

applications dependant on extremely high early strength.

Many geopolymer composites lost strength or showed a significant retardation of strength
development between 7 and 28 days. This was partially due to the hydration kinetics of
the GRC and geopolymer binders; both of which gained little strength after 7 days.
Composites comprising larger diameter, unsized fibres were more significantly affected,

indicating that fibre degradation may have played a key role in diminishing or reversing
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strength gain. GP-13-B was the only composite that gained significant strength in this
time showing that optimised fibre sizings and diameters may both play a significant role.
However, if fibre degradation occurs, this is not dependant on the surface area of

fibre/matrix contact.
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Figure 5.6. Flexural strength of geopolymer/basalt and GRC composites. Note: error
bars represent maximum and minimum measured values from 6 tested samples.

5.3.4 Summary

Composite mix GP-13-B was the most successful composite and the closest to replicating
the performance of the GRC control. This composite achieved an MOR value 16% lower
than the control and exhibited the most similar load/displacement curves of any sample.
While the GRC control is a fully developed commercial product that uses bespoke
admixtures to improve performance the geopolymer composites developed here, they are
in their preliminary stages of development. These compositions have scope to achieve
better performances through the use of suitable additives or the reduction of the matrix
water to binder ratio. As such this GP-13-B was selected to form the structural facing
section of the building cladding panel and subject to further investigation in Chapter 6,

when combined with thermal insulation materials.
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Chapter 6 — Development of foamed geopolymer insulation materials

6.1 Introduction

This chapter investigates the efficacy of adopting geopolymeric materials to form the
structure of a cladding panel system and the required thermal protection. The Foamed
Geopolymer Insulation (FGI) materials developed in this chapter are intended to be
combined with the Fibre Reinforced Geopolymer Panel (FRGP) developed in the
previous chapter. This will represent a convenient and versatile lightweight, low impact,

inflammable, building cladding solution for a wide range of applications.

6.2 Results of research phases
6.2.1 Phase 1 - Investigation of foamed MK-based mortars

In a geopolymer mix design the sand has the lowest cost and carbon embodiment, whereas
the paste component (i.e., pozzolanic precursor and alkali reagent) has the highest. As
such, any foamed mortar with similar performance and microstructure will be of much
lower cost and carbon embodiment than those made from paste only. At the outset it was
recognised that paste only foams are much more common and that the sand may be
detrimental to generating and holding foam during mixing. The development of
lightweight mortars is of interest in many applications, even if thermal conductivity and

density is too high for use as an insulation material.

One common method for foaming cementitious materials is endogenous foaming.
Hydrogen peroxide was used as an endogenous foaming agent in this study due its low
cost, relatively low environmental impact and readily available. The highly alkaline
geopolymer paste causes H>O» to decompose, releasing bubbles of oxygen and hydrogen
gas that can then be trapped to create a porous internal structure. Another method used
surfactants to reduce the surface tension of the mortar/paste to facilitate foaming during

the mixing process. The creation of controlled porosity using expansive perlite aggregate

152



was also trialled to ascertain the benefits or detriments this may have to structural integrity
and pore structure. The MK mortar mixes shown in Table 6.1 were combined with H>O»
(endogenous foaming agent), and expanded perlite aggregate to maximise mortar porosity

and understand which mix parameters control microstructure development.

Table 6.1. Mortar mix designs for foaming

Materials (kg/m?) L/S=0.7 L/S=0.5
Metakaolin 386 428
Alkaline reagent 322 358
Free water 194 106
Sand 954 1058
Density 1857 1951

Figure 6.1 presents optical microscope images of the pore structures developed by each
of the material options tested (Figure 6.1 (a)) alongside their measured densities (Figure
6.1(b)). All mortars studied had densities >1500 kg/m?, which would only account for a
total porosity of approximately 19%. The pores generated were concentrated near the
material surface, hence it is worth considering that microscope images in Figure 6.1(a)
may give misleading insights into the total porosity. All samples still possessed
significant mechanical strength based on visual inspection and may have some usage as

lightweight mortars for structural applications.

The L/S ratio is the primary determinant of mortar viscosity and played a significant role
in the development of a porous structure. In all samples, higher L/S ratios promoted
higher porosity. However, the higher viscosity of the 0.5 L/S ratio mortars may have
limited the formation of a foamed porous structure. The presence of sand also acts to
increase mortar viscosity, which combined with the mechanical behaviour of the sand in

the mixer, may be the primary cause of the low porosities generated.

Hydrogen peroxide was relatively successful in creating a porous structure, albeit that

Figure 6.1(a) shows high density and a significant volume of open pores. The addition of
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Perlite reduced the overall porosity of the mortars studied and increased the average size
of the pores that remained. In the 0.5 L/S ratio mortars, significant void areas were present
due to the reduced workability resulting from the aggregate particles. The expanded
perlite aggregate possessed a much more closed pore structure than the foamed mortar,

so even at reduced porosity, may provide greater thermal resistance.

While some useful data and knowledge of the foaming process was garnered in this phase,
the mortars produced would not have sufficient thermal performance for use as an
insulation material due to their high density and low porosity. Thus, further investigation
focussed on using paste only foaming mixes, which were predicted to provide improved

performance.

6.2.2 Phase 2 - Investigation of foamed MK pastes

In this phase a range of mix compositions and foaming methods were investigated to
determine an optimal composition for foamed geopolymer paste insulation. The primary
objective was to produce a low impact, high performance insulation material using

natural, waste or low impact materials.

H>0O> was used for endogenous foaming and expanded perlite as a porous aggregate. This
phase of testing also investigated commercially available materials as controls, including:
1) industrial surfactant Glucopon, and 2) BanahTherm - a geopolymer binder/activator
system specifically designed for foaming applications. Figure 6.2 shows details of the
mix designs investigated, comments on their form and structure, as well as 3D XRCT
scan images of selected compositions. Figure 6.2(a) shows MK-based pastes foamed
using H20,. While the exclusive use of H2O; provided significant porosity to the MK-
paste (69.7%), this was predominantly in the form of open pores and, as such, less
conducive to low thermal conductivity. The use of both VMA and a curing agent were

found to provide benefits in this regard and warrants further investigation.
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The use of Perlite aggregate increased the toughness and compressive strength of the
geopolymer foams significantly (Figure 6.2(b)) but did not have a marked effect on either
the total porosity or volume of closed pores. The addition of pre-formed foam in the form
of a traditional shaving foam and a shaving gel was also trialled, but produced mortars
with low porosity (Figure 6.2b). Higher L/S ratios and, therefore, lower viscosities
allowed increased foam generation but also increased the likelihood of sample collapse.
Due to the difficulties in finding compositions with suitable microstructures, an industrial,
high-performance surfactant was trialled (Figure 6.2c). This material was effective in
producing MK pastes with high porosity and a microstructure characterised by a large
number of small, closed spherical pores. These materials had extremely high porosities,
were resistant to crumbling and were mechanically similar to traditional insulation
boards. MK paste was found to provide much higher porosity (>70%) than the industrially

available alternative binder (45%), but was of slightly lower compressive strength.

An optimised MK-based mix design (57% MK, 40% Activator, 3% Glucopon) was
selected as the best available option and underwent testing to determine its density and
thermal conductivity (Figure 6.2c). A sample of the fibre reinforced geopolymer mortar
developed in the previous chapter was also tested to allow the specification of cladding
value with specified levels of thermal insulation. To ensure the mix design used was cost
effective, mixes were tested with progressively lower dosages of surfactant to determine

the relationship between surfactant dosage and thermal conductivity.
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mL/S=0.7 mL/S=0.5

2% H202 + 10% Perlite

Figure 6.1. Foamed MK-based mortars at varied liquid to solid (L/S) ratios.
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Foamed MK with hydrogen peroxide (H»0,)

Mix proportions (% by mass)

Comments

MK

Activator

Water

EwW

H0,

VMA

51

40

0

0

9

Uneven lumpy surface. Large, open pores. Overall high porosity.

Total porosity: 69.7%
Open porosity: 69.5%
Closed Porosity: 0.2%

CT Scan results

Figure 6.2(a). Development and testing of foamed pastes (% by mass).
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Foamed MK with shaving gels

Mix proportions (% by mass)

. Comments
MK | Activator | Water | Gel foam | Foam
50 38 0 12 0 Sunken, flat, little porosity, open pores, did not combine easily.
52 36 0 12 0 Flat, sunken, open pores, little porosity.
48 41 0 0 11 Flat, very good small pore structure, little porosity, high density.
Foamed MK with Glucopon
Mix proportions (% by mass) Comments
MK | Activator Water Glucopon
55 42 0 3 Flat, smooth, not sunken, no porosity visible.
53 44 0 3 Same but more porous, some large open pores present, generally small pores.
47 39 12 3 Flat smooth not sunken, excellent uniform small pore structure.
45 38 14 3 small uniform pores, too porous, open pores, low strength.
47 39 11 3 small uniform pores, too porous, open pores, low strength.
49 41 8 3 small uniform pores, too porous, open pores, low strength.
51 42 4 3 small uniform pores, too porous, open pores, low strength.
53 44 0 3 small uniform pores, too porous, mainly open pores, low strength.
55 42 0 3 small uniform pores, too porous, mainly open pores, low strength.
57 40 0 3 small uniform pores, stable foam, small, closed pores, best MK mix.

Figure 6.2(b). Development and testing of foamed pastes (% by mass).

Un-cut cube
surface
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BanahTherm (BT) with Glucopon

Mix proportions (% by mass)

BT BT Comment
Binder Activator Water | Glucopon | VMA
Flat surface with visible open pores. Excellent
49 35 12 1 even small pore structure. Cast and cut
perfectly. Stable foam.
46 13 18 0 Small uniform pores. Stable f(?am. Closed
pores. Best Banah mix.

Foamed MK with Perlite (P) and Basalt fibres (BF)

Mix proportions (% by mass)

- Comments
MK | Activator | Water | H,0, P BF
40 31 0 9 17 0 Lumpy surface. Small pores ar‘ound aggregate.
Uniform structure. Mechanically strong.

43 1 0 9 9 0 Uneven lumpy surface. Cracked and sunk§n.
Irregular pores around aggregate. Large voids.

45 35 0 9 4 0 Flat, cracked surface. Irregular. pores around

aggregate. Large voids.
49 38 0 5 0 1 Flat surface with small cracks. Uneven pore sizes.

Figure 6.2(c). Development and testing of foamed pastes (% by mass).

CT Scan

Total porosity:
45.1%

; 1‘-Open porosity: 45%

Closed Porosity:
0.1%

CT Scan

Total porosity:
73.1%

. Open porosity: 73%

Closed Porosity:
0.1%
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6.2.3 Phase 3 - Thermal conductivity testing and proposed cladding panels

The MK-based mix design previously described was dosed with 1, 2 and 3% Glucopon
surfactant by mass and underwent thermal conductivity testing and density measurement,
according to ISO8301 (ISO, 1991). The results are presented in Figure 6.3, which
illustrate that thermal conductivity and density decrease with increasing surfactant dose.
However, the effect created by adding additional surfactant diminishes after 2% dosage.
Geopolymer foams were produced with densities as low as 608 kg/m?, a 68% decrease
from that of the un-foamed paste (1927 kg/m?), and thermal conductivities as low as
0.0933 W/mK. The thermal conductivity of geopolymer composite GP-13-B created in
the previous section is also presented but is described as simply Fibre Reinforced Mortar
(FRM) in this chapter. This allowed a full panel to be designed and its thermal

conductivity and U-value to be calculated.

While these results are significant, the thermal conductivities achieved are approximately
four times higher than expected from standard plastic based, foil faced, insulation boards,
and twice that of mineral wool insulation. Therefore, designs incorporating these
materials will likely require significantly greater depths of material for thermal protection.
However, this increase will be minimised by the extremely thin cladding panel structure
(13 mm). The images shown in Figure 6.3 illustrate that some damage or surface pore
agglomeration during foaming occurred when surfactant dosage reached 3% (indicated
by flat, non-porous areas). As there is little difference in thermal conductivity or density
between the 2 and 3% dosage levels, the lower dosage may be optimal. The pore
agglomeration noted was only surface deep, as the material still exhibited the lowest

density and, therefore, must have greater internal porosity.
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6.2.4 Phase 4 - Proposed claddings panels

Thermal conductivity values presented in Figure 6.4 are combined with material data
taken from the literature to produce sample specifications for different applications
designed to satisfy the building regulations (DFPNI, 2022-a; DFPNI, 2022-b). The
building component which the materials are to form (roof, party wall and floor) and the
use of the proposed structure (domestic and non-domestic) dictate the maximum
permissible U-value for specific applications. These requirements for each structural

component in domestic and non-domestic uses are given in Table 6.2.

Table 6.2. Maximum allowable U-values (Technical Booklet F).

Max area weighted U-value UK (W/m?K)

Building element Domestic Non-domestic
Wall 0.18 0.21
Floor 0.18 0.21
Roof 0.16 0.16-0.2
B Thermal conductivity (W/mk)  ® Density (kg/m3)
09 2250
E 0.8 2000
g 07 1750 ~
2 g
= 0.6 1500
E 0.5 1250 <
s 04 1000 &
[&] [
503 750
§ 0.2 500
0.1 250
0 0
Fibre Reinforced FGI (1% FGI (2% FGI (3%
mortar (FRM) Glucopon) Glucopon) Glucopon)

v

Figure 6.3. Thermal conductivity and visual inspection of foamed mortars
(scale = 5 cm?).
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Thermal conductivity, density and embodied carbon values for the foamed geopolymer
insulation, fibre reinforced mortar (FRM) and a GGBS/SF mortar developed in Chapter
4 are presented in Table 6.3, which are compared with common insulation materials. The
mix design for the unreinforced GGBS/SF mortar is given Table 6.4. Mineral wool and
phenolic foam-based insulations have higher carbon embodiment per kg of material, but
significantly lower density and thermal conductivity than foamed geopolymers. As such,
these materials can be used in thinner panels that weigh less and therefore exhibit low
carbon embodiment per m?. The autoclaved aerated concrete (AaC) insulation block is a
very similar material to the foamed geopolymer developed in this research and was
included for comparative purposes. References for calculations were gathered from the
following BS EN 15804 compliant stage A-1 LCA’s, or provided by manufacturers when
compositions are commercially sensitive (BASF, 2013; EPD Ireland, 2019; Mannock,
2021; Creagh, 2020; Foamglas, 2022; Kingspan, 2022; Rockwool Ltd, 2020; Rieder,

2020; Komkova, 2023; McGrath et al., 2018).

The minimum thickness of each insulation panel required to meet the U-values specified
in Technical Booklet F is presented in Figure 6.4. The data illustrates that phenolic foam
and mineral wool significantly outperformed the foamed geopolymer and AaC insulation,
and met specified U-values using less materials. A similar trend can be identified in
Figure 6.5, which presents the minimum carbon embodiment per m” required to meet
specified U-values. The foamed geopolymer exhibited the highest carbon

embodiment/m?; almost ten times that of the mineral wool.

Based on the data presented in Table 6.3, and collected from the literature, two example
panels are proposed. The first is based on a typical GRC panel design (Rieder, 2020) and
uses the FRM material developed in chapter 5 (Table 6.4). The second is based on a
typical concrete sandwich panel design detail (Creagh, 2020) using the GGBS/SF mortar

developed in chapter 4, converted into a typical concrete mix design (Table 6.4).
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Tables 6.5 and 6.6 present the properties and composition of each proposed cladding
option, which are then visually represented by scale drawings in Figure 6.7. Figure 6.5a
presents a typical Rieder GRC panel and Figure 6.5b illustrates the increased insulation
thickness required when using the foamed geopolymer insulation. A similar relationship
is presented in Figures 6.5¢ and 6.5d for the typical Creagh concrete sandwich panel and

the geopolymer mortar sandwich panel proposed, respectively.

Table 6.3. Properties of foamed geopolymer insulation and other common alternatives.

Thermal Densi Embodied
Material type Product name conductivity (k /m?; carbon
(W/mK) g (kgCO./kg)
Foamed
geopolymer N/A 0.0933 607 0.498
(FGI 3%)
Fibre reinforced
mortar (FRM) N/A 0.814 2199 0.163
GGBS/SE N/A 0.9 2469 0.103
concrete
Autoclaved Mannock Aircrete Super
aerated concrete AaC insulation block 0.12 480 0.28
Rockwool High
Mineral wool Performance Partial Fill 0.034 50 1.28
Cavity Slab
Phenolic foam | ingspan Kooltherm 0.018 71 3.84
K108
. 700
é 600
g 500
£ 400
=
(o]
‘5 300
o
200
g
g 100
=, o o i
0.2 0.25 0.3 0.35
U-Value
mFGI(3%) Mannock Super Rockwool Slab  m Kingspan Kooltherm K108

Figure 6.4. Minimum required insulation thickness to meet specific U-values (0.2-0.35).
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B FGI(3%)

Mannock super

400
300
200
’ | |
0
0.35 03 0.25 0.2

U-Value
Rockwool slab ® Kingspan Koolthern K108

Figure 6.5. Minimum embodied carbon required to meet specific U-values (0.2-0.35).

Table 6.4. Geopolymer mortar mix design.

Material quantities (kg/m?)

GGBS SF

Activator

Water

Sand

Aggregate

275 68

286

85

810

855

Table 6.5. Properties and composition of cladding panels based on typical GRC design
(Rieder, 2020).

Panel type Material Thickness thli)czi?::ss Ez;tggfd U-value
GRC 13 mm
Typical Rieder GRC KK(; gﬁ;g?; 50 mm 113 mm 38.9 .
panel K108 kgCO»/m
Cavity 50 mm
FRM 13 mm
Geopc?lymer Foamed 257 mm 320 mm 82.3 . 021
composite panel geopolymer kgCO»/m
Cavity 50 mm
FRM 13 mm
Geopolymer Kingspan 183
composite/Kingspan Kooltherm 50 mm 113 mm keC 0'2 2
panel K108
Cavity 50 mm
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Table 6.6. Properties and composition of cladding panels based on typical concrete

sandwich panel design (Creagh, 2020).

Panel

Embodied

Panel type Material Thickness thickness carbon U-value
Precast concrete
. 150 mm
Typical Creagh outer leaf 679
concrete sandwich Foamglas 200 mm | 430 mm K T,
gCO»/m
panel Precast concrete
. 80 mm
inner leaf
Geopolymer 150 mm
Geopolymer concrete outer leaf
concrete sandwich Foamed 373 mm 603 mm ) ) 0.24
ancl geopolymer kgCO»/m
p Geopolymer
80 mm
concrete outer leaf
Geopolymer 150 mm
Geopolymer concrete outer leaf 593
concrete /Kingspan Foamglas 200 mm | 280 mm K T,
. gCO»/m
sandwich panel Geopolymer 20 mm

concrete outer leaf

330 mm

603 mm

Figure 6.6. Scale diagrams of proposed cladding panels.
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6.3 Summary

Several cladding options were developed using the foamed geopolymer insulation created
in this chapter and the fibre reinforced geopolymer structure developed in Chapter 5, to
meet the thermal requirements for use in a wide range of building structures. Industrial
surfactant-based foaming was the most effective method and more successful in the MK-
based pastes than the commercially available base materials. While thermal
conductivities where greater than would be expected for common insulation materials,
the developed panels can provide similar U-values/depth ratios due to the thin fibre

reinforced structure.

These materials are low impact, fireproof and have the potential for improved
performance as their development is still at a preliminary stage. Controlling paste
viscosity or limiting the time over which gas bubbles are released in the MK pastes
foamed with H,O> would likely allow these to be suitable for use. The high porosity of
these materials would often cause collapse. However, if this can be prevented through the
methods described then it is likely that thermal conductivities would be less than or equal

to those created with industrial surfactants.
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Chapter 7 — Discussion

7.1 Engineering performance

7.1.1 Mortar performance

7.1.1.1 L/S ratio

Figure 7.1 compares the relationships between L/S ratio and 28-day compressive strength
reported by this research (MK data, Factorial data) against others from the literature. The
high R? values and similar trends exhibited by both primary and secondary data points
indicate a strong inverse relationship between liquid contents and compressive strength.
The primary data collected in this research corresponded with examples from the
literature and helped confirm that L/S is a vital mix parameter for determining mechanical
strength, and is consistently seen across a range of pozzolanic precursor compositions,

alkaline reagent solutions and curing regimes (Table 7.1)

140
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= ‘ .'o. A AA
= . A A
2 80 A "
5 xA
% R?=0.98
2 ... e R2=0.66
‘A 60 ‘-... AAA -..I} =U.
2 2 _R2=087 a
£, : YA a
®e,%0 . 2 — ..
£ 40 "3t - OR> = 0.03 R =011 A .. A
O ."'. ...... RZ— 4 A 00.
o 9‘; R? =0.84 =05
20 —
0
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
L/S ratio
AFactorial data MK data Guzman Aponte (2017) ® Kumar (2015a)
Kumar (2015b) @ Kumar (2015¢) @ Faluyi (2022) Nikoloutsopolous (2017)

Figure 7.1. Significance of L/S ratio to 28-day strength for primary and secondary data.
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Nikoloutsopolous (2017) reported the L/S ratio was insignificant to strength development
or setting times in FA mortars, contrary to the rest of the reviewed literature. This can
only be reasonably explained by the specific test methodology adoption or variation in

mix components.

