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Abstract  

The ambition of this research was to develop composite building products which 

utilise  a locally sourced, natural material in the form of alginate  - a biopolymer 

derived from macro -algae. Two case study materials were included as part of the 

project: unfired clay bricks, where the alginate was used as a stabili sing additiv e, and 

an alginate-based insulation, which was proposed as an alternative to 

petrochemical-based foams or silica aerogels. For both materials, a series of 

prototypes were produced and characterised in order to investi gate the role of the 

alginate source and chemical composition on the properties of the final  material.   

The results demonstrated that the source and composition of the alginate can have 

an important influence o n the propert ies of the two proposed products. For the clay 

bricks, improvements in mechanical strength were found to be dependent upon the 

alginate source and the composition of the soil. The greatest increase in compressive 

strength equated to 2.5 times that of the equivalent control specimen and was 

achieved using an alginate sourced from the Laminaria Hyperborea  seaweed. 

Increases in the alginate dosage did not necessarily lead to an increase in strength 

suggesting that there is an optimum concentration  at which strength improvement is 

most effective. For the aerogel product , whilst all of the biopolymers tested offered 

an improvement over the control sample, again the results confirmed  that the type 

of alginate used has a significant influence on the physical properties of the 

composites. Although  alginate variables are not typically considered in the existing 

literature, this study has demonstrated that there may be significant variations in 

the quality of specimens produced using alginate from different sources.  It was also 

concluded that, for both of the proposed products, larger prototypes should be 

analysed in order to facilitate  direct  comparison with other buildings materials.  
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1. INTROD UCTION  

1.1. Sustainability in the Construction Industry  

Buildings play  a significant part in global society, providing shelter and comfort for 

the occupants as well as providing a physical representation of the technological 

development of mankind. In  a growing population where an estimated 8.5 billion 

people will be living on the planet by 2030 (DESA, 2015), the demand for new 

buildings is set to increase. However, in recent decades, the construction industry 

has been at the forefront of scrutiny regarding not only the large quantities of 

natural resources which it is responsible for consuming but also the way in which 

theses resources are utilised. The act of building directly intervenes in natural 

systems and can have a detrimental effect upon the global biosphere by affecting 

hydrological cycles, exhausting finite materials, destroying habitats and generating 

tonnes of solid waste which cannot easily be returned to the ecosystem (Wernick and 

Ausubel, 1995). At present, the building industry is respon sible for extracting vast 

amounts of the Earthós natural capital in a manner which is not only energy 

intensive but often involves re-manipulating raw materials into new static forms 

which break the otherwise naturally occurring cycles of energy and resources. 

Construction and civil  infrastructure in fact account  for 60% of all raw materials 

consumed on the planet (Bribián et al., 2011) while  buildings specifically use 

approximately 40% of global energy as well as contributing to around a third of 

Greenhouse Gas (GHG) emissions (Costa et al., 2013). The cement industry in 

isolation has been reported to account for 5 to 7% of total CO2 emissions (Benhelal et 

al., 2013). At a national level, the UK has also identified the construction industry as 

the largest consumer of resources (Howard, 2000) . This includes the annual 
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consumption of over 420 Mt of materials and the emission of 29 Mt of CO2 

(Hammond and Jones, 2008) . Additionally, during both their construction and use, 

buildings account for approximately 50% of nati onal energy use and water 

consumption as well as generating a third of landfill waste (DBERR, 2008) .  

Following the outcomes of the Kyoto Proctocol  (UN, 1997), legally binding targets to 

reduce GHG emissions have been established. The European Union (EU) for 

example has made commitments to increase overall energy efficiency by 20% as well 

as reduce GHG emissions by 20% compared to 1990 levels by 2020 (European 

Commission, 2010) with a longer term goal of a reducing GHG emissions by at least 

80% by 2050. This will have a significant impact on the way that buildings of the 

future will be designed, requiring new considerations of how energy and resources 

are utilised across all stages of the building life cycle.  

In addition to these energy and CO2 based targets, it is also important to ensure that 

buildings of the future provide safe, healthy and cost-effective habitats. There have 

therefore been increasing efforts to align the construction industry with broader 

sustainable development goals. Today the most commonly cited definition of 

sustainability, as described in Brundtland Commission Report, proposes that 

sustainability can only be achieved by acknowledging the complex relationships 

between environmental, social and economic factors and by considering both our 

current needs and the needs of future generations (Brundtland, 1985) . This 

philosophy therefore extends beyond the reduction of CO2 emissions and improved 

energy efficiency. Kibert ( 1994) defines sustainable construction as the creation of a 

healthy built environment using ñresource-efficient, ecologically based principlesò. 

Hill and Bowen (1997) further outline the ófour pillarsô of sustainable construction 

which include social, economic, biophysical and technical sustainability, all of which 
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need to be considered throughout the building ôs life-cycle. In other definitions, 

specific criteria such as reducing energy consumption, minimising the use of non-

renewable resources and conservation of the natural environment  are also described 

(CIB, 1999). Despite these variations in the definit ion of sustainable construction, 

there is agreement on the fundamental aim of reducing the detrimental  

environmental impacts of the construction industry . 

 

1.1.1. The Role of Building Materials  

Materials form the physical fabric of a given structure and consequently  play an 

important role in the structural performance and durability of any  building . There is 

also an associated energy and resource footprint for all materials which can vary 

drastically depending on the raw materials  consumed as well as the processing 

methods and transportation required. Material selection also has an impact on 

operational aspects such as indoor air quality, thermal comfort, acoustic buffering 

and fire protection . In recognition of the importance of material selection  on the 

overall environmental performance of a building , more recently focus has been 

placed on whole life-cycle design which considers the impacts of the materials used 

over the entire life span of the building. This has been facilitated by the introduction 

of standardised Life Cycle Assessment (LCA) through ISO 14040: 2006 . This ócradle 

to graveô approach in building design requires consideration of the operational phase 

as well as the embodied energy required to manufacture, transport, maintain and 

dispose of all the components. It should be noted that an interesting shift is also 

occurring regarding the balance between operational and embodied energy in 

buildings. While in re cent decades operational energy consumption, including 

heating, cooling, lighting, and appliances has accounted for up to 90% of a buildingôs 
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energy consumption over its lifespan (Boyle, 2005), as efforts to improve energy-

efficiency and operational performance increase in line with legislative targets 

(European Commission, 2010), the role of the embodied energy is likely to become 

much more significant  (Thormark, 2002 ; Sartori and Hestnes, 2007; Fouquet et al., 

2015). In this sense, those involved in the design process have an important role to 

play in selecting appropriate materials and understanding the ir  whole-life cycle 

impacts. 

As further evidence of the increasing importance of material selection, 

environmental policies and regulations  for  construction products  are also 

continuall y being developed. For example the Construction Products Regulation  

(Official Journal of the European Union, 2011)  published in 2011 to replace the 

previous Construction Products Directiv e (Official Journal of the European Union, 

1989), aims to harmonise the assessment methods used to determine environmental 

performance. This allows for easier comparison between similar products on the 

European market as well as requiring manufacturers to declare the known 

environmental impacts. A series of technical standards (CEN TC 350) are also being 

developed for both individual products and whole building s. This includes 

Environmental Product Declarations  (BSI, 2012a) which require an assessment of 

Global Warming Potential (GWP)  and Abiotic Depletion Potential (ADP) ,  including  

assessments of energy resources used, water consumption and options for waste 

disposal and recycling. These declarations are valid for 5 years and are intended to 

make the environment impacts of building materials more apparent as well as 

helping manufacturers to identify elements of the production process whic h can be 

improved upon.  The Building Research Establishment (BRE) has also developed an 

assessment methodology for building materials (BRE, 2008) , again based on LCA, 



 Chapter 1 - INTRODUCTION  

 

5 | P a g e 

and has incorporated this into the Green Guide to Specification which allows 

designers to make comparison between similar materials or systems. In this case the 

materials are categorised based on function (walls, floor, roof etc.) and then rated 

from A+ to E. Overall these assessment tools are helping to increase the level of 

consideration given to the environmental performance of construction materials.  On 

the producersô side, this evaluation process can also identify  the parts of the 

production process which are most harmful and facilitate further improvements . It 

can also potentially give products which are less harmful to the environment a 

competitive advantage. For the consumer, this increased transparency and 

availability of comparable data can also assist in decision making, allowing for more 

informed choices to be made whilst also helping designers to meet the increasingly 

stringent environmental targets required for buildings.  