Table 7.1. Data set information for comparison of L/S ratio to 28-day strength.

Data set Pozz. precursor Activator Curing R?
80%GGBS/20%MK,
Factorial data 80%GGBS/20%SF K>Si0; Ambient 0.66
100% MK
MK data 100% MK K>Si0; Ambient 0.94
. a=0.98
Kumar o NaxS10s3+ . _
(2015) 100% FA NaOH Ambient b = 0.87
c=0.84
Guzman Aponte o K2Si03 .
et al (2017) 100% MK + KOH Ambient 0.71
. NaxSiO3 | 72 hours @
0
Faluyi (2022) 100% FA + NaOH 60°C 0.98
Nikoloutsopolous o NazSiO3 | 72 hours @
(2017) 100% FA NaOH | 70°C 0.03

From Figure 7.1 it is evident that the mortars produced in this study were of greater
strength than those reported in the literature, even with higher L/S ratios. This indicates
if the L/S ratio of these mortars was reduced further, especially for the GGBS/SF and
GGBS/MK mortars which exhibited high flow, then mortars with higher compressive
strength could be produced. Many of the studies used Class F FA geopolymers, which
require heated curing for high strength. If these studies used Class C FA, the increased
calcium content would increase compressive strength and allow ambient curing even at
high inclusion levels. Diaz-Loya et al. (2013a) tested 24x FA geopolymer mortars, which
used FA sourced from different power stations in the USA. Class C FA-based mortars
produced on average 61% higher strengths than Class F FA-based mortars. However,
Class C FA is more expensive due to its high demand as an SCM in traditional concretes,

therefore cost/benefit analysis should be undertaken (Diaz-Loya et al., 2013b).
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7.1.1.2 A/B ratio

Figure 7.2 presents compressive strength vs A/B ratio plots based on data collected in this
research and published datasets. It is evident that the reported significance of A/B ratio
on compressive strength varies based on the A/B value range and the pozzolanic

precursors, activation solution and curing regime used.
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A Factorial data @ Jan (2022) @ Ruiz santaquitera 1 @ Ruiz santaquitera 2 ® Adam et al 2019 @ Fauzi 2017

Figure 7.2. Significance of A/B ratio to 28-day strength for primary and secondary data

In general, for small datasets composed of a single precursor type, precursor/activator
combination and curing regime, A/B ratio is reported to play a significant role in strength
development (Adam et al., 2019; Ruiz-Santaquiteria et al., 2012; Fauzi et al., 2017).
Whereas for larger data sets composed of multiple precursor types, precursor/activator

combinations and curing regimes, A/B is a poor predictor of compressive strength (Jan,

et al., 2022).
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Table 7.2. Data set information for comparison of A/B ratio to 28-day strength.

Data set Pozz. precursor Activator Curing R?
80%GGBS/20%MK,
Factorial data 80%GGBS/20%SF K>Si03 Ambient 0.32
100% MK
100% FA
100% Class C FA NaOH Varied
100% GGBS depending
Jan etal. (2022) 100% Calcined clay | NaxSiO3 on 0.02
100% MK +NaOH precursor
70%FA/30% GGBS
Ruiz-
Santaquitera et | 70%FA/30%MK | NaOH | 2000Us@ | g
80°C
al. (2021a)
Ruiz- .
Santaquiteract | 70%FA/30%MK Tﬁ:&% 20 gg‘jgs @1 068
al. (2021b)
Adam et al. 95%FA/5% Slaked | NaxSiOs Ambient 1.0
(2019) lime +NaOH )
Fauzi et al. o NazSi03 .
(2017) 100%FA NaOH Ambient 0.94

This result is not unexpected as each precursor powder / activating solution combination
will have a minimum A/B ratio required for successful dissolution of the precursor
powder into silica and alumina monomers. This process is vital to develop the maximum
possible strength. Any excess activating solution and the liquid it contains will act to
increase the L/S ratio, creating increased porosity and reduced strength. As such, peak
strength will be achieved where the minimum activating solution contents required for
full dissolution is found; whereby strength will degrade at lower/higher values due to

either the presence of unreacted precursor powder or excess liquidity.

Based on primary data, this minimum A/B ratio was ~0.75 for MK geopolymers and <0.6
for GGBS/MK and GGBS/SF geopolymers. If the dataset includes this peak strength
close to the centre of the range investigated, then the A/B ratio to compressive strength
plot will mirror that of (Adam et al., 2019). As a result, A/B ratio was unsuitable for
strength prediction for a range of geopolymer mortars as each will have a different

minimum activator content required for full precursor dissolution.
170



7.1.1.3 S/A ratio

A range of relationships between S/A ratio and compressive strength are reported in the
literature with inconsistent significance. It has been widely reported that higher S/A ratios
result in an increased number of Si-O-Si bonds and therefore increased geopolymer
strength. However, this was not apparent for many of the data sets shown in Figure 7.3.
No optimal S/A ratio that created the highest strength for all types of geopolymer could
be identified. S/A ratios for optimal strength development varied across binder types,
whereby Deghani et al. (2021) and Wang et al. (2021) reported the opposite effect from

increasing to S/A in the same value range and both exhibiting high R? values.
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Figure 7.3. Significance of S/A ratio to 28-day strength for primary and secondary data.

Similar trends are present in the primary data presented. The high R? of 0.77 exhibited by
the factorials data set is also slightly misleading as the three main clusters of data points
represent three different binder types (MK, GGBS/MK, GGBS/SF). Within each of these

datasets, as shown in Figure 4.9, significance is low (R? = 0.03, 0.53, 0.08). Discounting
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this effect, all primary data shows that the relationship between S/A ratio and strength

development is weak and inconsistent. Both the weakest and the strongest mortars shown

in Figure 7.3 had very similar S/A ratios.

Table 7.3. Data set information for comparison of S/A ratio to 28-day strength.

Data set Precursor Activator Curing R?
) MK/GGBS
Single MEK/IS
replacement MK/FA K>Si103 Ambient 0.38
data MK/SF
Multi MK/GGBS/IS
replacement MK/GGBS/SF K>Si03 Ambient 0.11
data MK/GGBS/FA
80%GGBS/20% MK
Factorial data 80%GGBS/20%SF K>Si03 Ambient 0.73
100% MK
100% FA
100% Class C FA NaOH Varied
100% GGBS or depending
Jan (2022) 100% Calcined clay | NaSiOs on 0.08
100% MK +NaOH precursor
70%FA/30% GGBS
) 78-85%FA/15- NaySi03 )
Deghani (2021) 22%GGBS NaOH Ambient 0.88
87.2-99%MK/0.1- | NazSiOs )
Wang (2021) 12.8%SF NaOH Ambient 0.93
. NaySiO3 | 24 hours @
Mustofa (2016) Ferronickel slag NaOH R0°C 0.36

When datasets consisted of small groups of similar mortars, with variations in S/A being

the only major difference, then high R?values were exhibited (Deghani et al., 2021; Wang

etal., 2021). When large data sets of varied materials were studied, the effect of S/A ratio

on compressive strength became insignificant (Jan et al., 2022). As such, S/A ratio in

isolation was found both in the literature and through primary data collection to be

unsuitable for strength prediction for a wide range of geopolymer mortars.
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7.1.1.4 Strength prediction equations
As accurate compressive strength predictions were not possible using any compositional
ratio in isolation, more complex models were established that used multiple mix

parameters and considered the effects of important interactions between them.

The equations developed in this research to predict the 28-day compressive strength of
MK mortars (Equation 5), GGBS/MK mortars (Equation 6) and GGBS/SF mortars
(Equation 7) are presented and compared with similar attempts from the literature that
vary in the techniques adopted, ease of use and complexity (Equations 8 - 12). The
equations proposed are simpler and easier to use compared with any model equations
previously published in the literature. Only three factors were used to predict strength in
Equations 5-8, which uniquely corresponded to simple mix values and can be easily used
by practitioners. Model outputs therefore easily combine to provide a full mix design.
However, for the models presented in Equations 8 - 12, complex chemical analyses such
as XRD, XRF and LOI are required to identify factor input values from the source

materials — hence producing a complete mix design from their outputs is complex.

As illustrated in Table 7.4, a wide range of different mix and material composition
parameters were found to influence strength development, with no two equations derived
from the literature using the same parameters. Many of the more complex mix parameters
that appear in Equations 8 - 12 are a function of the simpler metrics from Equations 5 —
7, such as L/S ratio. Many of the complex factors from Equations 8 - 12 do not appear in
Equations 5 - 7 as they remain constant by experimental design features, such as the use
of identical activating solution for all mixes. This means that for example metrics
describing activator composition, molarity and water contents are represented in the

models developed in this research, even if they are not a varied factor.
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Figure 7.4 presents statistical analysis of the success each model had with respect to 28-
day compressive strength prediction. Based on the model Si (scatter index) values
exhibited by each, the methodology used to develop Equations 4 - 7 was successful.
Models describing GGBS/MK and GGBS/SF exhibited good Si values similar to the
secondary models from the literature. However, the model describing MK mortars was
significantly less successful. Si values were over 200% greater any of the other models
studied. The most successful model, developed by Shahmansouri et al. (2020) exhibited

a Si value of 5.6%.

The most successful model developed in this study (GGBS/MK) exhibited the third
lowest Si value, behind only the models established by Shahmansouri et al. (2020) and
the most complex NLR model by Ahmed et al. (2022). The simplicity of the models
developed in this research is highly advantageous. When combined with a similar level
of prediction accuracy exhibited by the more complex, difficult to use models, this makes
both the GGBS/MK and GGBS/SF equations a useful tool to facilitate adoption of these

materials by the construction industry.

28 day CS = —384.935 4 (—2.33225 x A) + (4.7745 * B) + (—0.195 % C)

+ (0.004825 * A * B) + (—0.0079 * B?)

Equation 5. 28-day compressive strength of 100%MK mortars

28 day CS = 527.467 + (0.096 * A) + (—2.43525 * B) + (0.0025625 = B%) +

(—0.0101042 * C?)

Equation 6. 28-day compressive strength of GGBS/MK mortars
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28day CS = —2.275+ (0.521167 * B) + (¥ 0.195 * C) + (—0.00429167 * BC) +

(0..121667 * C?)

Where A= Binder contents, B = Activating solution contents and C = Free water

contents

Equation 7. 28-day compressive strength of GGBS/SF mortars

flc= —3.62 + 0.59 % RSi0, + 3.35 * RAl,05 - 0.48 * RCaO - 0.74

* d50 - 4.39 = LOI (N/mm?)

Where RSi0O; = reactive SiO> contents, RAI>O3; = reactive Al,O3 contents, RCaO =

reactive CaO contents, d50 = median particle size, LOI = loss on ignition value

Equation 8. Diaz-Loya et al. (2013a)

28 day CS = 244.3 * 0.15FA — 1.43FS0 — 0.56FAO — 0.085S + 0.041SH +
0.79SS + 66.88 (ﬂ) —27.7 (ﬂ) — 306 (ﬁ) + 0.894M + 0.212TE + 0.735T +
N N B

0.428AG

Equation 9. Ahmed et al. (2022) LR

28 day CS = 32.32 « FA™>8 x FSO™19 x FAQ®283 « §718 x SHL145 « §52.107

GON=356 /6952 ;N33
(_) % (_) " (_) « MO17 5 TEO33 4 T9198 4 40181
N N B

Equation 10. Ahmed et al. (2022) MLR
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11.8

so\™7 (H
28 day CS = (53.4 x* FAT72 x FAQ®™ x §75x SHO38 x 55213 <W> * <N>

L —-2.1
* (§> % M0.96 % TEO.68 % T15.4 * AGO.24>

+ <7.69 * FATM « FSO™1* « FAQ*? x S717 « SH338 » 55401

5.23 —2.47 L —7.99

& ® 6

Where FA = FA (kg/m®), FSO = Si02% of FA, FAO = A,O3% of FA, S = sand

« ML12 &« TE-029 4 T207 , AGO.1>

(kg/m*), SH = NaOH contents (kg/m?), SS = Na,SiOs (kg/m?), SO/N = Si0»/Na>SiOs,
H/N = H,0/NaxO from the silicate solution, L/B = the liquid to geopolymer solids ratio,

M = NaOH molarity, TE = curing temperature, T = curing time, AG = age.

Equation 11. Ahmed et al. (2022) NLR

28day CS =A*Bx*C

_AS+SF — NH — 4.23
~ NH *(GS —SF)

/SF
423 — Yo VNH + 10.87 + 6.65

C = 1/10.87 * (AS + SF +4,23) + GS — NZ — NH

+ 2.42

Where AS = age, NH = NaOH concentration, NZ = natural zeolite (kg/m?), SF = SF

contents (kg/m?), GGBS contents

Equation 12. Shahmansouri et al. (2020)

176



Table 7.4. Model information for primary and secondary equations

Model Pozz. precursor | Activation | Curing Vital criteria
1.Activator
0
100%MK 100%MK K>Si03 Ambient 2 .Binder
3.Water
1.Water
0
GGBS/MK 80%GGBS K>Si0O3 Ambient 2.Activator
20%MK X
3.Binder
80%GGBS NaxSiO3 ) 1.Water
GGBS/SF 20%SF NaOH | APt A ivator
) ) 1.d50
Diaz-Loya et NaSiO; | 24 hours
100% FA o 2.R AlLO3
al. (2013) +NaOH @ 60°C 3 LOI
Ahmed et al. L00% FA NazSiO3 h18'24 1'81022/5228103
(2022) LR ° NaOH | Pours @ ;
25-80°C 3.H,O/Na,O
) 18-24 1.L/S
é}(l)glze)dﬁfé 100% FA Tﬁ:&% hours @ | 2.H,0/Na;0
25-80°C 3.FA contents
) 18-24 1.FA contents
Ahmed et al. NaS103
100% FA hours @ 2.H>O/Na,O
(2022) NLR +NaOH 25-80°C 3L/S
_ 0
Shahmansouri 70 30300@ (;(;BS NazSi103 Ambient I'SF2 (j:ntents
et al. (2020) e +NaOH | Moren 8¢
0-30% NZ 3.NaOH conc.
80
o m S1%
um RMSE
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Figure 7.4. Statistical comparison of 28-day strength prediction models.
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7.1.2 Basalt fibre geopolymer composite performance

The purpose of the geopolymer composites created in this research is to replace GRC in
building cladding applications and reduce the carbon footprint of building construction.
GRC materials are specified by their flexural strength (MOR at 28 days) as opposed to
the compressive strength designations used in bulk concrete materials. Table 7.5 shows
the typical flexural strength ranges for different types of GRC materials (sprayed and
premix). Table 7.6 the strength requirements for each strength grade (G18, G10, G5) as
per GRCA Practical design guide using limit states (GRCA, 2016-c). As illustrated in
Table 7.5 sprayed GRC, containing 4-5%, 25-40mm fibres, is significantly stronger than
premix GRC, which is recommended to contain 2-3.5% volume of 12-13mm glass fibres
to achieve maximum flexural strength. Strength grades G5 and G10 usually designate a
premix GRC with G18 only achieved by sprayed GRC’s (GRCA, 2016-c). All composites
were premix and these same values for fibre size and volume described in (GRCA, 2016-
c) were found to provide optimal performance for basalt fibres in the MK geopolymer
mortars studied. Of the four basalt fibre/geopolymer composites and the GRC control,
only GP-17-A failed to meet the requirements of a G5 flexural strength class and therefore

unsuitable for cladding applications.

Mix GP-17-A did have sufficient strength at 7 days for a G5 classification, but lost
strength between 7- and 28-days. This indicated that the unsized fibres degraded in the
alkaline MK matrix over time, and that PC specific sizing is necessary for high
performance and composite durability. This finding is vital for the future design of
geopolymer specific sizing formulations for basalt fibres and developing high

performance basalt fibre composites.

The GRC control materials that were used in this study achieved an MOR value of 8 MPa
after 1 day. Through the experimental methods employed in this research, the measured

MOR value was 6.58 MPa, 17.5% lower than the control. If this strength reduction was
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due to the unique test parameters and part machining methods employed in this research,
flexural strength values for these materials from 3™ party testing could reasonably be

predicted to increase by up to 21.6%.

The optimal composite developed in this research achieved a 28-day flexural strength of
6.3 MPa while the commercially available material currently being used for these
applications achieved 7.5 MPa. As such, a GP-13-B composite would need to be
increased in thickness from 13 mm up to 15.6 mm thick to provide equivalent
performance. Alternatively, a reduction in L/S ratio of the highly flowable GGBS/MK
mortar would also provide the required engineering performances. Even at 13 mm
thickness, the composite proved to be sufficiently strong to form the structural component
of building cladding panels by GRCA standards, whilst also providing the additional
benefits of increased durability and reduced carbon embodiment intrinsic to geopolymeric

materials.

Table 7.5. Types of GRC

GRC LOP MOR
type (MPa) (MPa)

Sprayed 5-10 18-30

Premix 5-10 5-14

Table 7.6. GRC strength grades

GRC Grade MC()I\I/{[;z;lge
G18 18-30
G10 10-17

G5 5-10
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7.1.3 Foamed geopolymer insulation performance

As described in Figures 6.4 - 6.6 and Tables 6.3 and 6.5, the foamed geopolymer materials
developed a thermal conductivity of 0.09 W/mk. However, this could not compete with
the conductivity of current building cladding panels, such as mineral wool (0.038 W/mk)
or phenolic foam (0.018 W/mk). To achieve similar thermal performance, significant
increases in panel thickness (and therefore panel mass) were required, resulting in a
higher carbon footprint when panels incorporated the foamed geopolymer insulation. As
a result, further reduction of thermal conductivity and density would be required before

the developed materials are suitable for commercial use.

While the level of thermal performance achieved by the foamed geopolymers was
disappointing, compared with results published in the literature - a thermal conductivity
of 0.09 W/mk is typical based on the materials and methods used (Figure 7.5). The only
study which produced foamed geopolymer using MK and H>O» with thermal conductivity
comparable to that of current insulation materials (0.03W/mk) was that of Boros and
Korim (2022). Their study produced foams similar to this research but at higher dosages
of H20,. These foams used stabilising agents added to the mix to combat foam instability
and reduce the likelihood of collapse from the high H>O; contents, allowing foams of
lower density to be produced. The adoption of these compounds in the H>O, foamed MK
materials investigated in this research could allow the density and thermal conductivity
to be reduced to a similar level (0.041 W/mk). Other studies by Vaou and Panias (2010)
reported perlite-based geopolymers to produce foams with the lowest density of around

0.03 W/mk, which is even lower than that of mineral wool insulation.
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Figure 7.5. Comparison of thermal conductivity from primary and secondary data.

The simple techniques employed in this research for foam generation through standard
mixing procedures and surfactant addition, produced thermal conductivity results
comparable to previously published studies, which used more complex methodologies.
Potential still exists to improve the thermal performance of MK foams using stabilising
agents and/or MK replacement by perlite (Boros and Korim, 2022; Vaou and Panias,
2010). This would enable like-for-like replacement of, for example, mineral wool
insulation without increasing panel thickness or mass, and with a significantly reduced

carbon embodiment.

7.2 Engineering practicality

This section investigates the practicality of the commercial use geopolymer mortars by
assessment of supply lines, demand predictions and material specific considerations. To
achieve widespread adoption of geopolymers in the UK construction industry, a
consistent and sustainable long-term supply of pozzolanic precursors and activating

solutions must be established and demonstrated. The transition from using PC-based
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products to geopolymer materials requires investment in the forms of financial capital,
time and research. The construction sector will not adopt any new materials or techniques
without a proven path to return on investment/profit. Any uncertainty in long term supply
chains must be eliminated and any new geopolymer solutions must comply with British

and European engineering performance and LCA standards.

7.2.1 Availability of pozzolanic precursor supply

In November 2016, the UK government announced the closure of all coal fired power
plants by 2025. With the majority of other European countries adopting similar policies,
FA production is rapidly declining. This will make the future commercial use of FA based
geopolymers impractical. However, various solutions have been discussed in the
literature. Due to overproduction of FA since the 1990’s, approximately 50 Mt of wet FA
has been stockpiled around the UK. It is considered possible, as already demonstrated in
France and Germany, that this material can be recovered for use in geopolymers or PC-
concrete products but will require drying and processing such that it is suitable for use,
which in turn will be costly in terms of cost, energy and carbon embodiment (Alberici et
al., 2017). Research by Hope et al. (2017) and McCarthy et al. (2018) has focussed on
developing methodologies capable of increasing the quality of stockpiled wet FA such
that it satisfies BS EN 450 standards for use in standard concrete products. Alternatively,
huge stockpiles of FA exist in India and China (generated from coal-fired power plants,
iron and steel manufacturing industries) and appear to have at least a medium-term
security in supply due to the global demand for steel. While it may be expensive and
carbon intensive to transport FA from industrial hubs to ports for shipping to the UK, it
may still result in lower costs and carbon footprint given sufficient scale (Snellings et al.,

2023).

While local FA production is likely to be eliminated in the next decade, alternative

precursors currently being investigated by researchers could allow the continued short- to
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medium-term usage of FA for geopolymers, but in smaller amounts. However, given that
FA is inherently variable in terms of composition and FA-based geopolymers require heat
curing to achieve the highest strengths, these are major drawbacks that do not exist for
other more consistent and reactive materials such as MK, GGBS or SF (Alberici et al.,

2017).

Similar to FA, GGBS supplies in the UK are decreasing due to shrinkage in the steel and
iron sector, specifically by 40% from 2014 to 2021 (Statista, 2020). There are currently
only two major production facilities left in the UK (Port Talbut and Scunthorpe), both of
which are running at half capacity. If new steel manufacturing infrastructure is to be
established in the UK to support the construction sector’s high demand for steel, these
will likely be more efficient Electric Arc Furnaces (EAF’s), which do not generate GGBS
as a byproduct. Hence, the UK’s short- to medium- term demand for GGBS will likely
be met by importation from blast-furnaces that remain in operation in the Republic of
Ireland, Continental Europe and China (Snellings et al., 2023; Vogl et al., 2021). With
sufficient economies of scale, this long-distance transport could be cost effective, as
illustrated by Redcar Grinding plant, set up in 2017, which will import and process 500

Mt of Chinese GGBS for use an SCM or geopolymer precursor (Alverici et al., 2017).

Over 190 Mt of legacy slags from historic steel and iron manufacture are available in the
UK but will require similar processing to wet FA stockpiles (Riley et al., 2020).
Comparative analysis of legacy slags against the requirements of BS EN 15167 shows
that while the inorganic components are suitable, that LOI and moisture contents will be
too high for use in concrete or mortars. However, if these slags are pretreated to remove
accumulated moisture and carbonate contents, they could serve as a suitable replacement
for GGBS production and reduce the UK’s reliance on importation of GGBS (Rihner et

al., 2022).
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In tandem with recovery of materials from legacy stockpiles, the development of new
pozzolanic precursors will be required to replace the limited FA and GGBS supplies in
the UK. A wide range of natural and waste materials have therefore been investigated for
use as SCM’s in PC concrete and as pozzolanic precursors for geopolymerisation

(Snellings et al., 2023).

The EAF’s replacing blast furnaces produce a byproduct similar to GGBS called EAF
steel slag, which possesses some cementitious properties. EAF slag is crystalline and
composed mainly of Fe-substituted monticellite. Ozturk et al. (2019) showed that after
activation with NaOH and Na;SiOs3 it was possible to create mortars with strengths of up
to 22 MPa. However, SEM analysis showed that mortars developed a porous
microstructure and an irregular pore network. Although, using the correct alkali reagent
solution increased C-S-H contents, densified the structure and created increased
compressive strength. Muhmood et al. (2009) increased the pozzolanic and cementitious
properties of EAF slag for use as an SCM in PC mortars, by remelting and quenching the
material. This in turn reduced the iron oxide content, increased the basicity and therefore
increased its cementitious properties. This same treatment could be used to increase the
strength of EAF slag-based geopolymers, thereby highlighting the potential to partially
or fully replace GGBS as an SCM in PC-based materials and as a pozzolanic precursor

for geopolymerisation.

Natural (volcanic) pozzolans such as perlite and pumice also show great promise as
geopolymeric precursors, due to their high amorphous contents. However, their low
calcium contents would often result in performance effects similar to those of Class F
FA’s when used as an SCM in PC concrete or as geopolymer precursor (Snellings et al.,
2023). Perlite has shown great promise for use in foamed geopolymers, due to its ability
to achieve densities and thermal conductivities lower than any other precursor materials

(Szabo and Mucsi, 2016). Natural pozzolans can also be blended with high calcium
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materials (e.g. GGBS) to increase reactivity and allow significant strength generation

with ambient curing (Snellings et al., 2023).

Another alternative precursor is ash derived from the incineration of biomass fuels.
Approximately 810 Mt of ash is generated each year globally (Snellings et al., 2023).
Owing to their high silica contents, these ashes could be used as an additive for controlling
S/A ratio and therefore produce durable geopolymers (Chindaprasirt et al., 2022).
Localised sources of materials such as bamboo leaf ash, date palm ash, sewage and paper
sludge ash can also be used as they display similar properties to biomass ash. However,
these ashes have irregular particle shape and rough surface textures, which will result in

low workability and increased water demand in mortars (Snellings et al., 2023).

Ground recycled glass also has potential as a pozzolanic precursor. Whilst it has variable
chemistry based on the types of glass present (e.g. coloured pigments), it is highly
amorphous and silicious, but has a low Ca content. For full dissolution of the glass
particles during geopolymerisation, the mortar pH must be maintained at ~10.7. When
used to form geopolymers, they will require heat curing and blending with other high-Ca
precursors to produce high strength gains, as for Class F FA-based geopolymers (Siddika

etal., 2021).

Whilst there are various potential alternative pozzolans to GGBS and FA for use in
geopolymers, further research is needed to establish a database for these materials in
addition to further investment in plant infrastructure to process and supply these materials
at commercial scale. MK (or other forms of calcined clays) generally do not have the
same issues concerning their future supply due to the abundance of suitable clay sources
and are specifically produced for geopolymerisation or as SCMs. 37 Mt/year of MK is
produced worldwide but only 10 Mt/year is currently used. 1370 Mt of MK reserves are

therefore currently held which if used solely for geopolymer production could replace all
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PC use for the next 7.5 years (Assi et al., 2020). Increased production would be required
to meet this demand on an ongoing basis but is likely to be infeasible due to the
commonality of suitable clay deposits worldwide (Davidovits, 2013). Hence, the
investigations performed in this research on MK-based geopolymers may have the largest

long-term impact due to their reliable supply chains.

7.2.2 Availability of activating mediums

The availability of cost effective, sustainable alkali reagent solutions is another critical
factor that could limit the scale at which geopolymers are commercially used in the UK.
Most geopolymers are activated using NaOH and/or Na,SiO3 but a wide range of other
suitable materials are available (Austroads, 2016). Worldwide, NaOH production totals
72 Mt/year — whilst the demand is 120 Mt. Hence, a material deficit already exists before
any additional demand arises from growth in the geopolymer market. NaOH is also the
most expensive component of geopolymers, with prices varying significantly based on
geographic region (US = $770-920/t, China = $350-450/t). Hence, limiting (or even
eliminating) NaOH contents in geopolymer mix designs would be advantageous in
reducing cost and reducing health and safety risks associated with handling NaOH on site

(e.g. skin conditions such as skin burns, dermatitis).

Global annual production of Na silicates is ~12 Mt/year, which exceeds the current
demand of 9.6 Mt/year. Hence, without major increases to production capacity, only a
small proportion of PC materials could be replaced with the most studied geopolymer
compositions (Assi et al., 2020). Research using alternative activating mediums is
therefore vital to increase the practicality of geopolymer adoption. The use of KOH and/or
K>Si03 (as in this research) provides some extra availability; although production is

currently 10% of that for current Na-silicates and hydroxides (ChemAnalyst, 2023).
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One vital criterion for alkali reagents is high silica content, as this is required for
polycondensation, structural development and therefore development of mechanical
strength. Commercial alkaline silicates, such as the K-silicate used in this research
(Geosil) are expensive and require significant carbon and energy to produce. Extraction
of suitable activators from high silica waste could lower costs and carbon embodiment
from activator production and boost global supply. One study investigated using waste
glass particles dissolved in NaOH to activate Class C FA/GGBS mixtures. As waste glass
contents increase (up to 20 g / 100 ml) and therefore silica contents in the activator, so
does mechanical strength. Although for waste glass contents exceeding 20 g/100 ml, this
increases water demand resulting in a high porosity and strength reductions (Sasiu et al.,
2020). Vinai and Soutsos (2019) produced Na-silicate from waste glass using a similar
process and reported similar or better compressive strengths from geopolymer mortars

which contained commercially available Na>Si03 and NaOH solutions.

Acid-based activating solutions have also been investigated (e.g. phosphoric acid) and
successfully demonstrated to create geopolymers with strengths up to 140 MPa, increased
durability and thermal stability compared with alkali reagent based geopolymers.
However, further research is required to understand the implications of acidic geopolymer
matrices on engineering performance and durability (Pu et al., 2022). While a significant
amount of phosphoric acid is produced worldwide (83.4 Mt), approximately 85% of this
is used for fertiliser. With rapidly increasing population and food demand, fertilisers are
high in demand for the agriculture sector; hence acid-based geopolymers may struggle to
achieve the supply required for commercial adoption (Statista, 2023). Little to no research
has been performed to investigate other acid-based activation systems for potential use in

geopolymers or AACMs.
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7.2.3 Availability of basalt fibre reinforcement

The availability of basalt fibres for manufacturing fibre reinforced geopolymer
composites (as proposed in this research) could limit the practicality of their widespread
replacement of GRC if sufficient supply cannot be relied upon. Currently, global basalt
fibre production is <0.1 Mt, which is significantly lower than construction sectoral
demands. However, significant investment from the Chinese government (amongst other
nations) has been proposed, which will result in an increase of global basalt fibre
manufacture to >0.5 Mt by 2030 (IIUSE, 2020). Long-term growth of the basalt fibre
production sector will certainly be achievable as basalt is one of the most abundant
volcanic rocks in nature (King, 2023). The UK has large deposits of basalt in regions such
as Northern Ireland and Scotland. Thus, local manufacture and supply of basalt fibres to
the geopolymer composites industry will be possible, but will require infrastructure

investment (Patti et al., 2022).

Whilst basalt fibres currently have a low UK technical readiness level, the development
of facilities for mining basalt and manufacturing basalt fibres would assist the UK’s
construction sector in becoming self-sufficient in terms of access to raw materials
(Ministry of Defence, 2022). For example, basalt fibres can be used to manufacture
structural reinforcement bars as an alternative to steel bars, which would otherwise be
energy intensive to manufacture and require importation from India and/or China. The
cost and carbon embodiment associated with the use of basalt fibres could be significantly

reduced by using local supplies and reduced transport distances.

7.2.4 Geopolymer production facilities

One of the major factors that increases the practicality of developing the infrastructure
required for geopolymer manufacture, on a scale great enough to replace PC in the

construction industry, is that geopolymers can be batched, mixed, cast and cured by using
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existing PC production facilities (Ahmad and Alsaid, 2019). For instance, many PC pre-
casters already have heat curing facilities for PC concretes with high SCM contents.
Precursors such as MK or GGBS which are more reactive do not require heat curing and
therefore post casting processes would remain identical to those previously used for PC

concretes.

Whilst PC-concrete and geopolymer production processes are similar, there are some
complicating factors when modifying facilities to manufacture geopolymers or hybrid
PC/geopolymer materials (Tempest et al., 2015). The use of alkaline or acidic activation
solutions has additional health and safety issues that are absent in PC concrete production
facilities. If these reagent solutions are to be used in their current form, their delivery,
storage, dosing and mixing systems must be strictly managed with significant capital
investment likely required to prevent accidental contact with, and injury of, production
staff. Where possible user-friendly activating solutions (M = 1.45-1.85) should be used

to alleviate this risk (Geopolymer Institute, 2016; Davidovits, 2017).

One-part geopolymer mortars have previously been developed to eliminate or reduce
health and safety risks associated with alkaline reagent solutions; comprising a powdered
alkaline activator as part of the pozzolanic precursor powder. These could be supplied
premixed in a similar manner to CEM-II, CEM-III and GRC-RTU materials, whereby
only water is required to be added to the powders at the pre-casting facility. According to
Luukkonen et al. (2018), no obstacles currently prohibit the development and use of
commercially feasible “just add water” AACMs. However, further documentation and
testing is required to demonstrate the suitability and long term durability of these
materials, along with a better fundamental understanding of the reaction kinetics

exhibited.
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An additional challenge is present for pre-casters who wish to adopt geopolymers as a
proportion of their production total alongside PC concrete is that the materials must not
come into contact with each other in their fresh state. The Ca content of PC concrete
causes a flash set in geopolymeric materials which could not only produce geopolymers
with significantly reduced strength but cause severe damage to the batching plant and
delivery equipment. Therefore, mixers and transport equipment must either be thoroughly
cleaned before switching between them or separate batching and delivery systems used

to eliminate the risk (Tempest et al, 2015).

7.3 Sustainability

This section focusses on comparing the sustainability of the fibre reinforced geopolymer
cladding materials developed in this research with that of currently available GRC
cladding options. Different methodologies are employed in the industry to ascertain true
material sustainability with the majority focussing solely on the carbon footprint. The
methodology used to calculate the carbon embodiment in this research is also compared

with other methods currently used in the construction industry.

Sustainability analysis focussed solely on the structural component of the proposed
cladding panels, as from the results presented in Chapter 6, it is evident that the foamed
geopolymer composite has a significantly higher carbon embodiment than existing
commercial insulation materials (e.g. polyurethane insulation boards). This results from
the relatively high density/thermal conductivity of the foamed geopolymer and the higher
mass of materials required for a given level of thermal insulation. By focussing future
efforts on reducing the density and thermal conductivity properties, foamed geopolymers
still have the potential to serve as low CO» insulation products as the embodied carbon/kg
of'its constituent materials is significantly lower than that of mineral wool or polyurethane

boards (Kingspan, 2022; Rockwool limited, 2020).
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7.3.1 LCA methodologies

Accurate calculation of the carbon embodiment for the geopolymer materials developed
in this research was vital as part of their route to commercialisation. A range of
methodologies exist for calculating carbon footprints, but there are significant differences
regarding the factors considered, the methods used to allocate carbon from production
processes and the stage(s) considered in the material life cycle. LCA’s are the most
commonly used and effective tool for these applications. ISO 14040 and ISO 14044 are
the primary standards used for undertaking LCA, which specify principles, requirements
and guidelines for the quantification and reporting of carbon footprint (ISO, 2006; ISO,

2006-b).

A range of LCA methodologies have previously been developed based on the principles
presented in ISO 14040 and 14044 for different applications. ISO 14067, PAS 2050 and
the GHG protocol are examples of specialised documents based on ISO 14040 and 14044,
which assess factors solely related to global warming and are designed for specific niches
or geographical locations. Others such as Product Environmental footprint method,
generally recommended by the EU for LCA’s, French standard BPX 30-323-0 and BS
EN 15804 have wider scope and applicability, assessing all environmental impacts
through a material lifecycle. All LCA standards aim towards strong alignment with the
results of each other and the latest reports from Intergovernmental Panel on Climate
change (IPCC) (Schryver and Zampori, 2022). As such, the most suitable choice will be
dictated by the goal of the study, the industry or geographical location and requirements

for reproducibility and width of applicability.

Existing third party, cradle-to-gate LCA’s carried out according to BS EN 15804
provided the data used in this research to calculate the carbon embodiment of the
geopolymer materials. BS EN 15804 was selected due to the extremely stringent and well-

defined requirements, the high reproducibility and applicability of resulting carbon
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embodiment values, as well as it being specifically focussed on the construction industry
(BSI, 2019-b). Carbon embodiment figures are reported to be in line with those calculated
through other common methodologies described; whereby the stringent control of the
procedures intrinsic to this method provides high confidence in the accuracy of the results
(Schryver and Zampori, 2022). Whilst this standard and other LCA’s based on ISO 14040
and 14044 provide comprehensive and successful methodologies for carbon calculation
of building materials, their focus is limited to the products themselves. No consideration
is given to the effects these have on the carbon generated by the buildings or infrastructure
which they form part of. The UK’s PAS 2080 document was developed to calculate how
products, goods and services integrate into buildings and infrastructure at a systems level,
to fully assess the whole life carbon of the built environment and construction industry as

a whole to help increase the likelihood of achieving net zero by 2050 (ICE, 2023).

7.3.2 Relative carbon embodiment of geopolymer/basalt fibre cladding materials

As the geopolymer/basalt fibre composites developed in this study were intended as a low
carbon replacement for GRC, quantification of potential carbon savings must therefore
be considered against the carbon footprint of GRC options available on the market today.
EPD’s for three GRC products carried out to BS EN 15804 were therefore identified from
Reider (IBU-EPD, 2018), Telling (BRE Global, 2022) and Fiberbeton (EPD Danmark,

2021).

Figure 7.6 compares the embodied carbon contents per kg of the basalt fibre geopolymer
cladding developed in this research, with those of three commercially available GRC
cladding options. As previous calculations for carbon embodiment in this research only
included LCA stage A-1, or the carbon attributable to the extraction and production of
the raw materials, data from (EPD Danmark, 2021) was used to estimate the carbon
attributable to transport of raw materials (A-2) and to the manufacturing processes used

i.e. mixing and casting of panels (A-3). This data was selected due to the similar: 1)
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production processes of GRC and geopolymer basalt composites, 2) geographical
location and travel distances to manufacturing facilities considered, and 3) manufacturing
facility in the UK. Most of the carbon embodiment exhibited by all the composites
investigated was derived from the extraction and production of the raw materials, with
PC and alkali reagent solution contents being the primary contributors in GRC and

geopolymer/basalt composites, respectively.

Figure 7.6 illustrates that the composites developed in this research have much lower
carbon embodiment than the commercially available GRC cladding options, due to the
low CO> materials they are composed of. LCA stage A-1 contributed 91% of the total
embodied carbon of the Fiberbeton GRC panel but only 72% of the geopolymer/basalt
composites. The developed basalt fibre geopolymer composites have total stage Al-3
carbon embodiment of 0.228 kgCO-/kg; just 31% that of Reider GRC, 56% of that for

Telling GRC and 27% of that for Fiberbeton GRC.

If the K-silicate based reagent used in this research was replaced with an Na-silicate
derived from waste glass, the embodied carbon of the geopolymer composites could be
reduced significantly. Researchers have reported potential carbon savings of 31%
(Bianco et al., 2021) to 50% (Scrivener et al., 2018). If a midpoint is taken between these
two estimates of 40% the total kgCO2/kg of basalt fibre geopolymer cladding could be
reduced by 31% from 0.228 to 0.171 kgCOx/kg. This would mean that the total carbon
embodiment would be just 21% that of Reider GRC, 37% that of Telling GRC and 18%
that of Fiberbeton GRC. These significant carbon savings highlight how successful
geopolymer basalt fibre composites could be in reducing the carbon emissions of the

cladding industry.

193



0.9
0.8
0.7
0.6
0.5
0.4 EAl ®mAl-2 ®mAIL-3
0.3

0.2

Embodied carbon (kgCO,/kg)

0.1

0
GP/Basalt fibre panel Reider GRC Telling GRC Fiberbeton GRC

Figure 7.6. Embodied carbon of GRC and basalt fibre geopolymer cladding panels.

7.4 Financial analysis

The engineering performance of geopolymer materials developed in this research was
analysed based on GRC RTU, serving as a control material sourced from Oscrete
construction products. This material is an ‘all-in-one’, pre-bagged GRC material that only
requires the addition of water by the end user. A price of £1,850/tonne was quoted for
these materials by Oscrete in July 2023, although the additional water added comprises
just over 15% of the finished product — hence the cost/tonne of GRC produced was lower

at £1,567.88.

The basalt fibre geopolymer composites developed in this research could form the basis
of a similar product to the one-part GRC. This new product would need to be mixed with
a pre-specified mass of water and then identical manufacturing processes could be
followed. This material would have a significantly reduced carbon embodiment, similar
performance and an identical casting and curing process to the GRC-RTU. Therefore, any

cost savings from the constituent material will be extremely significant to total reductions.
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Table 7.7 shows costs for each component of the developed geopolymer composites,
GRC-RTU materials and raw K-silicate. The primary factor determining the cost of basalt
fibre geopolymer composites is the choice of activating solution. The commercially
available K-silicate solution Geosil 15415 has increased in price over the course of this
research - in 2023 the cost is £13,500/ton. As a result, when using Geosil as the activating
solution the basalt fibre geopolymer composites developed in this research would cost
£2,464.76; a 57% increase over the GRC-RTU product. However, as raw K-silicate costs
just £1,029.35/ton in Europe (Chemanalyst, 2023) it would be possible to create a 45%

by mass solution, K-silicate product identical to Geosil, for just £463.21/ton.

Alternatively raw K-silicate powder could be premixed with the precursor, basalt fibre
and sand to produce a one part, basalt fibre geopolymer fibre composite solution similar
to the GRC-RTU that only requires the addition of water. The activating solution used in
this research was composed of 55% water, hence the mass of K-silicate in the dry mix

would be 45% that specified of the solution and costs would be identical.

Figure 7.7 shows the total cost/ton of the GRC-RTU, basalt fibre geopolymer composites
made with Geosil and with an activating medium produced in the lab from raw K-silicate.
The production of alkali reagents in the lab would allow basalt fibre geopolymer cladding
materials to be produced at a total cost/tonne of £128.10; just 8% that of the GRC-RTU.
However, this price does not include costs incurred for producing, selling or marketing
the product, nor does it account for elevated costs to generate profit, and as such cannot
be compared with the price for GRC-RTU. However, it is evident that commercialisation
of this product is economically viable and great scope exists for profitable business to be

created.
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Figure 7.7. Costs of GRC and basalt fibre geopolymer cladding panels

Table 7.7. Material costs (ChemAnalyst, 2023).

Materials Cost/ton
GRC-RTU £1850
GGBS £125
MK £207
Sand £16.50

Chopped basalt fibre £245

Geosil 14515 £13500

Raw K-Silicate £1029.35

45% K-Silicate solution | £463.45

7.5 The future

In 2022, over half of the world’s population (7.8 billion) were concentrated in urban areas,
which are expected to accommodate a further 2.5 billion by 2047. This will necessitate
an increase in the construction of high rise, residential and mixed-use buildings as free

land area in cities becomes increasing scarce. High rise buildings are most often
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composed of a portal frame enclosed by cladding panels, therefore the cladding industry
and use of GRC-like cladding systems are also expected to grow significantly (Stouhi,

2022).