 

1.1.2. The U se of Biopolymers in Construction  

Biopolymers are polymeric substances which are derived from natural sources, the 

majority being carbohydrates from plant and algal feedstocks. Carbohydrates, which  

are molecules consisting of carbon, oxygen and hydrogen,  represent half of all the 

organic carbon in the world and polysaccharides (polymeric carbohydrates) 

constitute over 90% of these compounds (BeMiller, 2000) . As such, polysaccharides 

are readily available materials which can be obtained from renewable sources and 

have been adopted by humans in a wide range of applications including agriculture, 

the food industry, textile and paper manufacturing as well as more recent 

developments like biomedical materials and bio-plastics (Nussinovitch, 1997). The 

use of biopolymers specifically in building materials is not a new concept and in fact 

such organic materials were used widely during the Roman era where locally 
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available natural products would be used to enhance the properties of concrete and 

masonry materials (Plank, 2005; Quagliarini and Lenci, 2010) . Even today 

biopolymers li ke lignosulphonate and derivatives of starch and cellulose are used in 

concrete admixtures, mortars and grouts , paints and oil well drilling fluids (Plank, 

2005;  Vieira et al., 2005) . However, with increasing efforts to improve the 

environmental impact s of building materials and r educe the consumption of finite 

resources, the idea of utilising renewable bio-based components in buildings is now 

being revisited (Christian and Billington, 2009;  Francese et al., 2013). Insights into 

biology and examinations of materials in the natural world are also inspiring  the 

development of novel building products (Pacheco-Torgal and Labrincha, 2014).  

Biopolymers in particular have a number of potential advantages which make them 

attractive as components in composite materials. This includes the fact that they are 

mainly sourced from renewable plant -based resources, many of which can be viewed 

as CO2 stores and, when sourced from non-terrestrial sources such as algae, they do 

not compete with arable land for food production. Furthermore, biopolymers are 

usually non-toxic and have more desirable óend-of-lifeô disposal options than 

conventional fossil fuel derived polymers (Vilaplana et al., 2010). All of these 

properties are highly beneficial in considering whole -life cycle design and the drive 

to develop low carbon, healthy buildings.  

 

1.2.  Research Motivations  

In addition to the more general incentives within the construction industry to 

improve the environmental performance of buildings and building materials , a more 

specific driving force for the project stemmed from the projectôs industrial partner, 
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Marine Biopolymerôs Ltd (MBL) . The company are currently developing an 

innovative alginate processing technique and aiming to reintroduce a lginate 

production to the west coast of Scotland. An initial pilot plant has been established 

in Ayr, ahead of a full scale processing factory which will be located in the 

Barcaldine, near Oban (D. MacInnes, July 2015, pers. comm.). MBL  were therefore 

keen to consider alternative output markets for their evolving product range  and 

became interested in a study conducted jointly between the University of Strathclyde 

in Glasgow and the University of Seville in Spain  involving the use of alginate as a 

binder i n clay bricks (Galán-Marín et al., 2010). These initial experiments showed 

some promising results however there were still some unanswered questions 

regarding the importance of any alginate variables. MBL therefore wanted to 

investigate the role of the alginate, not only within a masonry product but also in 

other contemporary construction applications.  

Although the majority of  research regarding applications for alginates relates to 

pharmaceutical, medical and food-based industries, there are some examples of 

alginate compounds being utilised within the field of construction. A review of these 

potential uses can be found in an unpublished Masterôs thesis (Dove, 2012) where 

they are broadly divided into 5 categories: i. masonry products, ii. timber products, 

iii.  plastics and composites, iv. fibres and textiles and  v. paints and coatings. A 

summary of theses existing studies is provided in Table 1-1. 

In reviewing the possible uses for alginate in construction applications, it became 

evident that this particular biopolymer is highly versatile and the potential 

applications are numerous. Given the limited timesc ale of this project, it was 

however deduced that only 2 products would be investigated in order to focus the 

investigation.  
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 Table 1-1: Use of Alginate in Construction  

 Product  Function  Ref.  

M
a

s
o
n

ry
 

Concrete 
Metal -alginate colloid coating which is used to 

make the concrete resistant to alkali and 
magnesium sulphates 

(Erdahl, 1922) 

Concrete 

(lightweight)  

Alginate spheres are uniformly dispersed 
through the concrete mixture to create a 

porous structure. Alternative to air -
entrainment agents or lightweight aggregates 

(Merton, 1964) 
(Glenn et al., 

1998). 

Concrete Alginate is used as an admixture which 
control s the viscosity of the concrete 

(Chan et al., 1999) 

Unfired Clay 

Bricks 

Alginate, in combination within lignin and 
natural or synthetic fibre s is used as a binder to 

improve the strength of the bricks.  

(Galan-Marin et 
al., 2012; 2013; 

Rivera-Gómez et 
al., 2014) 

T
im

b
e
r

 

Timber 

Preservative 

Sodium-alginate coatings are used to improve 
the durability by reducing moisture loss and 

prevent surface checking 

(Wallis, 1970) 
(Harrison, 1968)   
(Rice et al., 1988) 

Timber 

Preservative  
Uses alginate compounds in a Combined 

Impregnation Processes wood preservative 
(Liibert et al., 2011) 

Timber 

Preservative 

Uses a ónano-zincô preservative as a means of 
protecting timber from fungal decay, using a 

solution of zinc acetate, NaOH and alginic acid 
(Bak et al., 2012) 

Fire 

protection 

coating 

Describes a process for treating wood lumber 
with sodium alginate in order to improve heat 

and flame resistance 
(DeBrouse, 2013) 

P
la

s
ti
c
s
 &

 C
o

m
p
o

s
it
e
s

 

Transparent 

Plastic 

Describes a solid, transparent material 
produced by heating a metal-alginate 

compound 
(Edwin, 1949). 

Insulation  

Foam 

Describes grains of alginate foam combined 
with a binding matrix which can be moulded 

into a lightweight composite.  

(Appleton et al., 
1946) (Plesch and 
Cefoil Ltd., 1947) 

Insulation  

Foam  
Uses alginate in combination with clay 

minerals to produce a composite aerogel foam 

(Ohta and 
Nakazawa, 1995) 

(Chen et al., 2012) 

Wood 

composites 

Describes a wood-fibre pressed board, utilisi ng 
either sawdust, wood chips or strands, 

combined with an alginate-based binder  
(DeBrouse, 2013 

F
ib

re
s
 &

 
T

e
x
ti
le

s
 Insulation 

Batts 

Describes alginate and cotton or lace yarns 
where the alginate acts as a temporary scaffold 

which could be used to for  insulation batts  

(John and 
Norman, 1946) 
(Garner, 1945) 

Fire 

Retardant 

Textiles 

Describes textiles which are impregnated with 
alginic compounds or utilising calcium alginate 

fibres which are inherently flame retardant  

(Genevieve and 
Francois, 1959) 

(Kong et al., 2009) . 

P
a
in

ts
 &

 
C

o
a

ti
n
g

s
 

Paint 

Additive  

Uses a sodium-alginate compound as an 
additive in both water and oil based paints as a 

means of improving fire  resistant 
(DeBrouse, 2013) 

Sheathing 

Board 

Coating 

Describes a fibreboard with a protective film of 
asphalt emulsion, rubber latex and alginate 

(Roux, 1958) 

Emulsion 

Coating 

Describes an alginate and bitumen emulsion 
which can be applied to roofing felts or 

flooring.  
(Clark et al., 1946) 
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In order to ensure that the study would generate a unique contribution to knowledge 

and add to the existing evidence base, whilst also addressing the earlier discussions 

regarding the impact of the construction industry and the role of building materials, 

selection was based on the following criteria: 

¶ The proposed material should be one for which there is a current demand 
within the construction industry  
 

¶ Existing evidence should suggests that the addition of alginate will have a 
functional role in the proposed product  
 

¶ Prototypes for the proposed material should be technically feasible to 
produce with  the available equipment 
  

¶ The proposed materi al should be one which is not yet commercially 
developed 
 

¶ Prototypes for the proposed material should be financially feasible to 
produce with available equipment  
 

¶ The proposed material should potentially offer a more environmentally 
friendly alternative  t o an existing product and/or;  
 

¶ The proposed material should potentially help to minimise  the overall energy 
consumption of a given building 

 

On this basis, two of the potential applications which were found to meet all of these 

criteria  and therefore selected for further investigation were:  i. Unfired Clay 

Bricks  and ii. Aerogel Insulation . These two applications are discussed in more 

detail in Part I and Part II of the thesis, respectively.  