In 2023 the global GRC market was valued at £2.26 billion, but with a predicted
compound annual growth rate of over 12% for the next six years the industry will grow
significantly. Furthermore, the global GRC market is predicted to be valued at £4.46
billion by 2028. With the market rated as highly fragmented, highly competitive and as
yet not consolidated by a small group of major players, plenty of scope exists for new

companies and products to claim some of this market share.

Based on the cost/tonne of the GRC-RTU, by 2028 approximately 2,844,605 tons of GRC
will need to be manufactured annually to meet market demand. If an average of the EPD
results for the three GRC panels considered in section 7.3 (0.654 kgCO2/kg) is applied,
this would release 1,874,594 tons of atmospheric CO,. Basalt fibre geopolymer
composites have been shown in this research and other published studies to have the
potential to significantly reduce the carbon embodiment of cementitious cladding

systems, which would help towards achieving net zero carbon emissions by 2050.

If the entire GRC production of 2028 was replaced by basalt fibre geopolymer composites
involving the use of Geosil K-silicate solution, approximately 1,218,487 tons of CO>
could be saved — representing a 35% reduction in CO; emissions compared with predicted
levels. If geopolymers were to use waste glass-based alkali silicate reagents, a further

168,713 tons of CO2 could be saved with emissions just 26% of predicted values.

While the composites made with Geosil were more expensive than traditional GRC when
lab made K-silicate solutions were used, the composite cladding panels were just 8% the

cost of the GRC-RTU material. Using the cost/ton of this GRC as a basis for the

197



calculation, replacing all GRC predicted to be created in 2028 with basalt fibre

geopolymer composites could save approximately £4.09 billion.

While these carbon and cost savings are significant, they are based on total replacement
of the entire global GRC market. To achieve a fraction of this is currently unfeasible,
especially without rapid development of geopolymer production infrastructure,
investment and support from cladding specifiers and architects across the construction
industry. The global geopolymer industry is still in its infancy compared with the well-
established PC-based cement and concrete industries. With that said, similarities in
manufacturing processes and materials will allow some of this existing infrastructure to

be repurposed for geopolymers.

In 2023, the global geopolymer industry was worth £8.87 billion. With a predicted
compound annual growth rate of over 29%, by 2028 this is anticipated to grow to £32.09
billion (Mordor Intelligence, 2023). These market statistics, the success of geopolymers
in replacing PC based materials and the effects this will have on supply chains, prices and
confidence for geopolymers in the construction industry will make replacement of a
significant volume of worldwide GRC construction a feasible possibility. Increased
widespread geopolymer use will, through economies of scale, allow precursor materials
and alkaline reagents to become cheaper and more widely available, providing lower

travel distances from source to manufacturing facilities and marked carbon savings.

Wagners, an Australian-based geopolymer manufacturer, have developed Earth Friendly
Concrete (EFC) - a commercially available geopolymer concrete product composed of
FA and GGBS, which offers CO: reductions of up to 80% compared with PC concretes;
a world first. This material is batched in ordinary ready mix and precast concrete plants,
delivered in trucks and placed by pump, chute or spray in a manner identical to the PC-

concretes they are to replace; a major advantage as no changes are required by contractors
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to specify EFC compared with PC-concrete. EFC is one of the first, fully commercialised
and user-friendly products that through its ease of use, could allow rapid proliferation of
geopolymer concretes in the construction industry. This concrete has been used in major
projects around Australia (e.g. Global Change Institute in Queensland, Wellcamp
International Airport, Pinkenba Wharf deck). This product has moved away from sole use
in major civil engineering projects run by large highly skilled contractors and is now
being used in small scale residential projects in Queensland (Aus) (EFC, 2023). Wagners
launched EFC in the UK in 2020 and has so far been used on major projects including
HS2 (e.g. floor slabs, foundations, tunnel segments and a temporary foundation of 232m?;
the largest geopolymer pour ever in the UK). Wagners are the only major company
marketing geopolymer concrete and its usage has been limited to flagship projects where
government contracts allow for more innovation than would typically be accepted (EFC,

2023).

A primary reason for the lack of commercial use of geopolymers to date is that design
engineers are reluctant to specify a material for which there are no standards — meaning
that there is a high risk and little legal protection associated with using these materials.
BS EN 206 and 8500, the main documents for specification of PC-concrete based
materials in the UK, do not cover geopolymers or AACMs and therefore would not meet
the majority of job specifications (BSI, 2019; BSI, 2021). However, positive progress has
been made in recent years for standardising geopolymers and AACMs, through the

release of PAS 8820 in 2016.

For geopolymer potential to be fully realised in the UK, either engineering standards for
cementitious construction materials require modification to include geopolymers and
AACMs, or new standards need to be developed. While the UK recognised as far back as
2011 that modifying these documents to be less prescriptive, and more performance based

is vital, few significant changes have been made with no evidence that the European
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Commission is following this lead. The potential for significant replacement of GRC by
geopolymer composites and the cost and carbon savings predicted by this research is
linked to the wider development of the geopolymer industry and the development of

strong material supply chains especially for novel precursor and reagents.

In conclusion geopolymer cladding materials have great real-world potential to help the
decarbonisation of the construction sector. However, significant and rapid industrial
development is required, coupled with strong legislative standards on mix design and
specification, to give designers and material specifiers the confidence needed to use

geopolymer and AACM products in standard construction projects.
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Chapter 8 — Conclusions and recommendations

This final chapter summarises the key outputs from this research, how they fulfilled the
aims and objectives defined for this research, and identify possible routes for undertaking

further work.

8.1 Conclusions

Geopolymers have great potential for use as a ‘greener’ replacement for GRC, provided
that a well-established and understood knowledge base is in place to facilitate safe
working practices involving geopolymer cement mortars in construction. The possibility
of foaming geopolymers to create an insulation material that could form part of an all-in-
one cladding panel solution was identified. Despite its benefits, a key challenge that must
be addressed to enable the commercial use of geopolymers is the lack of recognised mix
design methodologies capable of producing materials with specified values of

performance properties like compressive strength and/or workability.

This research investigated five different pozzolanic precursors (MK, FA, GGBS, SF and
IS) and two alkali silicate reagents (Na>Sios and K»Sio03). K>Sioz was found to be a more
successful alkaline reagent, providing higher strength and mortar flowability to the MK
mortars studied. Both MK and GGBS promoted high strength, highly flowable
geopolymer mortars when used to make up 100% of the pozzolanic precursor powder,
whereas FA, SF and IS were only useful at lower dosages. GGBS/SF based mortars
produced the highest compressive strengths of up to 108 MPa after 28-days. Two mix
design methodologies have been proposed to allow easy specification of geopolymer
mortars, especially to those familiar with specification of PC-based materials. The first
attempted to mimic water-to-cement ratio-based specification common in PC using the
analogous geopolymer L/S ratio. This made the specification easy to use for the current

construction industry and was applicable to a wide range of pozzolanic precursor
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materials. The second, more comprehensive, mix design method used contour plots based
on empirical equations that predict performance properties. These were more accurate
and could make geopolymer design recommendations for which the 7- and 28-day
strength, flowability, cost and carbon embodiment could all be specified simultaneously.
This process allowed the identification of a range of high performance geopolymer

mortars suitable for forming the matrix component of high-strength fibre composites.

Fibre reinforced geopolymer composites were created using basalt fibres that exhibited
up to 84% of the flexural strength of GRC control mixes. An optimal fibre diameter of 13
um was identified and that the zirconia-based sizing used in GRC to protect fibres from
degradation, may also be required. These composites offered additional benefits over
GRC in that they have much lower embodied carbon and energy embodiment. The
compositions of the reinforced geopolymer composites have scope for achieving better
engineering performances through the use of suitable additives or a reduction of the
matrix water to binder ratio. As such, this composition formed the structural component

of the proposed cladding panels.

Four methods to increase geopolymer porosity were investigated during the development
of the geopolymer insulation materials: 1) endogenous foaming using H,O», 2) surfactant-
based foaming industrial surfactant, 3) the inclusion of preformed foam and 4) porous
aggregates. Most of these methods promoted material properties which would exclude
their use as insulation materials. Endogenous foaming with H>O; produced high porosity
but large, open pores unsuitable for high thermal resistance. Surfactant-based foaming of
MK mortars using glucopon industrial surfactant was a suitable method to provide
thermal conductivities as low as 0.0933 W/mK. Several cladding design options were
developed based on these materials and a basalt fibre reinforced mortar to meet the

thermal requirements required for domestic and non-domestic structures.

202



In summary, geopolymeric materials were found to be a successful option for the creation
of building cladding and insulation materials. The performances achieved were
comparable to existing cladding materials currently in use, but in a form that is fireproof
and contains only a fraction of the embodied carbon. Further development in the thermal
resistance of these panels would allow the creation of a low carbon claddings systems that
minimise carbon usage, while the structure is in use and significantly increase the safety

of its occupants.

8.2 Recommendations for further work

The materials and systems developed as part of this research are all at a preliminary
development stage and have potential for further performance development and
application. Suggestions for performing further work to progress this area of research

include the following:

e Future research will focus on improving predictions by widening the range of mix
parameters and compositions studied and increasing the data sets on which they
are based. The ultimate aim would be to develop a single model suitable for
accurately predicting the performance of any geopolymer binder type. The use of
modern analytics techniques such as machine learning could be adopted to
increase prediction accuracy and ascertain general rules applicable to wide ranges
of geopolymer mortar compositions.

e SEM imaging is required to confirm the internal structures present in geopolymer
mortars especially for GGBS/MK geopolymers, where understanding the
interaction between the various reaction products during the geopolymerisation

process and their effects on mechanical strength is vital
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The creation of a software application (or similar digital tool) that could synthesise
the equations for determining performance properties in geopolymers mortars into
a simple specification tool. This would allow specifiers to input required
performance properties, with a range of suggested mix designs and binder
compositions as outputs. This ability is already available in Design expert 12. The
development of an intuitive, easy to use interface that could inform contractors of
the wide range of potential geopolymer source materials would make adoption of
geopolymer materials much easier.

The exploration of alternative alkali reagents and new alumino-silicate precursor
materials for geopolymer materials that are waste based and less carbon intensive
than current products — thereby enhancing local, national and international
circular economies.

Additives are fundamental to modern cementitious materials. However, the
efficacy of these in geopolymer materials is often undetermined. The development
of a range of geopolymer-specific additives could revolutionise their engineering
performances in a similar manner to the use of additives in traditional PC-based
materials over the past century.

While fibre sizings developed for cementitious materials are effective in
improving the performance of basalt fibre geopolymer composites, specific
sizings developed for these compositions have the potential to reduce the cost and
environmental impact and improve performance. Work aimed towards the
development of compounds and techniques tailored to the exact properties and
requirements of geopolymer paste/basalt fibre composites is required and has

potential to increase mechanical performance significantly.
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Research should be undertaken on controlling mix viscosity in surfactant-based
geopolymer foams and determining its effect on the resulting pore structure. This
could allow the creation of materials with increased porosity, mechanical strength
and thermal resistance.

Full scale production of cladding panels including connectors and structural and
thermal field testing of the final product.

A detailed LCA (cradle-to-cradle) is needed to ascertain the whole life carbon
embodiment of geopolymer/basalt fibre composites and foamed geopolymer

insulation.
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ABSTRACT

This research investigates a mix design methodology for performance specification of
metakaolin, GGBS and hybrid alkali activated (AA) binders to enable their widespread
adoption as an alternative to Portland cement (PC) in glass reinforced concrete cladding
systems. Binder powders investigated include metakaolin, GGBS, fly ash, silica fume and iron
silicate, activated by potassium silicate. The effects of binder composition on mechanical and
environmental performance is studied with ternary contour maps created for each blend
showing performance levels for easy selection. The liquid/solid ratio and the effect this has on
mechanical properties is quantified for selected binders allowing further strength gains. This
work is considered to be novel as few studies exist based on ambient curing, potassium silicate
activation or novel industrial waste products analysing this effect. High performance mixes
were developed, with 28-day compressive strength exceeding 100 N/mm? with high flow. A
preliminary mix design and selection methodology based on binder composition and liquid to
solid ratios is presented, that could be used to predict strength, flow or embodied emissions.

This preliminary mix

design process is suitable for the materials studied allowing easy selection of alkali activated
cements by non-experts, especially those familiar with performance specification of PC.
Further research expanding the range of materials and mix compositions is ongoing to advance

this innovative methodology further.
1. INTRODUCTION

In modern architecture, cladding systems are widely used as the outer skin of new and
retrofitted buildings providing design flexibility through a huge range of possible forms to
allow interesting and striking aesthetics to be created (. Cladding systems are designed to
efficiently outline multi-layered building elements by creating a controlled internal
environment protected from external conditions sufficiently to provide privacy, security, fire

protection and comfort for occupants .

Established cement-based cladding solutions include precast reinforced concrete and glass
reinforced concrete (GRC) panels, both of which can be designed to incorporate insulation as
required. Precast reinforced concrete cladding offers many benefits such as intrinsic durability,
robustness and the fact that it can create precise architectural features with an enormous range
of potential surface finishes. Precast concrete panels can be supported by the structural frame
of a building, or self-supporting and restrained. Cladding panels can also be designed to be load
bearing to support floors. Alternatively, GRC offers a solution for creating architectural
cladding comprising high strength panels moulded using a hand-spray manufacturing
technique. GRC allows design of thin, lightweight, non-structural cladding elements with a
wide range of surface finishes and shapes. In recent years, GRC use for structural applications,

such as industrial floors and roofs is also emerging G,

A significant drawback of both precast reinforced concrete and GRC cladding panels is the

high environmental footprint of their constituent parts owing, primarily, to their
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reliance on Portland cement (PC) use. PC manufacture is responsible for 5-7% of global CO>
emissions ) with the average concrete mix in the UK releasing 0.73kgC0./kg of material
produced and using 4.5MJ of energy ®. The environmental impact of GRC panels is
heightened further as requirements for robustness and high quality surface finishes necessitate
the use of low water/cement ratios, high cement to aggregate ratios and more expensive white

cement and silica sand 7.

To help address this issue, the underlying focus of this research is to investigate and advance
the application of geopolymer or AA cement binder systems in cladding solutions. These
cements offer potential as a replacement for PC as they have been shown to have improved
strength (4-hour and 28-day compressive strengths over 20 and 100 N/mm? respectively),
increased fire and chemical resistance and emission footprints up to 90% lower than for PC;
many with a 100% recycled binder component @19 Geopolymer or AA cement concrete can
be formed at room temperature by combining user-friendly alkaline reagents, water and
alumina/silicate-based source materials such as kaolin or industrial waste products to form a
solid matrix similar to PC (V. As such, their usage in cladding panel systems offers technical,
economic and environmental benefits to the construction industry. Work in this area to date
includes one research group which have begun to create geopolymer cladding panels using a
hybrid ambient cured binder system with potassium silicate activation that is reinforced with
steel and polyvinyl alcohol fibres. These are designed for retrofitting existing buildings to
improve aesthetics and, through the use phenolic foam and vacuum insulation, the thermal
performance of the envelope ?. Two, 20 mm thick high-strength geopolymer face sections
enable U-values 0of 0.1135 at a total thickness of 120mm. Compressive strengths of geopolymer

mortar of 40 and 84 N/mm? at 24 hours and 90 days respectively are reported (314,

Despite these benefits, however, a key barrier to the widespread industrial adoption of
geopolymer and AA cement as a replacement for PC is the lack of recognised mix design
methodologies capable of producing material with specified values of compressive strength.
While many papers exist in the literature regarding geopolymer cement concrete design, the
importance of mix parameters on compressive strength has not been fully quantified as
previous work is limited and with many shortcomings (!>, Design of these mixes depends on
mixing a suitable activator with an alumina-silicate powder. However, deciding this is not
straight forward. The literature shows several methods; some based on constituent oxide ratios
or factors such as liquid/solid ratio with oxide ratios fixed (!®). The most important and well
known of these oxide ratios is the silica (SiOz) to alumina (Al2O3) ratio; known to directly
affect geopolymer concrete mechanical strength and microstructure. Other common ratios used

are NaxO or KO (activators)/Al2O3, H2O/Na2O and Na>O/SiOx.

Most papers about geopolymer mix design focus on specific binders and mixture compositions.
However, with the wide range of both binder source materials and alternative activators
available, the applicability of this to mix design as a whole is low. Studies most often focus on
fly ash systems that tend to be heat cured and as such are of limited use in the design of ambient
cured systems which provide the greatest potential for embodied CO- reductions %!7. The
vast majority of current geopolymer or AA cement studies use sodium based activating
solutions, with very few papers using only potassium silicate activation and even less that focus

on the specific mix design of these materials'®.

Attempts have been made to understand the relative effects of the many mix design parameters
of fly ash geopolymers in order to enable an accurate prediction of the compressive strength

achieved by specific mixes. Methods employed include using single
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2.2 Mix designs

From an earlier phase of research, a suite of MK-based geopolymer mortar mixes was
investigated to identify appropriate mix composition designs. From this work, an appropriate
mix design - with liquid/solids (L/S) and paste/sand ratios of 0.51 and 0.84 respectively - was
selected for use as a base mix in the current study (see Table 2). As shown in Table 2, this base
mix was held constant and replicated multiple times with only the binder composition varying
to allow a comprehensive range of material combinations to be investigated. Binder
combinations were categorised as MK/GGBS/FA, MK/GGBS/SF and MK/GGBS/IS, with a
range of unary, binary and ternary binders considered for each. By adopting this approach, it
was recognised that performance levels were likely to vary considerably and potentially beyond
limits of suitability. MK-based mixes, for instance, are reported to require significantly more
liquids and activator than fly ash or slag based geopolymer to ensure monomer transport and

full dissolution and reorganisation to take place 1.
2.3 Sample preparation and testing sequence

All samples for compressive strength testing were cast in 50 mm cubes for 24 hours, covered
with plastic to ensure uniform drying conditions then stored in a sealed container until testing
at 7 and 28 days in accordance with BS EN 1015-11:1999. Ambient laboratory temperatures
of approximately 20°C were provided over this casting and curing period. Rheological
behaviour was determined using flow table testing in accordance with BS EN 1015-3:1999 to

ensure sufficient workability and minimal void creation when casting.

from ECOCEM Ireland under the commercial product name ECOCEM GGBS. Silica fume
was sourced from Elkem in Norway under the commercial name Elkem Micro Silica. Low-
level calcium fly ash was sourced from Kilroot power station, Northern Ireland. Iron silicate, a
waste product from copper manufacturing processes, was sourced from Aurubis Bulgaria.
Measured chemical compositions and published embodied CO:z values for the various binder
materials considered are given in Table 1; compared against Portland cement (PC) for
comparative purposes. Clear from this table are significant variations in major oxide contents,
suggesting ability to achieve a wide range of performance levels. Also apparent are
significantly lower embodied CO: values for potential binders sourced as industrial wastes.
Many of the hybrid mixes created are no longer technically considered geopolymers but instead

AA mortars.

Geosil activator with a potassium silicate solids content of 45% by mass was sourced from
Woellner GMBH in Ludwigshafen, Germany. Potassium, rather than sodium, silicate activator
was used owing to its reactivity and emergence as a cost-effective solution for geopolymer
production @®. Mortar mixes were studied in this work, with the lough sand fine aggregate

component sourced from Stanley Emerson & Sons Ltd in Northern Ireland.

Table 1: Composition and environmental impact of source materials used in this study

. Chemical composition (% by mass) Embodied carbon
Material
e ALO; CaO | Fex0s (kgC02/kg)

OPC"* 20 4.6 64.6 3.8 0.73 ©
MK 55 40 0.3 1.4 0.33©
GGBS 36.5 10.4 42.4 0 0.083©
SF 96 0.8 0.5 0.8 0.064™
FA 57 24 3.9 6 0.008©®
IS 27 3.2 1.8 46 0.057"




oxide ratios, with the SiO2/Al,03 ratio found to be the most effective 9. Creation of empirical
models based on the factors such as the vitreous content of fly ashes, their loss on ignition and
mean particle size which have been determined to strongly affect reactivity '®!9- Another study
created a neural network based on factors such as recorded strength developments over time,
the liquid to solid ratio and the activator to binder ratio using this to predict resulting strengths
with relative success ?”. Many of these systems would be more suited for use analysing
consistent source materials like metakaolin or GGBS, as the inherent variability in composition

of fly ash complicates the process (9.

Against this background, the overall aim of this study is to propose a simplistic methodology
enabling predictions of fresh properties and mechanical performance for a wide range of alkali
activated binder combinations, in order to drive forward their adoption as high-performing, low
CO: alternatives to PC in cladding panels. More specifically, the focus is to quantify the effect
of varying both the binder composition and the liquid to solid ratio on mechanical and
environmental properties of metakaolin-based hybrid ambient cured binders activated using

potassium silicate.
2. EXPERIMENTAL METHODOLOGY
2.1: Materials

In terms of binder materials, metakaolin (MK) was used as a base binder material for all mixes
considered in this study owing to its highly amorphous nature and rapid participation in
geopolymerization compared to other potential precursor options like fly ash @3, Sourced from
Imerys UK, the commercially available product Metastar 501 was used. In addition, commonly
available industrial by-product materials were investigated as binders to maximise potential

environmental benefits and geographic applicability of the research. Materials investigated in

3. RESULTS AND DISCUSSION
3.1 Flow and compressive strength results

All compressive strength and flow test results for the mix designs investigated in this study
(see Table 2) are presented in Table 3. For 7- and 28-day strength, results are also plotted on
contoured ternary graphs in Figure 2, which designates equivalent ranges of strength in 10
N/mm? increments. It is reported !® that changes to binder composition cause significant
variation in the compressive strength and flow of the mortars created. While designing ternary
binder blends allowed use of higher percentages of industrial waste, which in turn reduces the
cost, emissions and embodied energy of the samples produced, selective mixes performed
poorly. Indeed, some mixes exhibited strength losses after 7 days and were generally weaker

than binary mix designs created.

The results indicate that GGBS has great potential for replacing MK in the creation of high
strength mortars, with all percentage additions to binary mixes improving both 7- and 28-day
compressive strengths up to a maximum of 86.0 N/mm? at 80% replacement. All mix designs
achieving 28-day strengths greater than 50 N/mm? contained at least 20% GGBS, indicating
that CASH gel formation is vital to gaining high strength @®> and highlighting this waste
material’s huge potential as an AA cement or geopolymer precursor. The mix with 20% MK
had higher strength than the 100% GGBS mix, suggesting that the two form separate reaction
products in CASH and geopolymer gels simultaneously without detriment to each other. The
high strength of the resultant sample suggests that these two gels bond well together to provide

a homogenous structure due to their gel pores and the expansion of CASH during formation.

‘While reducing strength at 7 days, SF has been found to offer significant strength gains at 28
days for both MK- and GGBS-based mortars. Both the 80% MK/SF and 80% GGBS/SF binary

mixes had strength improvements greater than 100% from 19 to 45
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N/mm? and 45 to 106 N/mm? respectively; the latter result being the highest strength achieved
in this study. This is likely due to the high silica content in this material changing the
Si02/Al20s ratio and suggests future studies may be more successful at higher ratios.

Table 2 — Mix design methodology

Material quantities (kg/m?)
Binder | Activator | Water | Sand L/.S Pastc/_sand
ratio ratio
542 453 134 1340 0.514 0.843
Mix | Binder composition (% by mass)
no. Binder A | Binder B | Binder C
1 0 100 0 oAl :
. Binder B
Binder C
2 0 80 20 o> o8
3 20 80 0 [Mixs] [Mix4] [Mix6]
4 20 60 20 o4 = -
[Mix 7] [mix 9] [Mix 10] [Mmix 8]
5 0 60 40 06 = - 0.4
[3 40 60 0 [Mmix 14] [Mix12] [Mix 11] [Mix 13] [Mix 15]
0.8 - - - 0.2
7 0 40 60
[Mix 16] [Mix 18] [Mix 19] [Mix 20] [Mix 21] [Mix 17]
8 60 40 0 16— —% —%—%——9 0
0 0.2 0.4 0.6 0.8 1
9 20 40 40 R
Binder A
10 40 40 20
11 40 20 40 Binder combinations considered
12 20 20 60 A B C
13 60 20 20 Fly ash MK | GGBS
14 0 20 80 Silica Fume | MK | GGBS
15 80 20 0 Iron Silicate | MK | GGBS
16 0 0 100
17 100 0 0
18 20 0 80
19 40 0 0
20 60 0 40
21 80 0 20

Iron silicate has been found to increase both 7- and 28-day strengths of GGBS and MK binders
at a 20% inclusion level, with strengths recorded for binary mixes dropping off after this point.
The strongest mix design created with IS was the binary mix with 80% GGBS/IS. The ternary
blend 40% 1S/20% MK/40% GGBS achieved comparable strength of over 50 N/mm?. While
all mixes containing FA exhibited 7-day strengths less than the 100% MK base mix, ternary
blend FA 20%/MK 20%/GGBS 60% exhibited significant strength gain between 7 and 28 days.
This mix had a compressive strength increase of over 98% from 38 to 76 N/mm?, far exceeding
the figures for the 100% MK (increase of just over 10% from 41.5 to 46 N/mm?). While these
mixes may have lower strength than the 100% MK base mix, they also have the lowest
embodied COz values owing to the low impact of FA. However, it is recognised that non-

uniformity of FA potentially makes widespread adoption more challenging.

The inclusion of industrial waste materials in MK geopolymer has been shown to increase the
flow of resultant mixes at all increments of addition, indicating that their use is well suited to
high flow requirements of fibre reinforced geopolymer cement mortar. However, flows
measured in this research were generally higher than the 255 mm limit of the BS EN 1015-
3:1999 test method. As such, comparison of flow levels above this point was not possible.
Moving forward, lower liquid contents or a new flow methodology needs to be developed;
possibly involving a dynamic shear rheometer, a larger flow table or a smaller amount of

material.
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Table 3 — Fresh and hardened properties While relationships of strength versus L/S ratio exist in the literature, studies are limited to

specific sets of mainly FA and MK-based mixes (1317,

MK/GGBS/SF MK/GGBS/FA MK/GGBS/IS
Compressive Compressive Compressive
Mix strength strength strength Against this background, work was undertaken to investigate and develop generic relationships
5 Flow > Flow > Flow
no. (N/mm>)* (N/mm~) (N/mm”~)
o8- (mm) 28 (mm) (mm) of performance versus L/S ratio with applicability to a wide range of geopolymer or AA binder
7-day day 7-day day 7-day | 28-day
1 41.5 146.0 195 41.5 46.0 195 41.5 46.0 195 types. To this end, laboratory work was undertaken to assess the flow and compressive strength
2 41.5 S1.5 255 41.5 S1.5 255 4L.5 S1.5 255 performance of selected representative binder types across a range of L/S ratios (0.35-0.61).
3 19.0 45.0 255 40.0 42.0 220 47.0 51.0 255
4 38.0 41.5 195 36.0 39.5 255 36.5 37.0 255 Binder combinations considered in this way included: 100% MK; 100% GGBS; 80%
5 43.5 54.5 255 43.5 54.5 255 43.5 54.5 255
6 4.2 5.0 165 24.0 30.5 255 36.5 43.0 255 GGBS/20% MK and 60% GGBS/20% MK/20% SF. Primary data collected was supplemented
7 47.0 66.0 255 47.0 66.0 255 47.0 66.0 255 X . . . 15.2427-29
3 0 ) 165 175 32.0 255 0 0 255 by performance versus L/S ratios published in the literature (!3-24:27-29-
9 44.0 53.0 225 31.0 55.0 255 45.0 33.5 255
10 40.0 36.5 185 17.0 31.0 255 31.5 41.5 255 The findings of this work with respect to compressive strength are presented in Figure 2. From
11 27.0 42.0 190 33.5 28.5 255 34.0 51.0 255 . o . . o . . . .
12 41.0 70.0 255 38.0 76.0 255 35.0 45.0 255 Figure 2(a) it is evident that while clearly distinctive and somewhat inconsistent relationships
13 26.0 32.0 135 19.5 23.0 255 18.0 19.0 255 exist for individual mix types (determined by differences in binder types, associated
14 69.5 86.0 255 69.5 86.0 255 69.5 86.0 255
15 0 0 105 0 0 255 0 0 255 geopolymerisation reactions, testing times, experimental variables, etc. used) families of
16 50.0 68.0 255 50.0 68.0 255 50.0 68.0 255
17 0 0 110 0 0 255 0 0 255 generic relationships are identifiable. A proposed normalisation of this observation is presented
18 45.0 106.5 255 33.0 52.0 255 46.5 52.0 255
19 215 24.0 210 26.0 46.5 255 275 41.5 255 in Figure 2(b) for use in future mix design scenarios. Similar normalised relationships for flow
20 21.0 30.0 120 15.0 28.0 255 18.5 19.0 255 versus L/S ratio are presented in Figure 3
21 175 | 255 | 110 7.0 90 | 255 | 55 5.0 255 P gure 2.

*]N/mm?=1mpa=0.145ksi=1454psi
4. MIX DESIGN METHODOLOGY

3.2 Investigation of performance relative to L/S ratio Combining the results presented to this point, a simplistic mix design procedure is proposed

for geopolymer and AA mortar mixes comprising any binder combination of MK/GGBS/FA
While the work presented to this point has demonstrated effects of binder composition on

(see Figure 4). This methodology is obviously reproducible for the other material combinations
performance, all of the mortar mixes used for the work were prepared at a constant L/S ratio

considered. Included in Figure 4 are values of embodied CO2 and 7-day compressive strength
of 0.51. Just as water/cement ratio is the most significant factor determining compressive

for mixes with a L/S ratio of 0.51, as well as generic relationships linking both 7-day
strength development of PC-based materials, it is recognised that liquid/solid ratio acts in the

compressive strength and flow with L/S ratio in the range
same way for geopolymer or AA cement-based materials @V,
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0.30-0.65. In this way, the figure enables estimations of approximate mixture proportions for

specified values of compressive strength and/or flow.

In the example presented, initial mix design requirements include a maximum value of
embodied CO> content (0.15 kgCOz/kg) and 7-day strength (50 N/mm?). Using Figures 4(a)
and (b), the 7-day strength can be estimated for geopolymer cement mortar comprising a
suitable binder combination and L/S ratio of 0.51. In the example shown, a value of 35 N/mm?
is predicted for a 30% MK/50% GGBS/20% FA binder combination. This value can then be
transposed onto Figure 4(c) to enable an estimation of the required L/S ratio to achieve the
required 7-day strength of 50 N/mm?. In the example shown a L/S value of 0.38 is estimated,

leading to an approximate flow value of 260 mm.

It is recognised that by not accounting for other mix design criteria, such as aggregate
size/type/properties and paste/aggregate ratio, this mix design procedure is by no means the
finished article for geopolymer cement mortar/concrete. With that said, provided is a simplistic
provisional methodology enabling rapid estimation of performance for a wide range of low

impact binder material options.
5. CONCLUSIONS AND FURTHER RESEARCH

In this study we have presented a simplistic mix design methodology capable of enabling initial
performance predictions of geopolymer and AA cement mortars incorporating a wide range of
primary and recycled binder components. In so doing, the aim of this research is to help
facilitate an increasing use of high performance, low impact cement mixes in cladding panels
worldwide. Global GRC production totalled approximately 136,500 metric tonnes in 2015.
With a compound growth rate identified as 20.5%, this is predicted to rise to 346,800 metric

tonnes by 2020 ??. Production of PC-based materials to meet this demand would involve the

exists to reduce this by approximately 3330 tonnes per year +%23)_ As such, this research
is timely and has the potential to beneficially impact the environmetal footprint of

cladding-related construction activities.

Moving forward, further research is ongoing to increase the range of source materials and
mix designs investigated. Central composite experimental designs are being employed to
study a broader range of mix design variables and to increase the accuracy of the
methodology. Work will involve studies of setting times; a critical production property
pertaining to precast applications. Investigations to determine why some ternary mixes
lose strength with time will be carried out and further improvements of compressive
strength will be explored via reduced L/S ratios and admixture use. As the mortars
produced in this study are intended to act as a matrix for a fibre reinforced composite,
work will also focus on bond characteristics and bulk behaviour of various binders with
a range of fibre types. As such, research will progress to efficient product designs and

trial- and full-scale cladding panel construction.
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Figure 3. Relationships between flow and L/S ratio for a range of geopolymer cement binder groups
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(a) Relationships based on experimental data
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Example mix design requirements: 1) Max. embodied CO, content = 0.15 kgCO,/kg; 2) 7-day strength = 50 N/mm?

Step 1: Highlight required er ied CO; equi 1ce line on ternary plot (0.15kgCOu/kg in example shown);

Step2: T bodied CO; equivals line on to corr ive strength ternary plot;

9

Step 3: Selectappropriate binder combination (30% MK/50% GGBS/20% FA in example shown) and note
corresponding 7-day compressive strength at L/S ratio of 0.51 (35 N/mm? in example shown);

Step 4: (i) Transpose performance level of chosen binder combination at L/S ratio 0.51 onto generic strength versus L/S
ratio chart; (ii) Plot corresponding strength versus L/S ratio relatienship curve for binder combination chosen;

Step 5: Use plotted curve to identify approximate L/S ratio required to achieve target strength (0.38 in example shown);
Step 6: Repeat steps 4 and 5 to predict approximate flow levels (260 mm in example shown);

Step 7: Undertake trial mixes and adjust propertions accerdingly (not shown on figure).

Figure 4. Indicative mix design worked example
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Appendix 2: Conference paper from YRF 2018 in Newcastle

A critical evaluation of the influence of the liquid to solid (L/S)
ratio on the mechanical properties of novel geopolymer
cements developed to create structural insulated panels

Luke Oakes, Department of the built environment, Ulster University
Dr Bryan Magee, Department of the built environment, Ulster University
ABSTRACT: This project exploits the high strength and fire resistance of geopolymers to create innovative,
cladding systems with integral foamed geopolymer insulation that provide a building’s envelope, thermal
performance and finish; eliminating fire tragedies like Grenfell tower with a lower environmental impact than
current cementitious options. Mortars created will need to provide high strength at low weight to create thin,

lightweight panels that maximise the potential

applications and structural forms. Central composite

experimental design (CCD) is used to identify the optimal L/S ratio for compressive strength development in
novel geopolymer cements based on mixes of metakaolin, GGBS and silica fume activated by only potassium
silicate and will be presented here for the first time. The optimal ratio varied with source material; metakaolin
mixes required significantly higher than GGBS or hybrid mixes. Results confirm a low L/S ratio as vital to high
strength development but this ratio must be high enough to provide sufficient fluidity to allow full binder
dissolution, monomer transport and geopolymer formation to take place. Geopolymer cement is reported to be
highly suitable for precast cladding with 7-day compressive strength of up to 86n/mm?2 at an L/S ratio of 0.394;
many using 100% recycled binders. All mixes tested showed their highest strength when the L/S ratio is lowest
and binder content is highest and its similarity to the water/cement ratio in OPC is confirmed for this data set.
Strength prediction from regression analysis was relatively successful and promising for the future.

1. INTRODUCTION

Modern construction often uses structural steel or
concrete portal frames to hold up the floor, transfer
structural loads to the foundation and provide the
building with rigidity and support. Cladding then
forms the outer skin creating a protected internal
environment with privacy, security, fire protection
and comfort for occupants with massive design
flexibility and a huge range of possible forms
allowing unique, striking aesthetics to be created
(12). Precast concrete cladding is common due to
the intrinsic durability, robustness, high strength and
low cost of its products and the fact that it can create
precise architectural features with an enormous
range of potential surface finishes. Systems can be
structural and load bearing like with reinforced
concrete panels or more commonly self-supporting
and restrained to the frame like glass reinforced
concrete (GRC). Specifying GRC allows design of
thin, lightweight, non-structural cladding elements
with a wide range of surface finishes and shapes.
Structural GRC floors and roofs are also emerging
as problems of static fatigue are mitigated ©G4).
Current systems however have significant
drawbacks such as the extremely high
environmental impact of its component parts.

The building materials sector is the 3rd largest in
terms of carbon emissions providing 10% of the
global total ®) with 50-70% of this from concrete ®).
The average UK concrete mix has embodied
emissions of 0.73kgCO2/kg using 4.5MJ of energy
(M but with GRC this is further increased as the need
for robustness and high-quality surface finishes
necessitate the use of low water/cement ratios, high
cement to aggregate ratios and more expensive
white cement and silica sand ®). 95 % of concrete
emissions are from production, only 5% is from
transportation of raw materials and final products
with 85% of the total from the Portland cement (PC)

component ®). This shows the huge impact that low
impact cements as a replacement for PC could
have. Per Kominitsas (2011) the best way for the
concrete industry to meet its current goal to reduce
1990 CO:2 emissions by a factor of four by 2050
would be to produce geopolymer concrete from
industrial waste materials without emissions to be
allocated. As such, geopolymer cladding panel
systems offer technical, economic and
environmental benefits to the construction industry.
Geopolymer cements can replace the PC in GRC
and improve performance allowing use of thinner,
lighter members due to increased strength (4-hour
and 28-day compressive strength (CS) over 20 and
100 N/mm?2 respectively), fire protection and
chemical resistance coupled with an up to 90%
reduction in carbon emissions and the use of a
100% recycled waste binder. These mortars which
form, cure and gain their strength rapidly in ambient
temperatures by combining user-friendly alkaline
reagents and alumina/silicate based source
materials such as metakaolin or industrial waste
products and water to form a strong, solid matrix like
PC ©. Novel research has attempted to create
geopolymer cladding for building retrofits to improve
aesthetics and thermal performance using phenolic
foam and vacuum insulation, (19. Mortar CS’s of 40
and 84 N/mm?2 at 24 hours and 90 days respectively
are reported and these are used to create 20 mm
thick high-strength geopolymer face sections that
enable U-values of 0.1135 at a total thickness of
120mm (112 A key barrier to adoption of
geopolymers is the lack of a recognised,
performance based mix design methodology that
can produce materials with a specified strength and
workability (13). Many papers discuss mix design but
most study heat cured fly ash or ambient systems
with sodium activation; as such these are of little
relevance to the ambient cured systems activated
with potassium silicate reported on here which

(11.12)_ A key barrier to adoption of geopolymers is the
lack of a recognised, performance based mix design
methodology that can produce materials with a
specified strength and workability (3. Many papers
discuss mix design but most study heat cured fly
ash or ambient systems with sodium activation; as
such these are of little relevance to the ambient
cured systems activated with potassium silicate
reported on here which provide the greatest
potential for embodied CO:2 reductions. Studies
often focus on specific binder materials and mixture
compositions however the wide range of both binder
source materials and alternative activators available
make the applicability of this to geopolymer mix
design as a whole is low (14.15.16)  (14) Attempts to
understand the relative effects of mix design
parameters to predict strength include using single
oxide ratios with the S/A ratio being the most
effective (14 or empirical models based on factors
like the vitreous content of fly ashes or their mean
particle size (19, One used neural networks based
on factors like strength development over time, the
L/S ratio and the activator to binder ratio to predict
resulting strengths with relative success (9.This
report aims to ascertain the exact effect of altering
the liquid to solid ratio on selected geopolymer
cement mortars allowing some prediction of their
strength and to find an optimal level for strength
development while still preserving sufficient flow for
future fibre additions, a smooth, high quality surface
finish and easy compaction to prevent excessive
void area in created products.

2. Experimental methodology

2.1 Materials

Metakaolin (MK) sourced from Imerys UK under the
product name Metastar 501 was selected as the
primary binder due to ease of availability, its
consistent and highly amorphous nature and its
rapid dissolution and geopolymerization at ambient
temperatures (7). MK is mined and fired and while it
has a low environmental impact compared to PC
partially or fully replacing this with industrial waste
products has been shown to significantly reduce this
and provide reduced set times, greater strength or
higher flow. Industrial waste materials used include
GGBS from ECOCEM lIreland under the product
name ECOCEM GGBS and silica fume (SF)
sourced from Elkem under the name Elkem micro
silica. GGBS geopolymers require a much smaller
amount of activator solids, the highest impact
component of a geopolymer mix, and therefore
have lower environmental impact than metakaolin
systems whose lower Si:Al ratio necessitates a
greater amount to be used for full dissolution to
occur ®). SF has been shown in the literature and in
this project to increase the Si:Al of the binder and
provide increased strength development between 7
and 28 days especially at around 20% binder mass.
Geosil activating solution with a potassium silicate
solids content of 45% by mass was sourced from
Woellner and used in all mix designs. Potassium,
rather than sodium, silicate activator was chosen

due to its reactivity and emergence as a cost-
effective solution for geopolymer production (26),
Mortar mixes were studied in this work, with the
lough sand fine aggregate component sourced from
Stanley Emerson & Sons Ltd in Northern Ireland.
Measured chemical compositions and published
embodied CO2 values for the binder materials
considered are given in Table 1 with Portland
cement (PC) for comparative purposes. It is evident
that there are significant variations in major oxide
contents which suggests the ability to garner a wide
range of performance levels and that there are lower
embodied CO2 values for potential binders sourced
as industrial waste.

Table 1: Composition and environmental impact of source
materials used in this study.

Chemical composition (% by
mass) Embodied carbon

el o2 AZOs cao  Fe203 (kgC02/kg)
PC+ 20 46 646 38 0.73 (7)
MK 55 40 03 14 0.33(7)

GGBS 365 104 424 0 0.083(7)
SF 96 0.8 0.5 0.8 0.064++

+ Included for comparative purposes ++Provided by Elkem
2.2 Sample preparation and testing sequence
Samples for CS tests were cast in 50 mm cubes for
24 hours, covered with plastic to ensure uniform
drying conditions then stored in a sealed container
until testing at 7 days in accordance with BS EN
1015-11:1999. Ambient temperatures of 20°C were
provided over this casting and curing period.
Rheology was tested by flow table to BS EN 1015-
3:1999 to ensure sufficient workability and limited
void areas. This specifies a 250mm wide flow table
but this was too small for comparing high flow mixes
and a modified methodology was created using the
same volume of material but a 700mm flow table as
specified in BS EN 12350-5:2000.
2.3 Mix design methodology
A MK-based mortar from earlier research activated
by potassium silicate and shown in table 2 is used
as a base for the study. This base mix was held
constant and replicated with only the binder
composition varied to allow a comprehensive range
of binder combinations to be investigated and a
range of unary, binary and ternary binder blends
created to ascertain the effects of varied binder
composition through partial or total replacement by
mass of the mined, fired and costly metakaolin with
industrial waste materials GGBS, SF, iron silicate
and fly ash. This has been shown to increase
compressive strength and workability of mortars (16)
while also reducing the environmental impact as
shown by the CO2 emissions data in table 1.
Table 2 — Base MK mix design
Material quantities (kg/m?)