 

1.3.  Research Objectives  

The overall aim of the study was to investigate the use of Scottish sourced alginate 

products, supplied by the projectôs industrial partner (MBL) , in construction 
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applications and establish whether MBLs products would be suitable in the 

development of new composite building materials. In response to this primary 

research question, the following objectives were established: 

¶ A literature review regarding the use of alginate in the two proposed 

applications ï unfired clay masonry and insulation  

 

¶ Characterisation of a range of  seaweed and alginate products supplied by 

MBL  

 

¶ Characterisation of the soil and clay products to be used in the proposed 

composites 

 

¶ Production of prototype unfired clay bricks using alginates provided by MBL 

and other commercial alginate products 

 

o Characterisation of the brick prototypes through a series of physical 

tests including rheology observations, mechanical testing and 

microstructural analysis  

 

o Analysis of the impact of composition variables on the physical 

properties of the brick prototypes including  a comparison of different 

alginate types, different soil types and mix ratios 

 

¶ Production  of prototype areogel insulation materials using alginates 

provided by MBL and other commercial alginate products 

 

o Characterisation of the insulation prototypes through a series of 

physical tests including rheology observations, mechanical testing 

and microstructural analysis  

 

o Analysis of the impact of composition variables on the physical 

properties of the insulation  prototypes including a comparison of 

different alginate types, different clay types and mix ratios 

 

¶ Assessment of the commercial feasibility of the proposed materials including 

comparison with other existing products  on the market  
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1.4.  Thesis Structure  

The first section of the thesis includes the general introduction (Chapter 1) and 

background information relating to seaweeds and seaweed biopolymers (Chapter 2).  

An overview of the materials used throughout the study  is also provided in Chapter 

3. The rest of the thesis is then divided into two distinct parts with Part I being 

dedicated to the first case study material (unfired clay bricks ) and Part II to the 

second material of interest (aerogel insulation).  

Part I consequently begins with a literature review of earth masonry (Chapter 4), 

including its main advantages and disadvantages in construction as well as a 

summary of additives which are typically used to modify the properties of earth. This 

is followed by Chapter 5 which discusses the methods used to prepare and 

characterise the prototype brick specimens. The results and discussion for Part I are 

then provided in Chapter 6 while the overall conclusions are presented in Chapter 7.  

The structure of Part II then mirrors that of Part I, with a literature review of 

building insulation and aerogel products included in Chapter 8 and an outline of the 

methodology provided in Chapter 9. Chapter 10 then discusses the results from tests 

performed on the aerogels and the differences observed for the variables included 

within the testing programme. Chapter 11 then summarises the conclusions for Part 

II.  The Appendices include some more detailed information regarding the  alginate 

products supplied by MBL (Appendix A)  and the characterisation tests performed on 

the soils and clay (Appendix B & D). Other supplementary data for Part I and Part II 

are provided in the remaining appendices. 
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1.5. Publications A rising  from Thesis  

 
As part of the ongoing development of this thesis, the following journal 
publications  have been produced: 
 
 
Dove, C. 2014. ñThe Development of Unfired Earth Bricks Using Seaweed 

Biopolymers.ò WIT Transactions on The Built Environment  142: 219ï30. 
 
Dove, Cassandra A, Fiona F Bradley, and Siddharth V Patwardhan. 2016. ñSeaweed 

Biopolymers as Additives for Unfired Clay Bricks.ò Materials and Structures , 
1ï20. 

 
 
 
In addition, th e following conference presentations  have been produced: 
 
Dove, C. 2014. ñExploring the use of seaweed biopolymers in construction materialsò  

3rd  Annual Conference of the Energy Technology Partnership , Dundee, 
Scotland, 23 - 24 April 2014  

 
Dove, C. 2014. ñThe Development of Unfired Earth Bricks Using Seaweed 

Biopolymers.ò  
5th International Conference on  Harmonisation between Architecture and 
Nature , Siena, Italy, 24 - 26 September 2014 

 
 
Dove, C. 2015. ñExploring the use of seaweed biopolymers in construction materialsò  

University of Strathclyde Research Presentation Day , Glasgow, Scotland, 
24 June 2015 

 
 
The following are poster presentations : 
 
Dove, C. 2013. ñExploring the use of seaweed biopolymers in construction materialsò  

2nd Annual Conference of the Energy Technology Partnership , Edinburgh , 
Scotland, 16 ï 17 April 2013 [1st Prize]  

 
Dove, C. 2013. ñExploring the use of seaweed biopolymers in composite construction 

productsò University of Strathclyde Research Presentation Day , Glasgow, 
Scotland, 27 June 2013 

 
Dove, C. 2014. ñExploring the use of seaweed biopolymers in construction materialsò  

8th Annual Environmental and Clean Technology Conference , Glasgow, 
UK, 26th June 2014 
 

Dove, C. 2014. ñExploring the use of seaweed biopolymers in composite construction       
productsò SEDA Research Conference 2014, Edinburgh, UK, 25th April, 
2014
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2.  BACKGROUND  

2.1.  Seaweed s 

Algae are a group of autotrophic organisms known to be one of the oldest life-forms 

on Earth, with evidence of their existence dating back to the early Cambrian era  

(Gensel, 2008). Algal species are also incredibly diverse with estimates of the 

number of different species ranging from 40,000 to 140,000 (Chapman, 2009) . 

They exist as two main groups; micro-algae and macro-algae. Whilst micro-algae 

species are minute organisms, visible only with the aid of a microscope, macro-algae 

exist as the large plant-like species which we more commonly refer to as seaweed. 

Seaweeds can be further divided into three main categories based on pigmentation; 

Phaeophyta (brown algae), Rhodophyta (red algae) and Chlorophyta (green algae). 

While these macro-algae are a form of perennial vegetation, they differ from more 

complex land plants in that they have no leaves, stems or any of the other organs 

found within vascular plants  and are dependent on water as their source of nutrients 

(Walker, 1947). Despite their relatively simple structures , in compari son to their 

land based counter-parts algal life-forms are vital  to the biosphere since they 

perform  around half of all global photosynthesis and therefore contribute greatly to 

the worldôs oxygen levels (Field et al., 1998). Since seaweeds require access to 

sunlight, as well as a substrate to which the holdfast element of the algae can attach, 

they are restricted to tidal and benthic photic zones but still contribute to 

approximately 10% of all marine productivity (Israel  et al., 2010). 

Historically macro-algae has been utilised in numerous applications with the earliest 

evidence of seaweed being harvested by humans dating back to the fourth century in 

China (Kenicer et al., 2000; McHugh, 2003) . Today seaweed is harvested on a global 
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scale with an annual consumption rate of approximately 14.7 million metric tonnes 

(Buchholz et al., 2012). However it is important to note that there has been a 

significant shift towards farmed seaweeds which now contri bute to around 94% of 

the worldôs annual seaweed supplies compared to around 50% in the mid-1990s 

(Lindsey Zemke-White and Ohno, 1999). The majority of seaweeds are therefore 

cult ivated in near-shore plantations rather than harvested from wild stocks which 

form the remaining 6% of seaweeds produced for commercial purposes (Lindsey 

Zemke-White and Ohno, 1999). Whilst consumer demand had previously been 

satisfied by natural supplies, by the 1950s cultivated seaweeds were developed in 

order to accommodate the growing popularity of seaweed products, particular for 

human consumption (Bixler and Porse, 2011). Worldwide, the farming of aquatic 

plants has grown steadily since the 1970s with an average yearly increase of 7.7% 

(FAO, 2011).  

Seaweed production is currently dominated by countries in East and Southeast Asia 

where the domestic food market is the principal output, with species such as 

Laminaria Japonica (more commonly known as Kombu) and Porphyra Yezoensis 

(also known as Nori) being the most popular edible seaweeds. These regions 

therefore produce approximately 99.8% of cultivated macro -algae supplies (FAO, 

2011), with China alone responsible for over half of this production  (Buchholz et al., 

2012). Other key producers include Indonesia (20%) and the Philippines (12%) 

followed by the Republic of Korea and Japan (FAO, 2011). It is important to note 

that whilst Japan contributes a relatively small proportion of seaweed production by 

weight, the high market value of Japanese products means that it is still regarded as 

the second most important producer. Outwith Asia, the next largest producer is 

Chile followed by Africa, particularly Tanzania and Madagascar (FAO, 2011). In a 
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European context, the principal producers are Spain, France, Italy, and Russia 

(Buchholz et al., 2012).  

 

2.1.1. The Seaweeds of Scotland  

Despite the dominance of other regions in the global seaweed market, the sheltered 

waters of the Scottish coastline harbour a rich and abundant supply of wild 

seaweeds, with the most recent studies revealing that Scotlandôs macro-algae 

community consists of over 600 different species (Kenicer et al., 2000) . Scotland 

possesses a particularly rich heritage of seaweed harvesting, including a variety of 

industrial applications which were unique to the UK. The earliest evidence of their 

use in Scotland dates back to 563 AD when Saint Columba and his monks reportedly 

gathered seaweeds cast on coastal rocks as a source of food for the poor (Indergaard 

and Minsaas, 1991). Since then, the use of seaweed has played an integral part in 

both the social and economic development of the country, particularly for west coast 

communities where seaweed supplies are most abundant (Kenicer et al., 2000). 