L/s Paste to
Binder Activator Water ~ Sand  ratio sand
ratio
542 453 134 1340 0.514 0.843
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Table 2 — Base MK mix design
Material quantities (kg/m®)

s Paste to
Binder Activator Water Sand  ratio sand
ratio
542 453 134 1340 0.514 0.843

Samples showed 7-day CS improvements from the
base mortars 41.6 N/mm2 but at nearly all
replacement levels the flow was extremely high. The
L/S ratio of 0.51 resulted in a large flow variation
across binder types: MK-based mixes required
significantly more water and activating liquids than
fly ash or slag geopolymers for monomer transport
and full dissolution and reorganisation to take place
(13). Four high performing mixes were selected to
identify if some of this excess liquidity could be
traded for increased compressive strength like in
PC based materials. L/S ratio is reported analogous
to the water/cement ratio in PC mix designs and the
most significant factor determining compressive
strength development and flow ('8). Data describing
the relationship of geopolymer strength to L/S ratio
exists in the literature but studies are limited to
specific sets of mainly FA and MK-based mixes and
are unlikely to use only potassium silicate activation
(13,14,19) As such this project attempts to determine
relationships of performance versus L/S ratio with
applicability to a wide range of geopolymer mix
compositions and binder types especially those
from waste sources activated with potassium
silicate.

Face centred CCD mapped the effects on
compressive strength and flow caused by varied L/S
ratios in the fifteen mixes representing all
combinations of three mortar component variables
(binder powder, activator and free water content)
across three levels (-1,0, +1) for each selected
binder blend. Table 3 shows the mass of the
components at each level. Table 4 shows the levels
of each component for the fifteen mix designs.
Correlation analysis of mix variables to 7 -day CS
dictated optimal independent variables for
regression analysis. Parameters considered include
the binder mass, activator solution mass, water
mass, sand mass, activator solids mass, total water
content, activator to binder (A/B) ratio, free water to
activating solution (FW/A) ratio, the free water to
binder (FW/B) ratio, L/S ratio and silica to alumina
ratio. The most deterministic were selected to
optimise the predictive ability given by the
regression output coefficients then comparing
variables such as the adjusted r square, f values, p
values and the significance f allowed the most
accurate prediction of the strength possible from the
data set. Table 4 shows the average error in the
predictive models created for each of the four binder
blends.

Table 3 CCD mix design level data
Blend 1 - 100% MK

Level -1 ] 1

Binder 490 540 590
Activator 400 450 500

Water 100 130 160

Blend 2- 100% GGBS
Blend 3- 80% GGBS,20% SF,
Blend 4-80% GGBS,20% MK,
Blend 5-60% GGBS,20% MK,20%SF

Binder 550 600 650
Activator 400 450 500
Water 70 100 130
Sand Varied for constant volume

Table 4 — Mortar mix designs
Mix Binder Activator Water

1 A A A
2 El 1 El
3 1 1 El
4 1 El El
5 El 1 1
6 1 1 1
7 El El 1
8 1 El 1
9 0 0
10 0 0
11 0 Bl 0
12 -1 0 0
13 1 0 0
14 0 0 Bl
15 0 0 1

3. Results and discussion

Results reported are from binder blend 4 only for
brevity, the others will be presented at the
conference. Figure 1 shows the negative correlation
between 7-day CS and L/S ratio as expected but
different activator and free water contents for those
with similar L/S ratios has increased the variation in
CS illustrated by the low R? value. Using the base
mix design this binder had a 7-day CS of 69.5
N/mm?2.Table Five shows the regression outputs for
each of the five blends and large variation in the
predictive ability of the models for each data set.
The mix variables used for regression in binder
blend four was the binder mass, L/S ratio, S/A ratio,
total water content, FW/A ratio and the FW/B ratio
indicating these are the most important to consider
in performance specification. Predictions made of
the CS achieved for the fifteen samples tested had
an average error of just 2.3% showing the models
strength.

Figure 1 — Compressive strength vs L/S ratio for
Blend 4 -80% GGBS,20% MK

o Average 7 day compressive strength vs L/S ratio

R*=0.4146

Average 7 day compressive
strength (N'mm?)
~
(=]

0.325 0.375 0.425 0.475 0.525
Geopolymer liquid to solid ratio

Table 5 — Regression model

Av.%  Adi. o

error _R? Sig. f
100%MK 3.1 091  1.9x10%
80%GGBS =
RS 59 077  58x10
80%GGBS S
ioats 23 070  9.5x10
60%GGBS
20%MK 127 049  6.9x10°
20% SF

Table 6 — Regression model predictions
20% MK/ 80/% GGBS

’;,Acl,x 7éisay Prediction % Error
74.73 73.56 1.57%

2 69.13 70.20 1.54%

3 86.05 86.51 0.54%

4 82.32 82.64 0.39%

5 67.27 66.46 1.19%

6 79.19 79.53 0.43%

7 71.90 73.60 2.37%

8 79.53 76.75 3.50%

9 77.41 78.36 1.22%

10 73.45 75.85 3.26%
11 71.09 76.15 711%
12 74.80 73.47 1.77%
13 82.46 83.59 1.36%
14 84.85 80.24 5.43%
15 79.19 76.48 3.42%
Average error 2.34%

4.Conclusion

Results confirm a low L/S ratio as vital to high
strength development but this ratio must be high
enough to provide sufficient fluidity to allow full
binder dissolution, monomer transport and
geopolymer formation to take place. Geopolymer
cement is reported to be highly suitable for precast
cladding with 7-day CS of up to 86n/mm2 at an L/S
ratio of 0.394; many with 100% recycled binders. All
mixes tested showed their highest strength when
the L/S ratio is lowest and binder content is highest
and its similarity to the water/cement ratio in PC

while diminished is confirmed. Predicting strengths
achieved from regression slopes has been relatively
successful and shown to have validity for future
study. The predictions made for the fifteen tested
data points of the 80% GGBS/ 20% MK binder blend
shown here had an average error of 2.34%
highlighting this promise.
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ABSTRACT: This paper presents a mix design methodology for geopolymer mortars based on metakaolin and industrial waste
products activated using potassium silicate. The work is aimed at enabling performance-based specification and compressive
strength prediction to drive forward their adoption as an alternative to Portland cement-based mortars used in fibre reinforced
cladding systems. Few studies currently quantify the effects of mix parameters on broad families of geopolymer materials and
no standard mix design methodology exists. Resultant mortars must have high strength to create light, thin panels, have high
flow to enable effective dispersal of reinforcement fibres and as low an environmental impact as possible to maximise the
impact of replacement. For a standard geopolymer mix, the effect of binder composition on mechanical performance and
environmental impact is initially studied using ternary contour maps for a range of material blends. Next, the effects of altering
mixture parameters such as the liquid/solid, silica/alumina and activator/binder ratios are quantified for three binder
compositions identified as having high performance. Finally, correlation analysis is used to identify mix variables strongly
correlating with compressive strength and regression analysis of the most deterministic to create a prediction models.
Geopolymer mortars have been developed with compressive strengths over 80 and 100 N/mm? at 7 and 28 days respectively and
the methodology presented allows design of such mortars by non-experts. Model predictions of compressive strength is shown
to be relatively accurate, with average errors across binder compositions ranging from 2.3-5.8%. Further research expanding the
range of materials and mix compositions is ongoing to advance this innovative methodology further.

KEY WORDS: Geopolymer; Mortar; Metakaolin; Industrial waste; Potassium silicate; Liquid to solid ratio; Mix design;

Compressive strength, Prediction.
1. INTRODUCTION

There is a significant need for change in the way we design,
build and use energy in our buildings. The materials currently
used are struggling to keep up with demands for increasingly
high levels of thermal performance, fire safety and finish to be
achieved with increasingly limited environmental impact,
greenhouse gases and energy allowances. The EU recognise
this and plan to invest around €40 billion a year through
schemes like the €5.9 billion horizon 2020 project by
renovating existing buildings, making construction projects
more sustainable and making all new builds require no energy
from the grid by 2020 [1].

Geopolymer-based materials have the potential to form the
next generation of cladding panel systems with improved
performance over current alternatives such as glass reinforced
concrete (GRC). Geopolymers form, cure and gain strength
rapidly in ambient temperatures by combining water, user
friendly alkaline reagents and alumina/silicate source
materials that are either commercially produced, such as
metakaolin, or industrial wastes, such as slags and ashes. The
result are materials with a strong, durable, solid matrix that
behaves like Portland cement (PC)-based concrete [2]. In
comparison to GRC, geopolymers offer increased strength
(over 20 and 100 N/mm?at 4-hours and 28-days respectively),
and improved fire protection and chemical resistance. This is
coupled with up to 90% reductions in embodied carbon and
the use of a 100% recycled waste binder [3-5]. In this way, the
material has the potential to offer the construction industry

with a novel approach to producing high performance,
lightweight cladding panel systems for buildings.

However, the lack of recognised, performance based mix
design methodologies for geopolymer binder systems
enabling attainment of specified strength and/or workability
presents a major stumbling block to its widespread adoption
[6]. Previous related research focusing on mix design methods
has focussed on single proportioning ratios such as silica/
alumina (S/A), activating solution to binder powder (A/B) or
liquid to solid (L/S); an approach analogous to the
water/cement ratio in Portland cement-based concrete [7]
While other studies have used multiple parameters
synergistically to create empirical formulas and neural
networks to predict strength [8], existing work describing
generic relationships between geopolymer strength and key
mix design parameters is limited; typically focusing on
specific materials such as fly ash-based systems requiring
curing at high temperature and/or sodium based activating
solutions. As such, these methods are of little relevance to
wider groups of geopolymer binder systems and potassium
silicate activation.

Against this background, the aim of this study is to produce a
methodology enabling strength prediction for potassium
silicate activated geopolymer mortars comprising a wide
range of binder combinations and mix parameters. In this way,
the intention is to drive forward the adoption of these systems
as a high performance, low impact alternative to PC-based
materials such as GRC in building cladding components.

EXPERIMENTAL METHODOLOGY
2.1 Materials

Metastar 501 metakaolin (MK) from Imerys UK was used as
the primary binder due its commercial availability,
consistent and highly amorphous nature and its rapid
dissolution and geopolymerization at ambient temperatures
[9]. While MK has a low environmental impact compared to
Portland cement (PC), partially or fully replacing it with
industrial waste products has been shown to significantly
reduce this impact and provide reduced set times, greater
strength or higher flow [7]. The industrial waste materials
used in this study included GGBS from ECOCEM Ireland,
silica fume (SF) from Elkem, fly ash (FA) from Kilroot
power station in Northern Ireland and iron silicate fines from
Aurubis Bulgaria. Iron silicate is a low impact by-product of
copper production and novel in its usage as a geopolymer
source material. GGBS geopolymers require a much smaller
amount of activator solids and, therefore, have lower
environmental impact than metakaolin systems which have
a lower Si:Al ratio necessitating a greater amount to be used
for full dissolution to occur [10]. SF has been shown in the
literature and in this project to increase the Si:Al of the
binder to help with this and provide increased strength
development between 7 and 28 days, especially at around
20% binder mass. Geosil activating solution with a
potassium silicate solids content of 45% by mass was
sourced from Woellner and used in all mix designs.
Potassium, rather than sodium, silicate activator was chosen
due to its reactivity and emergence as a cost-effective
solution for geopolymer production [11]. Mortar mixes were
studied in this work, with the lough sand fine aggregate
component sourced from Stanley Emerson & Sons Ltd.
Measured chemical compositions and published embodied
CO; values for the binder materials considered are given in
Table 1 with PC for comparative purposes.

2.2 Sample preparation and testing sequence

All samples for compressive strength testing were cast in 50
mm cubes, covered with plastic for 24 hours to ensure
uniform drying conditions, then stored in a sealed container
until testing at 7 and 28 days in accordance with BS EN
1015-11:1999. Ambient laboratory temperatures of
approximately 20°C were provided over this casting and
curing period. Rheological behaviour was determined using
flow table testing in accordance with BS EN 1015-3:1999 to
ensure sufficient workability and minimal void creation
when casting. While this method specifies a 250 mm-wide
flow table, this was identified as too small for comparing
high flows created during the binder variation studies. As
such, the flow exhibited by many of the mixes produced in
Phase 1 could not be compared accurately.

3 PHASE I - INFLUENCE OF BINDER COMPOSITION

3.1 Mix designs

From Table 1 it is evident that significant variation exists in
the major oxide contents of the various binder materials
considered, suggesting potential to achieve geopolymer
mixes with a wide range of performance and embodied CO>
levels. To investigate the impact of binder composition in
this regard, a base MK only geopolymer mix with L/S and
paste/sand ratios of 0.51 and 0.84 respectively was initially
developed as part of a preliminary research phase (see Figure
1-a). This mix design was then held constant and replicated
with the principal variation being binder powder
composition, enabling investigation of effects on mortar
compressive strength, flow and environmental impact.
Binder combinations considered included MK/GGBS/FA,
MK/GGBS/SF and MK/GGBS/IS, with a wide range of
unary, binary and ternary binders considered for each by
considering respective binder increments of 20% in the
range 0-100% by mass. By adopting this approach, it was
recognised that performance levels were likely to vary
considerably and potentially beyond limits of suitability.
MK-based mixes, for instance, are reported to require more
liquids than fly ash or slag geopolymers to ensure monomer
transport, full dissolution and reorganisation [6].

3.2 Phase I results and discussion

Plotted in Figure 1 for the MK/GGBS/SF mixes are
contoured ternary graphs illustrating the significant
influence binder powder composition has on geopolymer
mortar strength at 7 and 28 days (Figures 1(b) and (c)).
Plotted at the pinnacle of the ternary plots in Figure 1, the
100% MK mix attained 7 and 28 day strengths of 41.5 and
46 N/mm? respectively. Relative to this, performance levels
ranging from 4-69.5 N/mm? at 7 days and 5-106 N/mm? at
28 days were attained by the various alternative binder
combinations considered. GGBS has been shown to be a
successful replacement for MK in high strength
geopolymers, producing improved strength in binary blends
at all increments of addition to maximums of 85 and 105
N/mm? at 7 and 28 days respectively. All binders exhibiting
strengths over 50 N/mm? comprised at least 20%GGBS,
suggesting the formation of CASH gel as vital to achieving
high strength [9]. Binder blend 20%MK/80%GGBS was
stronger than the 100% GGBS mortar, suggesting that
geopolymer gels and CASH hydration products formed
simultaneously and bonded well together as the latter
expanded into the pores of the former to create a
homogenous microstructure. SF offered significant strength
increases to both MK and GGBS mortars at 28 days, despite
reducing the 7-day strength of these unary blends. From 7 to
28 days the 80%MK/SF and 80%GGBS/SF binary mixes
more than doubled in strength from 19 to 45 N/mm? and 45
to 106 N/mm? respectively, producing the highest
compressive strength measured in the study. As suggested
previously this is likely due to an increase in the amount of
Si-O-Si bonds present in the mix caused by the increasing
silica to alumina ratio.
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Figure 1: (a) Phase I mix design; (b) and (c) 7 and
28-day compressive strength results, and (d)
embodied COz contents, for unary, binary and
ternary binder combinations considered

Also illustrated in Figure 1 is the embodied CO» content of each
MK/GGBS/SF binder combination, with values generally
reducing with corresponding reductions of MK reflecting the
fact that it is commercially mined and calcined, as opposed to
a by-product from other industrial activities. Of particular
significance from the plots presented in Figure 1 is the fact that,
for the geopolymer mortars considered, the improving levels of
compressive strength corresponded with reducing levels of
environmental impact (in terms of embodied CO;). This is
contrary to trends typical of conventional PC-based concrete
mixes. In terms of mortar flow, results varied significantly and
at almost all increments of MK replacement were in excess of
250 mm and, therefore, too high for accurate measurement and
comparison. While this high range was clearly influenced by
the L/S ratio of the base mix used (0.51), the ability of industrial
waste materials to increase flow is a positive finding in terms
of industrial-scale cladding panel production using highly-
flowable, high-strength, low-impact geopolymer materials.

4 PHASE II - INFLUENCE OF MIX PARAMETERS
4.1 Mix designs

While Phase I clearly identified the influence of binder
composition on geopolymer mortar performance, this was
established for one mix design only, with other important and
inter-relating key mix parameters not considered. As such,
three high-performing binder powder blends were selected for
further investigation in Phase II. This included: 100% MK base
mix; 80%GGBS/20%MK and 80% GGBS/20% SF. The latter
two blends were chosen as they achieved the highest strength
at 7 and 28 days respectively from Phase I. As shown in Table
2, a face centred central composite mix design approach was
used to consider three mortar component variables (binder
powder, activator and free water content) across three levels (-
1, 0, +1) for each selected binder blend.

In Phase 1, the L/S solid of 0.51 used provided a wide range of
flow across the different binder types with pure MK
geopolymers exhibiting significantly lower values than hybrid
or GGBS-based blends. This is due to the fact that the MK
geopolymers require higher L/S and A/B ratios than fly ash or
slag geopolymers for full dissolution, monomer transport and
reorganisation to take place. This trend was addressed in Phase
II by lowering the binder mass and increasing water mass for
the 100%MK mixes in order to maximise the potential of
forming homogenous geopolymers. Ranges of binder powder,
activator and free water content considered for the MK mixes
were 490-590, 400-500 and 100-160 kg/m?* respectively, while
for the GGBS/MK and GGBS/SF mixes these were 550-650,
400-500 and 70-130 kg/m?. In this way, the intention was to
further investigate the influence of key relationships presented
in the literature [6-9,12] as significant for geopolymers, such as
S/A, L/S and A/B. For instance, via the variables and ranges
considered as part of the central composite design, values of
A/B and L/S ranged from 0.76-1.02 and 0.46-0.57 respectively
for the 15 MK mixes. Corresponding ratio ranges for the
GGBS/MK and GGBS/SF mixes were 0.62-0.91, 0.35-0.52.

Table 2. Experimental design, 7-day compressive strength results and model prediction errors

. ) . 7-day compressive strength (N\/'mn?) | nodeli errors
. Central composite design variables 0/
Mix Measured Predicted (%)
A B C ]2 | 3 1| 2 3! o2t | 3
1 -1 -1 -1 425] 75 | 48 | 42 [735] 50 | 1.1 [ 1.6 | 45
2 -1 1 -1 42 | 69 535|425 70 [535] 01 | 15 [ 02
3 1 1 -1 58 | 86 | 60 [57.5[865]675| 1 | 05 | 7.7
4 1 -1 -1 - |825]685] - [825]615] - |04 |10.1
5 -1 1 1 100% ME 38 |67.5]385[345[665] 42 | 34 | 1.2 [ 104
6 1 1 1 1 0 1 39 | 79 [ 51 [ 39 [795[535] 1.6 | 0.4 | 49
7 -1 -1 1 A Binder 490 540 500 33 | 72 [345[335[735] 36 | 1.3 [ 24 | 47
3 1 -1 1 B-Adtvalor 400 450 500 - [795445| - [ 77 [475] - [ 35| 61
9 [ 00 o0 C.Freowalcr 100 130 160 42 775|555 | 42 | 785515 07 | 12 | 74
10| 0 1 0 0% GCBS / 20WME 415[73.5 545425 76 [535] 33 [ 33 [ 22
11 0 -1 0 0% GGRBS / 70% SF - 71 52.5 - 76 49 - 7.1 7.4
12 [ -1 0 0 1 0 1 35 | 75 | 505] 38 | 735|455 87 | 1.8 | 9.6
13 1 0 0 A_Bindor 550 600 G50 465825 57 | 48 [835] 57 [ 3.9 [ 1.4 [ 0.1
4 | o 0 -1 BE_Adiator 400 450 300 51 | 85 [525]| 49 | 80 [575| 43 | 54 | 95
5] 0 0 1 CFrowalcr 70 100 130 39 | 79 | 47 |355]765] 45 | 8.1 | 34 | 36

"1: 100% MK; 2: 80% GGBS/20% MK; 3: 80%GGBS/20% SF

4.2 Phase Il compressive strength results

The 7-day compressive strength results achieved by the
geopolymer mortar mixes considered as part of Phase II are
presented in Table 2. As expected, and reflecting the mix
constituent ranges introduced as part of the experimental
design, broad ranges of strength were recorded for each
binder combination investigated. For the MK, GGBS/MK
and GGBS/SF combinations, these were 33.0-58.0, 67.5-
86.0 and 34.5-68.5 N/mm? respectively.

Of the 15 mix compositions considered for each binder
blend, mix 4 was perhaps expected to produce the greatest
compressive strength as it had the lowest L/S ratio, highest
mass of binder powder and the lowest amount of activating
solution and free water. This was provided, of course, that
sufficient activating solids existed in the mix for full
dissolution to occur without leaving unreacted binder to act
as microdefects. Indeed for 100%MK mix 4 (as well as for
mixes 8 and 11), this proved not to be the case, with the
material failing to set and gain any appreciable strength.