Generally however the industry has witnessed a cyclical pattern of boom and bust, 

with innovative uses for seaweeds often being quickly superseded by cheaper 

alternatives (Kenicer et al., 2000) . 

Phaeophytes are the most dominant type of macro-algae in Scotland and these 

species can typically grow at considerable depths since their pigments are more 

effective at absorbing the light wavelengths which reach these deeper waters (Rothe 

et al., 2012). Macro-algae can be found in most coastal environments around 

Scotland however the most abundant supplies are concentrated around the Outer 

Hebrides, the Orkneys and other peripheral areas of the Scottish coastline. The two 

most commonly found species Scotland are part of brown algae family (Figure 2-1). 
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This includes Ascophyllum nodosum, also known as knotted wrack, and Laminaria, 

also known as kelp, of which there are various types including Laminaria 

saccharina, Laminaria hype rborea and Laminaria digitata (Burrows et al., 2010). 

A number of Fucus species are also reasonably abundant in Scotland. Whilst other 

variations are also found in Scottish waters, including Chondrus crispus and 

Mastocarpus stellatus  (red algae) and Trentepohlia (green algae), these exist in 

much smaller quantities and commercial harvesting is usually concentrated on the 

phaeophytes (Milliken and Bridgewater, 2001) .  

Figure 2-1: Types of Ph aophytes  

 

Authorôs own image 

 
 

2.1.2.  Seaweed Harvesting  

Traditionally seaweeds would have been harvested by hand and gathered from the 

coastline during low tide. At the peak of kelp industry in the Western Isles, over 

40,000 people may have been involved in this harvesting process (BioMara, 2014). 

During stormy seasons, Laminaria would often be cast on the rock, eliminating the 

need for the weeds to be removed from their holdfasts. For Ascophyllum  species, a 
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sickle or other scythe-like tool would be used to cut the seaweed, leaving a stub 

around 15cm in length (Kelly et al., 2001). This would commonly take place between 

the months of June and October. Today, however, mechanical harvesting techniques 

are more likely to be adopted. These methods take place during high tide using 

specially designed barges which utilise a water-jet rather than rotating blades to 

assist movement (McHugh, 2003) . However some countries like Norway, Ireland  

and France have now imposed regulations regarding the intensity of harvesting 

including restrictions on machinery use (Scottish Government, 2013).  

There have also been a number of investigations regarding the optimal harvesting 

and regrowth cycles for seaweeds (Walker, 1947; Lehre Seip, 1980; Sharp, 1987; 

Tyler, 1994; Kelly et al., 2001). Most studies recommended a harvest interval of 3 to 

6 years although this is dependent on factors which affect the capacity for regrowth 

such as the quantity harvested, the expanse of the harvest area, the types of 

equipment and machinery employed, grazing by other animals and the particular 

characteristics of the bed location (Burrows et al., 2010). For example, in locations 

with particularly high wave exposure, regeneration is often impeded as a result of 

the harsh conditions of the habitat (Petraitis and Dudgeon, 2004)  . The quantity of 

the seaweed left after cutting also influences the speed of regeneration. For example, 

for Ascophyllum species, if 0.5% of the original seaweed was left after harvesting 

then approximately 23% of the weed would return after 3 years. However if a 12% 

mass is left, then the seaweed can grow to 70% of the original size within the same 

time frame (Burrows et al., 2010). If  these responsible harvesting practices are 

adopted, seaweed may be viewed as renewable and sustainable resource. 
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2.1.3.  Principal Uses  

Today the main markets for seaweed are either as a food source or as a source of 

chemicals.  Globally, the majority of seaweeds (76%) are currently harvested for 

human consumption, with the biggest markets being Japan, China and Korea 

(Chopin, 2012). It should be noted however that the seaweeds which are indigenous 

to Scotland (i.e. Ascophyllum   and Laminaria ) generally have a lower nutritional 

values than the red and green algae (Fleurence, 1999).  There is therefore a limited 

market for edible seaweeds in Scotland, although some local producers do harvest 

small quantities for use in food products (Milliken and Bridgewater, 2001) . Aside 

from human consumption, historically seaweeds were also used as animal fodder in 

Scotland (Kenicer et al., 2000) . As another indirect role  in food production , 

seaweeds were also often used as a form of fertilizer or soil conditioner due to their 

high nitrogen and potassium contents (Kenicer et al., 2000) .  

Aside from the direct use of raw seaweed, the majority of other applications involve 

the extraction of useful components from the organism . Historically, one of the first 

industrial uses for seaweed was in the production of potash (sodium salts) and soda 

(sodium carbonate) which could be obtained by burning the seaweed in a kiln 

(Forsythe, 2006) . These chemicals became particularly valuable in industries such 

as glass making, soap production, textile dyeing and gunpowder production 

(Forsythe, 2006) . However by the late 1800s, alternative and more economical 

methods for producing these materials had emerged and the demand for seaweed 

ash had diminished (Barker et al., 1956). Other developments included the 

production of seaweed-derived iodine (Woodward, 1951), although again this was 

short lived due to the discovery of alternative iodine sources (Kenicer et al., 2000) .   
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Today the most common and most profitabl e non-food use of seaweed is the 

phycocolloid market (Bixler and Porse, 2011). Whilst the term óphycocolloidô refers 

specifically to algal sources of colloids, these belong to the larger group of 

óhydrocolloidsô. These are substances which are soluble in water but mix with the 

water molecules to form a gel-like material  (Burey et al., 2008) . The three principal 

seaweed hydrocolloids which are used in commercial applications are agar and 

carrageenan, derived from red algae, and alginates, derived from brown algae (Bixler 

and Porse, 2011). Whilst the use of these substances dates back to the mid-1600s, 

phycocolloids were not produced on a commercial scale until after the Second World 

War (McHugh, 2003)  when they became useful stabilising and gelling agents within 

the processed food and textile industries. Even today the demand for phycocolloids 

increases by 8-10% on an annual basis (Dhargalkar & Verlecar, 2009) with alginates 

and carrageenans forming the largest part of the market. In the context of Scotland, 

given the dominance of brown algae, alginates are currently the principal form 

hydrocolloid available.  

More recently, the possibility of using macro -algae sources as a method of energy 

production has also been explored (John et al., 2011). Although this research was 

initially developed in the late 1960s (Wilcox, 1975), the interest in algae-based 

energy has resurfaced in recent years as a result of rising oil prices. The research 

includes both the production of methane based biogas through anaerobic digestion 

and the production of bioethanol through fermentation (Milledge et al., 2014). The 

main driver behind the development of these technologies is that fact that algal 

resources do not compete with food crops in terms of requirements for land, 

irrigation and fertilisers  (Rothe et al., 2012). Whilst these techniques are still in their 

infancy, it should be noted that  one of the main challenges in utilising brown algae 

in energy production is that  the alginate component of the biomass cannot be easily 
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broken down by microbes during the fermentation process and therefore does not 

convert as easily as the other sugars found within seaweed. Consequently some 

investigations have explored the potential of integrating both alginate extraction and 

energy production (Langlois et al., 2012) which could be particularly advantageous 

in improving the commercial viability of such processes. 

 

2.1.4.  Seaweed Biopolymers  in Scotland  

Following the collapse of Scotlandôs seaweed industry durin g the 19th century, 

chemist E.C.C. Stanford began exploring alternative uses for macro-algae, using 

Laminaria seaweeds harvested from Scotland. After  establishing a small-scale plant 

on the Isle of Tiree in the Inner Hebrides  Stanford had major breakthro ugh during 

the late 1800s when he discovered a colloidal substance, similar to cellulose, which 

could be extracted from these brown seaweeds (Woodward, 1951). Stanford went on 

to submit a patent for the process involved in obtaining this n ew substance which he 

named as óalginic acidô (Stanford, 1886).  

Further investigations into alginic acid slowed over the following decades and the 

seaweed industry continued to decline (Kenicer et al., 2000) . Almost 50 years after 

Stanfordôs original discovery, the properties of alginic acid were revisited by C.W. 