Alternatively, all of the GGBS/MK and GGBS/SF mixes
successfully broke down the binder powder and had
sufficient  liquidity ~for —monomer transport and
reorganisation, allowing homogeneous hardened
geopolymer mortar to form in all 15 mix iterations
irrespective of the lower ratio values considered. This
suggests that the amount of activator solids required for
geopolymers based on these industrial waste materials is
significantly lower; as this is the most expensive portion of
a geopolymer mixture from both economic and
environmental standpoints the benefits of partially replacing
the MK with these is obvious.

Average: | 3.1 2.3 5.8

4.3 Relationships between singular mixture proportioning

ratios and compressive strength

As illustrated in Figure 2, work progressed to explore if clear
relationships existed between the strength results obtained
and the aforementioned ratios reported as being significant
for geopolymer mix design (i.e. S/A, L/S and A/B). Figure 2
plots these ratios against the 7-day compressive strength
measured for all 15 mixes considered for the three binder
combinations under investigation.

The S/A ratio of source materials used to create geopolymers
dictates molecular- and nano-scale structures formed, and
theoretically there should be a direct correlation between
silica content and strength due to increasing stronger Si-O-
Si bonds. With that said, owing to other impacting mixture
proportioning parameters optimum levels of S/A reported by
researchers vary [7,12]. In this study however, the influence
of S/A ratio on 7-day strength was not as significant as
previously reported, with R? values of 0.06, 0.28 and 0.07
noted for the MK, GGBS/MK and GGBS/SF mixes
respectively (Figure 2(a)).

L/S in geopolymeric materials (calculated by dividing the
mass of solid materials in the binder and activator by that of
the liquid portion of the activator and free water) is reported
to be analogous to the water/cement (W/C) ratio in PC mix
designs in terms of its impact on properties such as flow and
compressive strength. In PC-based materials, compressive
strength is negatively proportional to W/C. Similar, albeit
varying and diminished relationships were noted for the
three geopolymer binder blends considered (Figure 2(b))
reflecting the probable influence of other key mix variables
not present in PC concrete. The R? values noted in this case
ranged from 0.41-0.72, indicating a more significant
correlation between L/S and strength.
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Figure 2. Geopolymer proportioning ratios vs 7-day compressive strength

Finally, A/B is reported to be one of the most important
factors in the successful design of geopolymer mixes,
enabling full dissolution and reorganisation of the mortar
without defects from unreacted binder powder [8]. As
mentioned previously, three of the 100%MK mortar mixes
(4, 8 and 11) were unable to form geopolymer products
owing to insufficient activator solids in the mix to break
down the binder powder. With no release of silica and
alumina monomers and chemically bound water, dry, sandy
mortars lacking any cohesion or liquidity were formed. All
MK mixes with an A/B ratio less than 0.75, or an activator
solid to binder ratio of 0.34 reacted in this way. While vital
to geopolymer formation, this ratio was found to be of little
relevance in trying to predict strength, with low R? values
ranging from 0.07 to 0.28 (Figure 2(c)).

In conclusion from Figure 2, it can be noted that when the
all principal mix proportioning ratios are varied, none can be
considered in isolation to accurately predict 7-day
compressive strength. Out of the three considered, L/S
emerged as the most significant, albeit with differing
relationships apparent for the different binder compositions
considered.

4.4 Correlation and regression analysis

As the ratios studied above in isolation were found to be poor
predictors for compressive strength, work proceeded to
ascertain if combinations of several mix parameters could be
used synergistically with more success. Firstly, correlation
analysis was carried out to determine which mix parameters
were most closely linked to compressive strength.
Parameters considered include the binder mass (B), activator
solution mass (A), water mass (W), sand mass (S), activator
solids mass (AS), total water content (TW), A/B ratio, free
water to activating solution (FW/A) ratio, the free water to
binder (FW/B) ratio, L/S ratio, and S/A ratio. Independent
variables were then selected from this list to undergo
regression analysis to produce a compressive strength
predicting equation from the intercept and slope coefficients

Table 3. Regression model outputs and parameters

provided for geopolymers mortars at 7 days. Predicted
compressive strength results for the 15 mixes for each binder
blend were then compared to corresponding experimental
results to quantify the success of this methodology.
Comparing outputs such as: adjusted R?; significance f} p
values, allowed the most accurate prediction of strength
possible from the data set. The equation used for
compressive strength prediction is shown below in equation
1, with X1, X2, etc. representing the various mix parameters.

7-day strength = Intercept+(X1* slopeX1)+(X2*slopeX2)... (1)

Table 3 shows the regression outputs and the predictions the
models made for the 15 mix designs created for each of the
three binder blends, and shows the average error in these as
a method of analysing the success of the models. The mix
parameters used for the equation relating to the MK mixes
were binder mass (B), free water mass (W), FW/B and FW/A
and in this way the model was capable of predicting 7-day
compressive strength with an average error of 3.12%, an
adjusted R? value of 0.91 and a statistical significance f of
1.9x10%.

7-day strength = Intercept+(X1* slopeX1)+(X2*slopeX2)... (1)

Table 3 shows the regression outputs and the predictions the
models made for the 15 mix designs created for each of the
three binder blends, and shows the average error in these as
a method of analysing the success of the models. The mix
parameters used for the equation relating to the MK mixes
were binder mass (B), free water mass (W), FW/B and FW/A
and in this way the model was capable of predicting 7-day
compressive strength with an average error of 3.12%, an
adjusted R? value of 0.91 and a statistical significance f of
1.9x10™.

Mix parameters used by model Model outputs

Binder X1 X2 X3 X4 X5 X6 | Adj.R? Sig, £ | Average

error %
100% MK B W FW/A | FW/B - - 0.91 1.9x10 3.1
80%GGBS/20%MK B | FW/A | FW/B | TW | S/A | US 070 | 9.5x10° 23
80%GGBS/20%SF B | FW/A - - - 077 | 5.8x10° 59

As stated previously, the equation described in Equation 1
and Table 3 is only valid for mixes with an activator to binder
ratio high enough to ensure geopolymerisation occurs, and
should not be used at lower ratios. For the GGBS/MK mixes,
independent variables used were binder mass, total water
mass, FW/A, FW/B, S/A and L/S ratios, leading to an
average modelling error of 2.34% and adjusted R? and
significance, f, values of 0.7 and 9.5x107 respectively. For
the GGBS/SF mixes, the singular modelling variable FW/A
ratio produced the most accurate strength predictions
(average error = 5.8%; adjusted R? = 0.77; significance, f =
5.8x10°9).

Prediction of strength using multiple mix parameters for
regression analysis has been relatively successful and shows
promise for future development to improve the accuracy and
significance of the model in the future by expanding the
range of compositions analysed to provide increased data
describing the relationships present.

5 CONCLUSIONS

The goal of the work reported in this paper was to develop
performance-based mix design methodologies capable of
reliably producing potassium silicate-activated geopolymer
mortars — based on MK and a range of industrial by-products
— with specified levels of strength, flow and/or embodied
carbon content. In this way, the broader aim of the work is
to drive forward the adoption of geopolymers as a lower
impact replacement for conventional PC-based building
components such as those manufactured using GRC.

For a given geopolymer mix design (i.e. constant binder,
water and activator contents), the influence of binder
composition on the resulting reactions and corresponding
values of strength gain were found to be significant. High
performance geopolymer mortars were developed,
exhibiting high flow and 7 and 28-day strengths of up to 87
and 106 N/mm? respectively; the latter using a binder system
comprising 100% by-product materials. Indeed, many of the
highest performing mortars investigated had embodied CO»
binder levels around 30% lower than corresponding PC-
based mixes. This is deemed to be a major benefit of
geopolymers, where a broad range of structural performance
levels can be attained using various combinations of, ideally,
locally available, low impact binder materials. Further
improvements to performance are possible for geopolymer
mixes via further adjustments to mixture proportioning
parameters, such as mass of activating solids, as these are the
costly component and levels are unnecessarily high in
binders without MK. While the CO, savings reported in this
paper are modest compared to some published in the
literature, if geopolymer systems were used to replace all
PC-based materials, the theoretical reduction in total global
carbon emission would be approximately 2.1% [13,14].

This study found that the use of single proportioning ratios
was insufficient for accurate strength prediction and that a
wide range of mix parameters have bearing on performance.

Of the single ratios studied, L/S ratio appeared to show the
greatest correlation with strength, albeit that mixes with low
L/S values did not consistently provide the greatest strength
in the mix designs studied. Those with the lowest L/S ratios
often also had the lowest A/B ratio, causing samples to be
unable break down the binder powder sufficiently to form a
homogenous geopolymer without unreacted materials acting
as a microdefect. In MK based mortars, A/B ratios below
0.75 produced dry, sandy mortars with no cohesion due to
the lack of activating solids present causing incomplete
dissolution.

For the various sets of MK-, GGBS/MK- and GGBS/SF-
based geopolymers mixes studied, a suite of regression
models was developed to predict compressive strength at 7
days. With an average prediction error across the binder
combinations considered all below 5.8%, the methods
developed were relatively successful and indicate potential
for future improvements Future research will attempt to
improve predictions by widening the range of mix
parameters and compositions studied to increase the data sets
from which they are made, and seek to develop a single
model suitable for accurately predicting the performance of
any geopolymer binder type.
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Strength prediction and mix design procedures for geopolymer and alkali
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responsible binder systems

This research presents a mix design methodology for geopolymer (GP) and alkali activated
(AA) mortars based on metakaolin and industrial waste products activated using potassium
silicate. The aim is to enable a wide range of mix designs to be specified to given
compressive strength, consistency and environmental footprints to facilitate their adoption as
a Portland cement (PC) alternatives in the construction industry in applications such as fibre
reinforced building cladding systems. The impact of the work is timely as literature
quantifying effects of mix parameters on broad families of GP and AA materials is limited,
and no standardised performance-based methodology exists. Initially, effects of binder
composition on mechanical and environmental properties is presented for a standard GP mix
design using contoured ternary plots for a range of material blends. Next, effects of altering
mixture parameters such as liquid/solid, silica/alumina and activator/binder ratios are
quantified for three selected binder compositions before a preliminary mix design
methodology is presented allowing initial selection of mixture proportions. Finally,
correlation analysis is used to identify multiple mix variables strongly correlating with

strength, and regression modelling used to present predictive tools with average errors <6%.

Keywords: Geopolymer; alkali activated, metakaolin; industrial wastes; mixture design;

performance prediction
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Introduction

There is a significant need for change in the way buildings are designed, constructed and
consume energy. The materials currently used are increasingly unable to meet demands for
levels of thermal performance, fire safety and finish to be achieved with increasingly limited
environmental impact, greenhouse gases and energy allowances (Jones, 2011; Benhelal et al,
2013). In recognition of this, the EU plan to invest around €40 billion a year through schemes
like the €5.9 billion horizon 2020 project focused on renovating existing buildings, making
construction projects more sustainable and making all new builds energy independent by
2020 (European commission, 2014).

To help address this issue, the underlying focus of this research is to investigate and
advance the application of geopolymer (GP)- and alkali activated (AA) cement solutions;
families of materials offering innovative, high-performance and low environmental impact
construction solutions relative to, for instance, existing Portland cement (PC)-based
alternatives. GPs and AAs can be designed to form, cure and gain strength rapidly in ambient
temperatures by combining water, user friendly alkaline reagents and alumina/silicate source
materials that are either commercially produced, such as metakaolin, or industrial wastes,
such as slags and ashes. The result are strong, durable, solid matrices that behave similar to
PC concrete (Zeobond group, 2012). Geopolymers offer the potential for high strength (over
20 and 100 N/mm? at 4-hours and 28-days respectively), fire protection and chemical
resistance. Crucially, this is coupled with up to 90% reductions in embodied carbon relative
to PC-based materials via the use of 100% recycled waste-based binders (Davidovits, 2013;
Banah UK, 2014; Geopolymer Institute, 2016).

Despite these benefits, a key barrier to the widespread industrial adoption of
geopolymer as a replacement for PC is the lack of recognised mixture proportioning
methodologies capable of producing materials with specified performance levels (Lahoti et
al., 2017). Manufacturing geopolymer systems depends on mixing a suitable activator with
one or more alumina-silicate powders. However, deciding the proportions required is not
straight forward. While literature regarding geopolymer cement concrete design exists, the
importance of various mixture parameters on compressive strength has not been fully
quantified, with previous work limited in terms of scope (Lahoti et al., 2017). Previous
related research has focussed on exclusive binder types or combinations and/or single
proportioning ratios such as silica/alumina (S/A), activating solution to binder powder (A/B)
or liquid to solid (L/S); an approach analogous to the

water/cement ratio in PC-based concrete (Aughenbaugh, 2015; Austroads, 2016). The
ratio most commonly reported to directly affect geopolymer concrete mechanical strength
and microstructure is S/A. Other common ratios reported are sodium or potassium to
alumina, water to sodium and sodium to silica. In the majority of cases, existing studies focus
on specific materials such as fly ash-based systems, with empirical models reported to
strongly relate to reactivity, based on the fly ash vitreous content, loss on ignition and mean
particle size (Diaz-Loya et al, 2013; Austroads, 2016). As fly ash systems typically require
curing at elevated temperatures, these methods are of limited relevance to wider groups of
ambient-cured GP/AA binder systems that provide the greatest potential for embodied CO2
reduction (Aughenbaugh, 2015; Timakul, 2015). The vast majority of existing geopolymer
studies use sodium based activating solutions, with very few papers considering potassium
silicate activation (Austroads, 2016). No previous papers considering the use of iron silicate
in geopolymer systems and associated mixture design procedures exist. While selective
existing studies have investigated multiple parameters synergistically to create empirical
formulas and neural networks to predict strength (e.g. Wilson, 2015), existing work
describing generic relationships between strength and key mix design parameters for various
binder types is limited.

Against this background, the aim of this study is to produce simplified, preliminary

mix design methods allowing preliminary proportioning of GP and AA materials. The unique
feature of this work is a methodology enabling strength prediction for potassium silicate
activated mortars comprising a wide range of binder combinations and mix parameters. In
this way, the intention is to facilitate adoption of these systems as a high performance, low
impact alternative to PC-based materials in buildings. The work is presented in three phases.
In the first, the effect of a wide range of binder composition on performance is initially
investigated by holding all other components of a control mix constant. The second phase of
work proceeds to investigate the influence of additional key mixture variables and proposes a
preliminary mix design method based on liquid/solid ratio for a wide range of binder
compositions. In the final phase, the synergistic effects of a more comprehensive suite of
mixture variables is investigated for selective binder compositions and a more robust mixture
proportioning model based on regression analysis, albeit for selective binder compositions, is

presented.
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Experimental methodology

Materials

A range of binder materials was investigated as part of this research to facilitate widespread
national/international adoption of the methodologies presented and beneficial reuse of
prevalent local waste streams. Metastar 501 metakaolin (MK) from Imerys UK was used as
the primary binder due its commercial availability, consistent and highly amorphous nature
and its rapid dissolution and geopolymerization at ambient temperatures (Provis, 2015).
While MK has a low environmental impact compared to PC, partially or fully replacing it
with industrial waste products has been shown to both significantly reduce this impact and
provide reduced setting times and increased strength and flow values (Austroads, 2016). As
such, the industrial waste materials used in this study included: ground granulated
blastfurnace slag (GGBS) from ECOCEM Ireland; silica fume (SF) from Elkem; fly ash (FA)
from Kilroot power station in Northern Ireland; and iron silicate (IS) fines from Aurubis
Bulgaria. Iron silicate is a low impact by-product of copper production and novel in its usage
as a geopolymer source material. GGBS geopolymers require a much smaller amount of
activator solids and, therefore, have lower environmental impact than metakaolin systems,
which have a lower Si:Al ratio necessitating a greater amount to be used for full dissolution
to occur (Komnitsas, 2011). SF has been shown in the literature (Austroads, 2016) to increase
the Si:Al of the binder and thereby provide increased strength development between 7 and 28
days, especially at around 20% binder mass. Measured chemical compositions and published
embodied CO; values for the binder materials considered are presented in Table 1, together
with typical values for PC for comparative purposes.

Geosil, a commercially available activating solution with a potassium silicate solids
content of 45% by mass was sourced from Woellner and used in all mix designs. Potassium,
rather than sodium, silicate activator was chosen due to its reactivity and emergence as a
cost-effective solution for geopolymer production (Davidovits, 2017). Mortar mixes were
studied in this work, with locally sourced lough-dredged sand from Stanley Emerson & Sons

Ltd. used as fine aggregate.

Sample preparation and testing sequence

All samples for compressive strength testing were cast in 50 mm cubes, covered with plastic
for 24 hours to ensure uniform drying conditions and then stored in sealed containers until
testing at 7 and 28 days in accordance with BS EN 1015-11:1999. Ambient laboratory
temperatures of approximately 20°C were provided over this casting and curing period.
Relative workability was determined using flow table testing in accordance with BS EN
1015-3:1999 to ensure minimal void creation when casting. While this method specifies a
250 mm-wide flow table, this was identified as too small for comparing high flows created
during the binder variation studies. As such, the flow exhibited by many of the mixes

produced in Phase I could not be compared accurately.
Results and discussion

Phase I: Influence of binder composition

From Table 1, it is evident that significant variation existed in the major oxide contents of the
various binder materials considered, suggesting potential to achieve geopolymer mixes with a
wide range of performance and embodied COz levels. To investigate the impact of binder
composition in this regard, a base MK only GP control mix with liquid/solid (L/S) and
paste/sand ratios of 0.51 and 0.84 respectively was initially developed as part of a
preliminary research phase. This mix was then held constant and replicated with the
exclusive variation being binder powder composition, enabling investigation of effects on
mortar compressive strength, flow and environmental impact (see Figure 1). Binder
combinations considered in this way included MK/GGBS/FA, MK/GGBS/SF and
MK/GGBS/IS, with full ranges of unary, binary and ternary binders considered for each by
considering respective binder increments of 20% in the range 0-100% by mass. By adopting
this approach, it was recognised that performance levels were likely to vary considerably and
potentially beyond limits of suitability. MK-based mixes, for instance, are reported to require
more liquids than fly ash or slag geopolymers to ensure monomer transport, full dissolution
and reorganisation (Lahoti, 2017).

In terms of mortar flow, results varied significantly for the binder combinations considered
and, at almost all increments of MK replacement, were in excess of 250 mm. As such, flow
rates were generally too high for accurate measurement and meaningful comparison. While
this high range was clearly influenced by the L/S ratio of the base
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mix used (0.51), the ability of industrial waste materials to increase flow was
considered a positive finding in terms of industrial-scale cladding panel production, for
example; a factory-based precast production process demanding high-flow and high-strength
materials.

Based on the mixes considered, Figure 2 presents contoured ternary plots illustrating
the significant influence of binder powder composition on both 7- and 28-day mortar
strength. Represented at the pinnacle of each ternary plot in Figure 2, the 100% MK mix
attained 7 and 28-day strengths of 41.5 and 46 N/mm? respectively. At both 7 and 28 days,
GGBS was proven to be a successful replacement for MK, with respective strengths of 69.5
and 85 N/mm? recorded for the binary 20%MK/80%GGBS combination. Indeed, this binder
blend outperformed the 100%GGBS mortar, suggesting that in these mixes geopolymer gels
and CASH hydration products formed simultaneously, bonding well together as the latter
expanded into the pores of the former to create a homogenous microstructure. While at 7
days (Figures 2a-c), the 20%MK/80%GGBS combination delivered the highest strength of all
combinations considered (69.5 N/mm?), at 28 days this was achieved by the
20%SF/80%GGBS binary blend (106 N/mm?). As suggested previously these performance
levels reflect increasing quantities of Si-O-Si bonds present due to associated increasing
silica to alumina ratios.

In comparison to these maximum binary combinations, similar general trends were
noted from the three ternary plots considered at both 7 and 28 days (MK/GGBS/SF,
MK/GGBS/FA and MK/GGBS/IS), with strengths steadily decreasing as levels of MK and
GGBS were replaced with increasing levels of either SF, FA or IS. While this was perhaps
unexpected given the significant disparity of the chemical compositions of these binders, it
confirmed the dominance of GGBS and MK in resultant geopolymerisation reactions and
performance levels. Overall from Figure 2, it can be seen that compressive strength values
ranged from 4-69.5 and 5-106 N/mm? at 7 and 28 days respectively across the range of binder
combination considered, offering significant performance and mix design flexibility moving
forward.

Overlaid on the 28-day strength ternary plots (Figures 2d-f) are embodied CO2
contents for each binder combination based on published values, enabling both
environmental- and performance-informed decision making. Clearly from these plots,
embodied COz values generally decrease with corresponding reductions of MK; reflecting the
fact that it is commercially mined and calcined, as opposed to a by-

product from other industrial activities. Of particular significance from these combined plots
in Figure 2(d-f) is the fact that, for the binder combinations considered, improving levels of
compressive strength generally correspond with reducing levels of embodied COz. This is

contrary to trends typical of conventional PC-based concrete mixes.

Phase II: Influence of singular mixture proportioning ratios

Mix designs

While Phase I was effective in identifying the influence of binder composition on
geopolymer mortar performance, this was established for one mix design only, with other
important and inter-relating mix parameters not considered. As such, the following three
binder powder blends were selected for further investigation in Phase II: 100% MK base mix;
80%GGBS/20%MK and 80% GGBS/20% SF. The latter two were chosen as they achieved
the highest strength at 7 and 28 days respectively from Phase I. As shown in Table 2, a face
centred central composite mix design approach was used to consider three mortar component
variables (binder powder, activator and free water content) across three levels (-1, 0, +1) for
each selected binder blend.

In Phase I, the L/S solid of 0.51 used provided a wide range of flow across the
different binder types considered, with pure MK geopolymers exhibiting significantly lower
values than hybrid or GGBS-based blends. This is due to the fact that the MK geopolymers
require higher L/S and A/B ratios than fly ash or slag geopolymers for full dissolution,
monomer transport and reorganisation to take place. This trend was addressed in Phase II by
lowering the binder mass and increasing water mass for the 100%MK mixes in order to
maximise the potential of forming homogenous geopolymers. Ranges of binder powder,
activator and free water content considered for the MK mixes were 490-590, 400-500 and
100-160 kg/m? respectively, while for the GGBS/MK and GGBS/SF mixes corresponding
ranges were 550-650, 400-500 and 70-130 kg/m?>. In this way, the intention was to further
investigate influences of the following key relationships presented in the literature (Kim,
2012; Wilson, 2015; Provis, 2015; Austroads, 2016; Lahoti, 2017) as significant for
geopolymers: S/A, L/S and A/B. Via the variables and ranges considered as part of the
central composite design adopted, values of A/B and L/S ranged from 0.76-1.02 and 0.46-
0.57 respectively for the 15 MK mixes. Corresponding ratio ranges for the GGBS/MK and
GGBS/SF mixes were 0.62-0.91, 0.35-0.52.
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Compressive strength results

The 7-day compressive strength results achieved by the geopolymer mortar mixes considered
as part of Phase II are presented in Table 2. As expected and reflecting the mix constituent
ranges introduced as part of the experimental design, broad ranges of strength were recorded
for each binder combination investigated. For the 100%MK, 80%GGBS/20%MK and
80%GGBS/20%SF combinations, these were 33.0-58.0, 67.5-86.0 and 34.5-68.5 N/mm?
respectively. Of the 15 mix compositions considered for each binder blend, mix 4 was
perhaps expected to produce the greatest compressive strength as it had the lowest L/S ratio,
highest mass of binder powder and the lowest amount of activating solution and free water.
This was provided, of course, that sufficient activating solids existed in the mix for full
dissolution to occur without leaving unreacted binder to act as microdefects. Indeed, for the
100%MK mix 4 (as well as for mixes 8 and 11) this proved not to be the case, with the
material failing to set and gain any appreciable strength.

Alternatively, all of the GGBS/MK and GGBS/SF mixes successfully broke down the
binder powder and had sufficient liquidity for monomer transport and reorganisation,
allowing homogeneous hardened geopolymer mortar to form in all 15 mix iterations
irrespective of the lower ratio values considered. This suggests that the amount of activator
solids required for geopolymers based on these industrial waste materials is significantly
lower. As this is likely to be the most significant portion of these geopolymer mixtures from
both an economic and environmental standpoint, the benefits of partially replacing the MK

with these is obvious.

Relationships between singular mixture proportioning ratios and strength

As illustrated in Figure 3, work progressed to explore if clear relationships existed between
the strength results obtained and the aforementioned ratios reported as being significant for
geopolymer mix design (i.e. S/A, L/S and A/B). Figure 3 plots these ratios versus 7-day
compressive strength for all 15 mixes considered for the three binder combinations under
investigation. The S/A ratio of source materials used to create geopolymers dictates
molecular- and nano-scale structures formed and, theoretically, there should be a direct
correlation between silica content and strength due to increasing quantities of stronger Si-O-
Si bonds. With that said, owing to other impacting mixture proportioning parameters such as
L/S or activating solution composition, optimum levels of S/A reported by researchers vary
(Kim, 2012; Austroads, 2016;). In this study,

however, the influence of S/A ratio on 7-day strength was not as significant as previously
reported, with insignificant R? values of 0.06, 0.28 and 0.07 noted for the MK, GGBS/MK
and GGBS/SF mixes respectively.

A/B ratio is reported to be one of the most important factors in the successful design
of geopolymer mixes, enabling full dissolution and reorganisation of the mortar without
defects from unreacted binder powder (Wilson, 2015). As mentioned previously, three of the
100%MK mortar mixes (4, 8 and 11) were unable to form geopolymer products owing to
insufficient activator solids in the mix to break down the binder powder. With no release of
silica and alumina monomers and chemically bound water, dry, sandy mortars lacking any
cohesion or liquidity were formed. All MK mixes with an A/B ratio less than 0.75, or an
activator solid to binder ratio of 0.34 reacted in this way. While vital to geopolymer
formation, this ratio was found to be of little relevance in trying to predict strength, with R?
values ranging from 0.07 to 0.28.

L/S ratio in geopolymer materials (calculated by dividing the mass of solid materials
in the binder and activator by that of the liquid portion of the activator and free water) is
reported to be analogous to the water/cement (W/C) ratio in PC concrete mix designs in terms
of its impact on properties such as flow and compressive strength. In PC-based materials,
compressive strength is negatively proportional to W/C. Similar, albeit varying and
diminished relationships were noted for the three geopolymer binder blends considered,
reflecting the probable influence of other key mix variables not present in PC concrete. The
R2 values noted in this case ranged from 0.41-0.72, indicating a more significant correlation
between L/S ratio and strength.

In conclusion from Figure 3, it appears that no principal mix proportioning ratio can be
considered in isolation to accurately predict 7-day compressive strength. With that said, of
the three considered, L/S emerged as the most significant; albeit with differing relationships
apparent for the different binder compositions investigated. Against this background, the data
presented in Figure 3 was manipulated further in an attempt to investigate and develop
generic relationships of performance versus L/S ratio and to explore its applicability to a
wide range of geopolymer binder types. To this end, further laboratory work was undertaken
to assess flow and compressive strength performance of additional selected representative
binder types across a range of L/S ratios (0.35-0.61). Binder combinations considered in this
way included: 100% MK; 100%GGBS; 80%GGBS/20%MK; and
60%GGBS/20%MK/20%SF. Primary data was additionally supplemented by performance
versus L/S ratios published in the literature
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(Gao et al. 2013; Kumar, 2015; Shivaranjan, 2016; Lahoti, 2017; Guzman-Aponte,
2017). The findings of this work with respect to compressive strength are presented in Figure
4. From Figure 4(a), it is evident that while clearly distinctive and somewhat inconsistent
relationships exist for individual mix types (determined by differences in binder types,
associated geopolymerisation reactions, testing times, experimental variables, etc. used),
families of generic relationships are identifiable. While recognised not to closely fit all
primary and secondary data sets compiled in Figure 4(a), a proposed normalisation of this
observation is presented in Figure 4(b) for use within a preliminary mixture proportioning
methodology. Similar normalised relationships for flow versus L/S ratio are presented in

Figure 5(a&b).

Simplified preliminary mix design methodology
Combining the results presented to this point, a simplistic mix design procedure is proposed
for geopolymer mortar mixes comprising any binder combination of MK/GGBS/FA (see
Figure 6). This methodology is intended to be reproducible for the other material
combinations considered. Included in Figure 6 are values of embodied CO> and 7-day
compressive strength for mixes with L/S ratio of 0.51, as well as generic relationships linking
both 7-day compressive strength and flow with L/S ratio in the range 0.30-0.65. In this way,
the figure enables estimations of approximate mixture proportions for specified values of
compressive strength and/or flow.

In the example presented, initial mix design requirements include a maximum value
of embodied CO; content (0.15 kgCO2/kg) and 7-day strength (50 N/mm?). Using Figures
6(a) and (b), the 7-day strength can be estimated for geopolymer cement mortar comprising a
suitable binder combination and L/S ratio of 0.51. In the example shown, a value of 35
N/mm? is predicted for a 30%MK/50%GGBS/20%FA binder combination. This value can
then be transposed onto Figure 6(c) to enable an estimation of the required L/S ratio to
achieve the required 7-day strength of 50 N/mm?. In the example shown, a L/S value of 0.38
is estimated, leading to an approximate flow value of 260 mm. It is recognised that by not
accounting for other mix design criteria, such as aggregate size/type/properties and
paste/aggregate ratio, this mix design procedure is by no means the finished article for
geopolymer cement mortar/concrete. With that said, provided is a simplistic provisional
methodology enabling rapid estimation of performance for a wide range of low impact binder

material options.

Phase I11: Synergistic influence of multiple mixture proportioning ratios
While the mixture proportioning method presented in Phase II was capable of providing
preliminary mixture proportions for a variety of GP/AA materials, its limitations were
recognised given the method’s sole reliance on L/S ratio as a predictor of performance. As
such, work in this phase proceeded to ascertain if combinations of several mix parameters
could be used synergistically with more success. Based on the 7-day compressive strength
results presented in Table 2, correlation analysis was initially carried out to determine mix
parameters most closely linked with performance. Parameters considered included binder
mass (B), activator solution mass (A), free water mass (FW), sand mass (S), activator solids
mass (AS), total water content (TW), A/B ratio, free water to activating solution (FW/A)
ratio, free water to binder (FW/B) ratio, L/S ratio and S/A ratio. While the aim at the outset
was to generate a generic model capable of predicting the performance of any binder
combination, this was found not to be possible within acceptable limits of accuracy. As a
result, independent variables were identified from the above list for each binder combination
considered (100%MK; 80%GGBS/20%MK; and 80%GGBS/20%SF) separately. Strength
prediction models were then generated for each based on intercept and slope coefficients
generated from related regression analysis. Predicted compressive strength results for the 15
mixes for each binder blend were compared to corresponding experimental results to quantify
the modelling accuracy. Comparing outputs such as adjusted R?, significance, f and p values,
allowed the most accurate prediction of strength possible from the data sets available.
Results from this analysis are presented in Table 3, which shows modelling
parameters and predictions for each of the three binder blends. For the 100%MXK-based
model, for instance, the key mix parameters identified included binder mass (B), free water
mass (FW), FW/B and FW/A. Based on these, 7-day compressive strength predictions were
possible with an average error of 3.12%, adjusted R? value of 0.91 and statistical
significance, f of 1.9x10. In comparison, for mixes comprising 100%GGBS/20%MK,
modelling parameters used included binder mass, free water mass, FW/A, FW/B, S/A and
L/S ratios, with an average modelling error, adjusted R? and significance, f, value of 2.34%,
0.7 and 9.5%107 respectively. For the 100%GGBS/20%SF mixes, the singular modelling
variable FW/A ratio produced the most accurate strength predictions with average error,

adjusted R? and significance, f values of 5.8%, 0.77 and 5.8x10° respectively.
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Based on these findings, regression analysis of multiple mix parameters has provided
a novel approach for AA/GP strength predictions; albeit that the models presented in Table 3
are only valid for mixes with activator to binder ratios appropriate to ensure full
geopolymerisation. Moving forward, future development is clearly required, however, to
improve model accuracy and significance by expanding their remit to encompass broader

ranges of binder compositions.

Conclusions

The goal of the work reported in this paper was to develop mix design methodologies capable
of reliably producing potassium silicate-activated geopolymer mortars — based on MK and a
range of industrial by-products — with specified levels of strength, flow and/or embodied
carbon content. In this way, the broader aim of the work was to facilitate adoption of alkali-
activated and geopolymer cement systems as low impact replacements for conventional PC-
based building components.

For a given geopolymer mix design (i.e. constant binder, water and activator
contents), the influence of binder composition on the resulting reactions and corresponding
values of strength gain has been shown to be significant. High performance AA and GP
mortars were developed, exhibiting high flow and 7 and 28-day strengths of up to 87 and 106
N/mm? respectively; the latter using a binder system comprising 100% by-product materials.
Indeed, many of the highest performing mortars investigated had embodied COz binder levels
around 30% lower than corresponding PC-based mixes when the activating solution is taken
into account. This is deemed to be a major benefit of geopolymers, where a broad range of
structural performance levels can be attained using various combinations of, ideally, locally
available, low impact binders. Further improvements to performance are possible for
geopolymer mixes via further adjustments to mixture proportioning parameters, such as the
mass of activating solids, as these are the costly component and levels are unnecessarily high
in binders without MK. While the COz savings reported in this paper are modest compared to
some published in the literature (Davidovits, J (b) 2013), if geopolymer systems were used to
replace all PC-based materials, the theoretical reduction in total global carbon emission
would be approximately 2.1% (Jones, 2011; Benhelal, 2013).

This study confirmed that the use of single proportioning ratios is not the optimum approach
for accurate strength prediction and that combinations of mixture design parameters can have
a bearing on performance. Of the single ratios studied, L/S

ratio appeared to show the greatest correlation with strength, albeit that mixes with
low L/S values did not consistently provide the greatest strength in the mix designs studied.
Those with the lowest L/S ratios often also had the lowest A/B ratio, causing samples to be
unable break down the binder powder sufficiently to form a homogenous geopolymer without
unreacted materials acting as a microdefect. In MK based mortars, A/B ratios below 0.75
produced dry, sandy mortars with no cohesion due to the lack of activating solids present
causing incomplete dissolution.

For the various sets of MK-, GGBS/MK- and GGBS/SF-based mortar mixes studied,
a suite of regression models was developed to predict compressive strength at 7 days. With
average prediction errors across the binder combinations considered below 5.8%, the
methods developed were relatively successful and indicate potential for future improvements.
Future research will focus on improving predictions by widening the range of mix parameters
and compositions studied and increasing the data sets on which they are based. The ultimate
aim is to develop a single model suitable for accurately predicting the performance of any

geopolymer binder type.
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Table 1. Composition and environmental impact of source materials used in this study

. Chemical composition (% by mass) Embodied carbon
Material 6,6, ALO, | CaO |Fe0s |  (keCO./kg)
PC 20 4.6 64.6 3.8 0.73"
MK 55 40 0.3 1.4 0.33*
GGBS 36.5 10.4 42.4 0 0.083*
SF 96 0.8 0.5 0.8 0.064"
FA 57 24 39 6 0.008*
IS 27 3.2 1.8 46 0.057+

“ Jones, C. (2011); **Values provided by Elkem and Aurubis

Table 2. Phase II experimental design methodology and resultant 7-day strength results

Mix Central composite design variables 7;:323;;;?55:22;;

Binder combination: *
A|B|C —

Jioe 1 2 3

I [-1]-1]-1 RN 425 | 75 48
2 -1 -1 '-. 42 69 53.5
3 1 1 |-1 - < 58 86 60
4 1 ]-1]-1 o - 82.5 68.5
5 -1 1 1 100/0}\;"( 0 1 38 67.5 38.5

6 |1 I |”A Binder 490 540590 39 79 51
7 |-1]-11 1 |7B Activator __400 450 500 33 72 34.5
8 | 1 ]-1]1 |"C Freewater 100 130 160 - 79.5 | 445
9 0 0 42 77.5 55.5
10 0 1 0 80% GGBS / 20%MK 41.5 73.5 54.5
11 0O[-1]0 80% GGBS /20% SF - 71 52.5
12 |[-1] 0] 0 -1 0 1 35 75 50.5

13 10| 0 |_A Binder 550 600 650 46.5 82.5 57
14 0| o | -1|_B.Activator 400 450 500 51 85 325

15 0 0 1 C. Free water 70 100 130 39 79 47

*1: 100%MK; 2: 80%GGBS/20%MK; 3: 80%GGBS/20%SF

258



Table 3. Regression statistics and formulas

Key modelhr%g eql.latlon Coefficients t Stat P-value
parameters identified
Binder 1: 100%MK
Intercept -94.36 -2.31 5.413x107
Binder 0.3073 3.981 5.317x107
Free water (FW) -1.046 -3.26 1.385x1072
Free water/ Binder (FW/B) 459.03 2.738 2.899x1072
Free water/Activator (FW/A) -13.51 -0.48 6.466x10°"!

7-day strength =
-94.36 + (Binder*0.3173) + (FW*-1.046) +
(FW/A*-13.51) + (FW/B*459.03)

Adjusted R® = 0.91
Significance, f=1.9x107
Average error = 3.1%

Binder 2: 80%GGBS/20%MK

Intercept -33.88 -0.15 8.844x10°!
Binder 0.4905 1.717 1.244x10!
Total water (TW) -280.4 -2.11 6.823x1072
Free water/Binder (FW/B) -1153 -2.23 5.631x107
Free water/ Activator (FW/A) -0.7 -1.42 1.927x10!
S/A ratio -168.8 -2.6 3.156x107
L/S ratio 2554 -2.412 4.235x1072

7-day strength =

-33.88 + (Binder*0.4905) + (TW*-280.4) + (FW/B*-
1153) + (FW/A*-0.7) + (S/A*-168.8) + (L/S*2554)

Adjusted R> = 0.70
Significance, f= 9.5x107
Average error = 2.3%

Binder 3: 80%GGBS/20%SF

Intercept 5.3752 0.343 7.373x10"!
Binder 0.1117 4.431 8.195x1073
Free water/Activator (FW/A) -94.54 -5.41 1.572x1073

7-day strength =

5.38 + (Binder*0.1117) + (FW/A*-94.54)

Adjusted R> = 0.77
Significance, f= 5.8x107

Ave

rage error = 5.9%

Material quantities (kg/m®)
; ; L/S Paste/sand
Binder | Activator | Water | Sand | ..o ratio
542 453 134 | 1340 | 0.514 0.843
Mix | Binder composition: (% by mass)
no. | Binder A | Binder B | Binder C
1 0 100 0
2 0 80 20
3 20 80 0
4 20 60 20 Mis| [Mixd |vind] «—
i X X ix Binder B
5 0 60 40 Binder C oz g o
o N i ol i ] i
Mix 7| |Mix9| Mix 10| [Mix 8
; 600 jg 600 % — % 04
9 20 40 40 [Mix 14] [Mix12] [Mix 11] [Mix 13] [Mix 15]
0.8 . . ¥ 0.2
10 40 40 20
1 20 20 20 [Mix 16] [Mix 18] [Mix 19] [Mix 20] [Mix 21] [Mix 17]
1 ———F———F——F——¥F— o0
12 20 20 60 0 02 0.4 0.6 0.8 1
13 60 20 20
14 0 20 80 Binder A /*
15 80 20 0
16 0 0 100 Binder combination:
17 100 0 0 A B C
18 20 0 80 Fly ash MK GGBS
20 60 0 20 Iron Silicate | MK GGBS
21 80 0 20

Figurel. Phase I mix design methodology
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Primary data

Sucondary data

900 a0
[~ » 100%GGBS 0.0 | %0
2 0% GOBS/20% MK
@ 60% GEHS/70% MKIT0% SF < 100 7 o T
E
o 100%MK E E
- Z oo =60
= =
_ 2 B
= 100X GGES (Shivernjm, 2016) B 554 | » Eo
O 100% MK (Gao, 2013) = 2
© 35% GGBS/65%FA (Kemm,2016) B 400 - £ a0
E
L @ 100% MK (Gezmun_Aponte, 2017)  § &
300 - 30
— Bwperimental data rend Bnes
— - - Proposed genesic mend Enes 200 20
100 T T T T T T T 10
025 030 035 040 045 050 055 060 065 025 030 035 040 045 050 055 060 065
Gegpolymer L/S ratin Geopdymer LS mtic
Figure 4. Relationships between 7-day strength and L/S ratio for various binder combinations
450 450
400 400
< ©100% GGBS
% 080% GGBS 20% MK
=
g @60% GGBS/20% MK/20% SF 350 350
< @100% MK
E H
< 300 3 300
—— Experimental data trend lines E f
---- Proposed generic trend lines
250 250
200 200
150 150 -

030 035 040 045 050 0.55 0.60 0.65
Geopolymer /S ratio

0.30 035 040 045 050 055 0.60 0.65

Geopolymer LS ratio

Figure 5. Relationships between flow and L/S ratio for various binder combination

CO, emissions kgCO,/kg 7-day compressive strength (N/mm?2)

(L:S ratio = 0.51) (L:S ratio = 0.51)

~
E
£
=
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=
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E
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Example mix design requirements: 1) Max. embodied CO, content = 0.15 kgCO,/kg; 2) 7-day strength = 50 N/mm?

Step 1:
Step 2:
Step 3:

Step 4:

Step 5:
Step 6:
Step 7:

Highlight required embodied CO, equivalence line on ternary plot (0.75 kgCO/kg in example shown);
Transpose embodied CO, equivalence line on to compressive strength ternary plot;

Select appropriate binder combination (30% MK/50% GGBS/20% FA in example shown) and note
corresponding 7-day compressive strength at L/S ratio of 0.51 (35 N/mm? in example shown);

(i) Transpose performance level of chosen binder combination at L/S ratio 0.51 onto generic strength versus L/S
ratio chart; (ii) Plot corresponding strength versus L/S ratio relationship curve for binder combination chosen;

Use plotted curve to identify approximate L/S ratio required to achieve target strength (0.38 in example shown);

Repeat steps 4 and 5 to predict approximate flow levels (260 mm in example shown);

Undertake trial mixes and adjust proportions accordingly (not shown on figure).

Figure 6. Indicative mix design worked example
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