Bonnikson who along with a team of colleagues investigated the production of 

cellophane-like films produced from the acid (BioMara, 2014). In 1934, the team 

formed a new company named Cefoil Ltd, setting up a small factory in Campeltown 

(Bailey, 1998) with the objective of investigating the properties of alginic acid and 

alginates (MMC, 1979). Following the Second World War, further research into 

alginates took place with the Ministry of Supply funding the construction of 

additional factories in Scotland, including one in Girvan (Ayrshire) and another in 
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Barcaldine (Argyllshire). As well as these key processing facilities, collection bases 

and drying station s were also created in North Uist, South Uist and Lewis, thereby 

generating an efficient network of seaweed processing activities (MMC, 1979). 

During this period, the company began investigating more experimental 

applications such as the production of calcium-alginate fibres and yarns for use in 

camouflage textiles (Woodward, 1951). Other investigations included the production 

of lightweight materials which could be used in aircraft. An example of this includes 

the De Havilland Mosquito, whi ch incorporated solid calcium alginate  foam within 

the wing design (RSC, 2014). Since common aircraft materials such as aluminium 

and balsa wood had to be imported during the war, a shortage of lightweight 

components for aircraft emerged and so other locally sourced alternatives had to be 

found (BioMara, 2014). However by 1944 German blockades were withdrawn and 

there was no further need for such a product (RSC, 2014).  

When the war concluded, the Ministry of Supply withdrew from the research 

(BioMara, 2014). By 1945 Cefoil Ltd began to focus on other commercial 

developments and was renamed as Alginate Industries Ltd (AI Ltd). After investing 

in further research work, securing an economic supply of raw materials and setting 

up an export strategy, AI Ltd  began generating substantial profits during the 1950s. 

The success continued over the following decades, assisted by developments in the 

textile industry which became one of the major output markets and by 1973 the 

company became a listed public company (MMC, 1979). In 1979, AI Ltd  was sold to a 

Californian alginate manufa cturer named Kelco and the Scottish operations were 

therefore rebranded under Kelco/AI  Ltd  (MMC, 1979). Despite the efforts of the new 

management, production began to decline throughout the 1980s and subsequent 

acquisitions took place. By 1996, Scottish activities were operating under Monsanto, 

with only the Girvan f actory remaining in operation. During this period most of the 
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raw materials were still sourced from the peripheral regions of Scotland but the lack 

of adequate drying facilities in these areas meant that the wet seaweeds would be 

have to be transported to Girvan (Kenicer et al., 2000) . This was not only highly 

inefficient in terms of transportation costs, but the raw material was often of a 

poorer quality since the seaweeds would begin to rot before reaching the factory. As 

a result, the company began importing cheaper foreign seaweeds, particularly from 

Iceland and Tasmania, although more local supplies from the Irish coast were also 

utilised (Milliken and Bridgewater, 2001) . Later developments also failed to revive 

the industry, and despite the Norwegian company FMC Biopolymer taking over the 

business in 2008, alginate production at the remaining factory ceased in 2009.  

In more recent developments, MBL are hoping to reintroduce sustainable alginate 

production to Scotland within the next few years. They have established an initial 

pilot plant in order to conduct initial research and development work and are 

currently seeking investment to develop a full -scale production factory. It is 

proposed that their new patented production process will be more cost effective and 

more energy efficient than the previous practices in Scotland due to the innovative 

ówetô processing methods adopted. Furthermore, based on surveys of existing 

seaweed stocks, an estimate of 3,868,000 tonnes has been provided for Laminaria  

species in Scotland (Walker, 1954).  Following a more up to date survey of the 

available intertidal seaweeds around the Western Isles, it has also been estimated 

that the total available biomass of the  Ascophyllum  species alone equates to 

approximately 170, 500 tonnes (Burrows et al., 2010). After considering the 

proportion of these resources which are easily accessible and accounting for the 4 

year recovery period required to achieve sustainable harvesting, is estimated that the 

annual yield in this area alone could reach 15,000 tonnes. It is also noted that if 

additional landing sites were to be developed, the yield could increase to 25,000 
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tonnes (Burrows et al., 2010). There is therefore considerable scope for large scale 

production and a long-term business model given the quantities of natural seaweed 

stocks available.  

It should also be noted that there is a major advantage to using natural seaweeds 

stocks since the alginate producing phaophytes, which are abundant in Scotland, are 

not commonly cultivated since the farming of these species is relatively  expensive 

(McHugh, 2003) . Even though the alginate yielding Laminaria Japonica is farmed 

extensively in Asia, this is produced principally for human consumption rather than 

alginate production. Additionally, alginates produced from this specific speci es tend 

to produce lower gelling strengths than Scotlandôs native Laminaria types and other 

forms alginophytes such as Ascophyllum . This is due to the fact that the alginate 

contribute s to the flexibility and mechanical strength of algal plants  and can 

therefore be compared to the cellulose components of land based plants (Andresen 

et al., 1977; Donati and Paoletti, 2009) . Species which inhabit turbulent waters, such 

as those in Scotland, therefore tend to have a higher alginate content (McHugh, 

2003) . Scotland is therefore well placed within the market given the abundance of 

natur al stocks which can be used to produce high quality alginate products. 

 

2.1.5.  The Current Market for Alginates  

Global production of alginate is approximately 30,000 tonnes per year  with 

Laminaria  and Lessonia being the most commonly harvested species (Bixler and 

Porse, 2011).  The majority of actual alginate production takes place in the Asian-

Pacific region while in Europe approximately two thirds of the production ta kes 

place in Norway (Bixler and Porse, 2011). One of the main barriers to alginate 

production is the decreasing accessibility and increasing cost of harvesting brown 
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seaweeds. Nonetheless, current production represents only 10% of the available 

natural alginate within living organisms (Donati and Paoletti, 2009) . It should be 

noted that aside from seaweeds, other bacterial sources of alginates are also 

emerging such as Azotobacter and Pseudomonas  although these  are not yet used 

commonly in industry (Gacesa, 1998; Hoefer et al., 2015). 

Alginates have variety of potential industrial applications . The most common output 

for alginate, in quantitative terms, is within textile printing where it is  utilised in 

creating dye pastes which are applied to fabrics during the screen printing process 

(McHugh, 2003) . In paper production , alginates are also used to create surface 

coatings (Joyce et al., 1996) and in the fabrication of welding rods  the polymer is 

used as a form of binding agent (McHugh, 2003) .  These technical grades of alginate 

form around 42% of the market, by volume, while most of the remaining production 

involves  food and pharmaceutical grade products (Bixler and Porse, 2011). Alginates 

are in fact commonly used as a thickening and emulsifying agents in processed foods 

like ice cream and other dairy products, as well as in restructured foods 

(Nussinovitch, 1997). In terms of biomedical uses, alginates are primarily used in 

wound dressings, anti-reflux suspensions and controlled release medications 

(Draget and Taylor, 2011). The gel forming properties of alginates are also 

advantageous in the dental industry where they are used as moulds for dental 

impressions (Cook, 1986a). In cost terms, industrial grades alginates such as those 

used in the industries are typically sold for a minimum of  ~£3/kg while higher 

grade products with tailored molecular weights and M/G compositions can cost over 

£70/kg (Hay et al., 2013).
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3.  MATERIALS  

3.1.  Alginate  

As discussed in Chapter 2, alginate is a biopolymer obtained from brown seaweeds. 

More specifically, alginate is the collective term for the salts of alginic acid which are 

obtained from the cell walls of the macro-algae. These salts, usually in the form of 

sodium or potassium, contribute to 20 -60% of the dry matter of the algae (Rehm, 

2009) . Figure 3-1 shows the structure for sodium alginate (C6H7NaO6)n which is a 

block co-polymer consisting of (1-4)-linked ȁ-D-mannuronic acid and Ŭ-L-guluronic 

acid residues. The ratio and sequence of these components, otherwise known as M 

and G blocks, vary within the polymer chain  depending on factors such as the type 

and age of the algal species from which the alginate is sourced, the season during 

which it is harvested and the general growing conditions (Rehm, 2009). Variations 

in the alginate composition can also be found in different parts of the same 

organism. For example, in the Laminaria Hyperborea, it has been shown that the 

stem will have a much higher G content than the frond, the leaf like component, due 

to the fact that the st em part requires a stronger structure (Draget et al., 2009). 

Figure 3-1: Alginate Chemical Structure  
 
 

Source: Adapted from Draget et al. (2005)  
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One of the most useful properties of alginates is their ability to form cross-linked 

gels through iontropic gelation. Unlike some other hydrocolloids, alginate does not 

depend on temperature induced gelation (Lencina et al., 2013) and is therefore 

currently used in numerous stabilising, binding and gel-forming applications. This 

includes many commercial products ranging from processed foods and textile dyes 

to dental impression materials and pharmaceutical products (Draget et al., 2009). 

Gelation occurs when a soluble form of alginate, usually sodium alginate, is 

converted to an insoluble gel through the introduction of divalent metal cations such 

as Ca2+. For alginates, this gel-forming mechanism is commonly described by the 

óegg-box modelô (Grant et al., 1973) as illustrated in Figure 3-2.  

Figure 3-2: Egg -box model  

 
Source: Adapted from Funami et al. (2009)  

 

This process involves co-operative binding in  water where interactions between the 

G blocks of the negatively charged alginate polymer and the positively charged 

cations create chain to chain associations. This is due to the formation of junction 

zones between two or more chains where the cations sit within the buckled parts of 

the molecule, like eggs in an egg box. During the gelation process, the number of 

chain to chain associations increases, eventually leading to the formation of a 
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continuous network (Rees and Welsh, 1977). Consequently, the gelation process can 

be influenced by factors such as the M/G ratio and sequencing of the alginate, the 

cation type and dosage, the alginate molecular weight and the molecular weight 

distribution (Funami et al., 2009) . 

3.1.1.  Sources  

A total of 14 different seaweed products were used throughout the study. These are 

summarised in Table 3-1 with images of the samples provided in Figure 3-3. The 

majority of materials used in this study were sourced directly from MBL  and are 

labelled using acronyms provided by the company (PR = Production Run). Two 

commercially available products were also studied. 

 
 Table 3-1: Seaweed Products ï Sources  

 Seaweed Source  Type  Supp lier  

LH  
Laminaria hyperborean ï frond & 

stem 
Milled Seaweed MBL  

AN  Ascophyllum nodosum  Milled Seaweed MBL  

PR22  Laminaria hyperborean - stem Dried Sodium Alginate  MBL  

PR24  Laminaria hyperborean ï stem Dried Sodium Alginate  MBL 

PR25  Laminaria 27hyperborea n- stem Dried Sodium Alginate  MBL 

PR29  Laminaria hyperborean ï stem Dried Sodium Alginate  MBL 

PR30  Laminaria 27hyperborean - frond  Dried Sodium Alginate  MBL 

PR32  Laminaria 27hyperborean - frond  Dried Sodium Alginate  MBL 

PR52  Ascophyllum nodosum  Dried Sodium Alginate  MBL 

PR14 
Laminaria 27hyperborean  ï frond & 

stem 
Residue MBL  

PR38  
Laminaria 27hyperborean  ï frond & 

stem 
Residue MBL  

PR17 Ascophyllum nodosum Residue MBL  

DA  Mixed  
Powder 

(Chromatic Alginate)  
PSP Dental 

AC Mixed  
Powder 

(Na-Alginate) 
Acros 

Organics 
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Figure 3-3: Product Types  

   
Milled seaweed (LH) Residue (PR14) Sodium Alginate (PR52) 

 
 

Figure 3-4: Alginate Production Process  

 

Authorôs own image 
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process which is a precursor to alginate extraction. The milled seaweed is a fibrous 

material with a moisture content of between 70 -90%. The alginate content will vary 

depending on the type of seaweed and for the products used here was expected to be 

between 4-6% by weight of the wet product (D. Mackie, personal communication, 

Mar 2013). Other components include cellulose, laminarins and fucoidans 

(polysaccharides), mannitol, amino acids, polyphenols, lipids and iodine 

(metabolites). In this case 2 milled seaweed products were considered including 

milled Laminaria hyperborean (LH ) and Ascophyllum nodosum (AN) . 

Dried Sodium Alginate  

This material represents the end product of the alginate extraction process. The aim 

of the extraction  is to transform all of the alginate salts present within the algae into 

sodium alginate salts as this can be more easily separated from the other solid 

components of the seaweed. The milled seaweed is firstly  washed with acid in order 

to eradicate the cross-linking ions which cause the alginate salts to become insoluble 

(McHugh, 2003). The seaweed is then broken down and mixed in an alkali solution. 

After approximately two hours, the alginate salts will dissolve, leaving a resulting 

mixture or slurry which can be filtered to separate the solid cell wall debris and 

cellulose residue from the alginate solution (McHugh, 2003). Water is also added at 

this stage in order to dilute the viscous mixture and facilitate  the filtration process. If 

desired, bleaching may also take place to remove the pigmentation of the seaweed. 

The sodium alginate will be in the form of a dilute, aqueous solution and will then 

need to be transformed into a solid salt. MBL achieve this by casting a thin -film  of 

the material onto a flat surface. This film is then  dried and pulverised to produce a 

sodium alginate powder. A total of 8 different MBL products , produced using this 

method were studied including  5 LH  stem, 2 LH  frond and 1 AN product .  
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Residues  

During the centrifugation process required to extract the solubilised sodium 

alginate, various by-products consisting of the remain ing parts of the seaweed and 

water are generated. These so-called óresidueô products are sludge-like materials 

with moisture contents of approximately 90%. As well as containing the cellulose 

and proteins which are removed from the seaweed during the extraction process, 

these materials will also contain residual amounts of alginate which have not been 

fully separated during the centrifugation process. MBL provided two batches of this 

material (PR14 and PR38) sourced from LH  residues. These products have an 

approximate alginate content of 0.5 to 0.7%. 

 

Commercial Products  

Other commercially available products were also studied including a dental 

impression powder (DA) produced by PSP Dental Co Ltd (Kent, UK) . According to 

the manufacturer this product had an alginate content of 15-30%. The other 

commercial product (AC) was a technical grade sodium alginate powder from Acros 

OrganicsÊ (Geel, Belgium).  These products are typically produced using a mix of 

seaweed sources. 

 

3.1.2.  Properties  

The different alginate or seaweed types were characterised in order to identify any 

important differences between the products . A summary of these properties is 

provided in Table 3-2. Chemical composition was analysed by investigating the M/G 

ratios. This data was provided by MBL and obtained using 1H-NMR spectroscopy as 

per the methods of Grasdalen et al. (1979) and Davis et al. (2003). The pH of 

alginate was also determined from triplicate measurements of 1%wt solutions in de-
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ionised (DI) water using  a Mettler -Toledo benchtop pH meter. Cost data was 

provided by MBL or obtained from the relevant suppliers for the commercial 

products. Embodied energy values for the alginate were also estimated from energy 

data supplied by MBL. Further details of the estimated energy consumption can be 

found in Appendix A. 

 Table 3-2: Seaweed Products - Properties  

 
M/G ratio  pH  Cost (£/kg)  

Intrinsic 
Viscosity  

(dL/g)  
LH  - - 0.04  - 

AN  - - 0.04  - 

PR22  1.04 8.20 (±0.49)  11.00 0.26 

PR24  0.23 6.71 (±0.01) 11.00 0.48 

PR25  0.56 9.28 (±0.01)  11.00 0.65 

PR29  0.19 6.40 (±0.31)  11.00 0.57 

PR30  0.78 6.90 (±0.05)  11.00 0.21 

PR32  0.72 5.44 (±0.06)  11.00 0.20  

PR52  0.77 6.30  (±0.04)  8.50 0.20  

PR17  - 9.70 (±0.01)  0.20  -  

PR38  -  7.50 (±0.02)  0.20  -  

DA  -  9.10 (±0.06)  8.00  -  

AC 0.83 6.84 (±0.03)  80.00  0.63 

 
M/G ratio and cost data supplied by MBL. Other properties determined as 
part of characterisation tests. 

 
 

Viscosity measurements were conducted using a Brookfield R/S Rheometer (CC45) 

with attached water bath to maintain a temperature of 25°C. Newton-Stokes Law 

relates viscosity (–, shear rate (‎ and shear stress († as shown in Equation 1. The 

shear rate is defined as the change of shear strain per second while shear stress is 

the tangential force applied over a given area (Luckham and Rossi, 1999).  

 

Ɫ  
Ⱳ

♬
 

Equation 1 
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Since alginates are non-Newtonian fluids meaning that their viscosity varies 

depending on the level of shear which they are exposed to, viscosity was measured 

over a range of shear rates rather than a single point viscosity measurement. 

Solutions of 1.0% (w/v) alginate in 0.1 M NaCl were therefore used to obtain 

comparable flow curves which plot shear rate (‎ against shear stress († for  each of 

the alginate types. As shown in Figure 3-5, all of the alginate types were found to 

exhibit óshear-thinningô or ópseudo-plasticô behaviour whereby the viscosity 

decreases with an increasing shear rate. As per the methods of Haug and Smidsrod, 

(1962), additional viscosity measurements were also made for alginate 

concentrations of 0.05% to 1.0% (w/v) and converted to an intrinsic viscosity  Ɫ 

using Equation 2, where – is the relative viscosity and c is the concentration.  

Ɫ  ἴἱἵ
╬O

Ɫ►   

╬
 

Equation 2 

Figure 3-5: Alginate Flow Curves  

 

Flow curves showing the dependence of  shear stress over a shear rate ramp of 0 ï 1000/s. All 
tests performed 0n 1.0% alginate solutions in 0.1 M NaCl at a temperature of 25°C. 
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3.2.  Soil  and Clay  

Soil is a mixture of clay, silt, sand and sometimes other larger particles such as 

gravel. These constituents are the products of rock erosion and are therefore created 

as a result of natural weathering processes (Minke, 2006) . The relative proportions 

of these different particle sizes impact on various soil properties which are 

important fo r brickmaking including cohesiveness, workability and forming 

characteristics, drying behaviour and shrinkage (Craig, 2004) .  As a natural 

material, the properties of soils will vary depending on geographic location and 

consequently variations in particle size grading and composition  are vast. Soil 

texture classification is normally determined using the particle sizing method  with 

clay particles defined as those with a metric size of less than 0.002mm whilst silt, 

sand and gravel particles are within the ranges of 0.002ï0.06mm, 0.06 -2mm and  

2ï60mm , respectively (Minke, 2006) . Typically soils will consist  of a mix of 

granular materials such as quartz and feldspars and clay minerals. Other minerals 

such as carbonates, phosphates and sulphates are also present in small quantities.  

The clay fraction influences the physical properties of a given soil, including  its 

compressive strength, shrinkage behaviour and cation exchange capacity (CEC). 

Therefore understanding the properties and composition of the clay minerals 

present is highly important in assessing the soilôs suitability  for  building 

applications. Clay minerals are essentially layered crystalline structures based on 

tetrahedral silicate sheets, formed from SiO4 tetrahedra  and octahedral hydroxide 

sheets, which consist of an aluminium core surrounded by hydroxyl groups ( -OH). 

Depending on the structural arrangement, these clay minerals can then be classified 

as 1:1 phyllosilicates or 2:1 phyllosilicates, as illustrated in  Figure 3-6. For example a 

1:1 clay type would contain one tetrahedral sheet and one octahedral sheet whereas a 
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2:1 clay type would consist of one octahedral sheet between two tetrahedral sheets. 

The clay minerals are further classified into groups depending on their specific 

composition and how these semi-basic 1:1 or 2:1 units are stacked, with most 

common groups being the kaolins such as kaolinite and halloysite, the smectities 

such as montmorillonite and the micas such as illite and muscovite.   

Figure 3-6: Structure of Clay Minerals  

 
Source: Adapted from Mitchell and Soga (2005)  

 

Clay minerals belonging to the 2:1 group are generally more expansive in nature 

than the 1:1 group since water molecules can penetrate the interlayers more easily, 

meaning that the clay has the tendency to swell upon the addition of water. 

Furthermore, since the tetrahedral sheets display the greatest negative charge, they 

also induce strong interlamellar binding (Minke, 2006) . Depending on the 

composition of the sheets, the layer will have with an overall neutral charge or a 
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results in a neutral charge. However the smectite group which displays a sandwich 

structure with two tetrahedral sheets is negatively charged and has to be balanced by 

positively charged ions between layers. These exchangeable metallic cations are 

usually in the form of calcium (Ca2+), magnesium (Mg2+), potassium (K+), sodium 

(Na+) or, in some cases, aluminium (Al3+).  

3.2.1.  Source s 

The soils used in the study were supplied by Ibstock Ltd and sourced from UK clay 

quarries. A summary of the quarry locations and soil sources is provided Appendix 

B. Due to limitations in current quarry operations, it was not possible to source 

Scottish clays and so the soils were obtained from quarries located in England. Two 

additional clay products were also purchased from Acros OrganicsÊ (Geel, 

Belgium) . This included a bentonite clay (B) which is a 2:1 smectite type clay 

consisting primarily of mont morillonite and a kaolinite (K) which is a 1:1  type.  

 

3.2.2.  Properties  

All soils were characterised using standard procedures and their properties are 

summarised in Table 3-3.  Loss on Drying (LOD) and Loss on Ignition (LOI) w ere 

calculated using the methods outlined in BS EN 15935 (BSI, 2012b). Soil pH was 

measured using a 1:5 volume ratio of dry soil and a 0.01 mol/L CaCl2 solution  (BSI, 

2012c). Particle size distributions  (PSD) were obtained using the sedimentation 

method described in BS 1377-2 (BSI, 1990a). Atterberg limits were calculated using 

the soil thread method for plastic limit  (PL) and the cone penetrometer method for 

the liquid li mit (LL) as also described in BS 1377-2. The maximum dry density 

(MDD) and optimum moisture  contents (OMC) were determined using an adapted 

version of the procedure outlined in BS 1377-4 (BSI, 1990b). In this case, rather than 
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adopting the standard Proctor method which uses a 1L cylindrical mould and either 

a 2.5 or 4.5kg rammer, and consequently uses a greater level of compaction than  

typi cal used in earth block production (Mesbah et al., 1999; Kouakou and Morel, 

2009) , the adapted method  involved using the same rectangular moulds and hand 

compaction technique as used to produce the final blocks in this study. Cation 

exchange capacity (CEC) and specific surface area (SSA) were calculated from the 

Methylene Blue test (BSI, 2013a) and calcium (Ca) contents were obtained by 

inductively coupled plasma (ICP) measurements on soil extracts using the aqua-

regia method for óTotal Elemental Caô and a DI water extract for the óAvailable Caô.  

 Table 3-3: Soil  Properties  

 U V W  
pH (CaCl 2)  4.78 (±0.01) 6.75 (±0.01)  6.90 (±0.0 0) 
LOD at 105°C (%)  2.9 (±0. 3) 3.9 (±0. 5) 2.3 (±0. 3) 
LOI at 550°C ( %)  7.5 (±0. 5) 8.2 (±0. 6) 6.5 (±0. 4) 
Soil Colour  
(Munsell, 2000)  

7.5YR 4/2 5Y 4/1 5YR 5/2 

PSD  
Sand and 
Gravel  (%)  

60ȉm > 24 29 23 

Silt  (%)  2  - 60ȉm 45 44 61 
Clay  (%) < 2ȉm 31 27 16 
Soil Classification  Clay Loam Loam Silt Loam 
Atterberg Limits  
PL  (%) 16.0 14.6 15.3 
LL  (%) 27.3 27.9 25.4 
PI  (%) 11.3 13.3 10.1 
Plasticity 
Classification  

CL  
lean clay with sand 

CL  
lean clay with sand 

CL  
lean clay with sand 

Activity  0.36 0.49 0.62 
Compaction Behaviour  
Maximum Dry 
Density (kg/ m3) 

1820 1980 1920 

OMC  (%) 16 18 14 
Chemical properties  
Electrical 
Conductivity (µS/cm)  

640(±2) 115(±3) 169(±2) 

CEC (meq/100g)  4 5 5 
SSA (m2/g)  6.1 9.8 8.6 
Total Elemental Ca 
(ppm)  

1670 3910 3460 

Available Ca (ppm)  750 2330 1730 
Mineralogy: XRD   

Clay type  
Kaolinite 
dominant  

Kaolinite, Illite, 
Vermiculite  

Kaolinite 
dominant  
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Analysis of the overall chemical composition was obtained by Scanning Electron 

Microscopy-Energy Dispersive Spectroscopy (SEM-EDS). X-ray diffraction (XRD) 

was performed on the fine fraction (<2 ȉm) of the soils using the oriented aggregate 

mount method (Moore and Reynolds Jr, 1989) using a Bruker D8 Advance 

Diffractometer with a Cu KŬ anode at an angle a range of 3° to 40°. The resulting 

diffractograms  and elemental compositions can be found in Appendix B along with 

further details of the characterisation tests. The results showed that this fine fraction 

of the soils is predominantly kaolinite and illite. Altho ugh kaolinite is dominant in 

soils U and W, soil V has a higher proportion of illite as well as containing 

vermiculite.  

Tests which were also suitable for the bentonite and kaolinite samples were also 

performed as summarised in Table 3-4. As expected, the bentonite clay was found to 

have higher PI, CEC  and SSA values compared to the kaolinite due to the presence 

of 2:1 layered silicates (i.e. montmorillonite ) in the bentonite sample.  

 Table 3-4: Clay  Properties  

 B K  
pH  8.60 (± 0.01) 7.02 (±0.05)  
LOD at 105°C (%)  7.2 (±0.7) 1.8 (±0.2)  
Atterberg Limits  
PL (%) 34.2% 23.2% 
LL (%) 76.7% 34.0% 
PI (%) 42.5% 10.8% 
Plasticity 
Classification  

OH CL 

Activity  0.4 0.1 
Chemical properties  
Electrical 
Conductivity (µS/cm)  

1943 (±15) 495 (±14) 

CEC (meq/100g)  65 4 
SSA (m2/g)  26 9 
Mineralogy: XRD  
Clay type  Montmorillonite dominant  Kaolinite dominant  

 



Chapter 4 ï Literature Review  

 

38  | P a g e 

PART I: ALGINATE AS AN ADDITIVE FOR EARTH 

MASONRY  

Part I focusses on the use of alginate products as additives in earth-based building 

materials. The aim is to use the biopolymer as a means of providing the raw earth 

with sufficient compressive strength for use in internal and low load bearing 

applications, therefore negating the need for the energy intensive firing processes 

normally associated with clay bricks. As discussed in Chapter 2, while some previous 

studies have investigated the use of alginate in this capacity, there are still 

unanswered questions regarding the specific role of the alginate and the properties 

which affect its success as an additive for masonry. Part I will therefore  investigate a 

range of alginate products and produce prototype brick products which can be 

characterised and compared. 

 

4.  LITERATURE REV IEW  

4.1.  Masonry Construction  

Masonry construction is one of the oldest and most commonly adopted building 

techniques with surviving buildings from the  Neolithic period still visible throughout 

the world (Smith and Austin, 1989). The term ómasonryô is used to describe any form 

of construction which involves stacked units or blocks which are laid in a mortar. 

Traditional forms of masonry , such as adobe and natural stone, would have been 

constructed using locally available raw materials helping regional identities to 
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develop, with the materiality of the built environment often reflec ting the geology 

below. However, technological developments such as improvements in 

transportation systems, the development of fossil fuel powered kilns and advances in 

cement technology during the industrial revolution  facilitated the development of 

contemporary masonry materials such as concrete blocks and ceramics (Smith et al., 

2009) .  

One of the main advantages of masonry as a construction method is its inherent 

flexibility , both in design and construction. Masonry materials are available in  

various geometries, sizes, colours and textures and hence allow for great versatility 

in their application. In addition, masonry can be used to fulfill  multiple functions 

simultaneously by providing structure, a thermal envelope, acoustic insulation  and 

an aesthetic finish (Hendry, 2001) . Other attractive properties include its durability, 

relatively low maintenance and inherent fire resistant. It is also well -established 

method of building meaning that there are recognised technical standards and an 

existing workforce who are familiar with the construction techniques. Indeed, from a 

funding point of view, investors and mortgage lenders view masonry as a relatively 

reliable build technique (Barker, 2004) . Masonry also has a high aesthetic appeal 

and remains a popular choice of construction for most domestic dwellings.  

There are however disadvantages to masonry construction. One of the major 

drawbacks is that it requires on -site construction and wet trades meaning that it can 

often be labour intensive, time consuming and delayed by external factors such as 

weather. Whilst there have been developments in prefabricated masonry units which 

negate some of these issues, these off-site manufacturing techniques are not yet 

commonplace in the UK (Rogatzki, 2015). In this sense, masonry has been described 

as relatively outdated and inefficient with some suggesting that its popularity is due 
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only to a lack of innovation within the construction industry (Lovell and Smith, 

2010; Barker, 2004 ; Ross, 2002). Furth ermore, the low tensile strength of most 

masonry products means that its use is often restricted to medium and low rise 

buildings unless reinforced or supported by an additional load bearing structure 

(Hendry, 2001) . Nonetheless, traditional masonry still remains a popular choice for 

domestic scale buildings where its inherent strength is still  sufficient.  

 

4.1.1.  UK Context & Market Trends  

The construction industry is  particularly sensitive to national economic trends.  This 

is particularly evident for masonry products given their high dependence on the rate 

of house building. Over the past three decades whilst there have been some 

fluctuations in demand, production le vels peaked during  housing boom in the late 

1980s. Since then production has generally been on the decline, with an annual 

figure of 2000 million in 2014  (ONS, 2015). As shown in Figure 4-1, in more recent 

years, the economic recession in 2008 had a direct impact on the use of the industry 

demand for masonry products. This led to the downsizing and closure of several 

manufacturing facilities across the UK (Carbon Trust, 2010). 

Figure 4-1: Masonry Production in the UK  

 

Source: ONS (2015) 
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However since the economy has started to recover, this has led to new problems, 

particularly for the brick industry. At present the  UK has an urgent need to provide 

more housing to meet the demands of population growth and as such there has been 

an increased requirement for both new build properties and the refurbishment of 

existing stock. Within  Scotland alone, it is estimated that 500,000 new homes will 

be needed by 2035 (National Records of Scotland, 2012). As a consequence of this 

renewed demand, between 2014 and 2015 there has in fact been a shortage of bricks 

in the UK, with the mothballing of factories during the recession meaning that the 

national production capacity has been unable to meet industry requirements. This is 

particularly apparent in Scotland which is heavily reliant on imports due to the 

closure of several winning operations and brickworks. Even before the recession, 

Scotland accounted for only 4% of bricks made in the UK (British Geological Survey, 

2007) . By 2014, only one brick producer, Raeburn Brick Limited , remained in 

operation in Scotland (Smith, n.d.) .  

In addition to changing supply -demand relationships, wider economic issues such as 

fluctuating energy prices have also remained a threat to the financial viability of 

brick production (Competition Commission, 2007) . Decreased production output 

has also resulted in kilns being operated at reduced capacities leading to 

inefficiencies and higher production costs meaning that smaller producers have 

struggled to compete with the economies of scale offered by the larger companies 

(Competition Commission, 2007). In the case of concrete blocks, as shown in Figure 

4-1, production figures have followed a similar trend to ceramic bricks, albeit with 

much greater production volumes. Indeed the production capacity for concrete 

blocks in the UK is much greater than for bricks with around 90 different production 

plants run by 30 different manufacturers (CBA, 2014).  
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There has also been a general decline in the demand for the common brick which 

has gradually been displaced by other materials (Bloodworth et al., 2001) . Given the 

drive to minimise build costs and increase productivity on site, larger units have 

become the preferred option since these are both faster and easier to lay. For 

example the dimensions of a typical concrete block (440 x 100 x 215 mm) are 

equivalent to the volume of six standard bricks meaning that, not only is the laying 

process accelerated, but less mortar can be used. Similarly, new systems for internal 

partitions such a frame and panel/board systems are commonly being specified as 

alternatives to masonry systems in an effort to minimise the presence of ówetô trades 

on site. While brick and block cavity wall construction has historically been the most 

common construction technique for low -rise, domestic dwellings (Pan et al., 2007), 

this picture is beginning to change. This is primarily due to increasing competition 

with timber frame systems where the inner concrete leaf is replaced with structural 

timber members. Although recent figures show that timber frame forms only 13% of 

the overall market in the UK, in Scotland the figure is over 60% (CBA, 2014). In 

general offsite manufacture, the development of prefabricated systems and the 

introduction of alternative cladding systems in recent decades has further 

diminished the role of masonry (Competition Commission, 2007) . Other factors 

contributing to the drop in the demand for masonry products include the decreasing 

footprint of domestic dwellings (Robert-Hughes et al., 2011) which consequently 

consume less material. Additionally, the increasing urban density of population 

centres has resulted in a decrease in the number of detached properties as well as an 

increasing number of flats and multi -storey buildings which are typically built using 

steel and reinforced concrete (British Geological Survey, 2007).  

A number of environmental issues, some of which are closely related to the financial 

concerns surrounding masonry construction, have also been identified. This applies 
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not only to the raw material extraction phase but also to processing operations and 

the utilisation of the final products. For example, the Climate Change Levy 

(Parliament of the United Kingdom, 2000)  which came into effect in 2001, commits 

energy-intensive industries, which includes the production of ceramics, cement and 

lime, to making significant reductions in CO 2 emissions.  This is supplemented by 

the EU Emissions Trading Scheme which allows trade emission allowances to be 

bought and sold and provides further financial incentives for companies to meet 

their targ ets (POST, 2012). The shared objectives of these policies are to reduce the 

energy consumption and GHG emissions associated with such processes and 

encourage the efficient use of resources. One of the biggest concerns for the brick 

industry in particular, is energy consumed during the firing process which can be up 

to 83% of the total fuel consumption of the brickmaking process as illustrated in 

Figure 4-2 (Carbon Trust, 2010).  

 

Whilst there are increasing efforts to incre ase the efficiency of the kiln-firing 

process, through methods such as heat recovery, it is estimated that increases in 

process efficiencies will only amount to a maximum energy reduction of 20% 

(Carbon Trust, 2010). Indeed reports from the brick industry indicate that over a ten 

Figure 4-2: Energy use in the Brickmaking Process  

 

Source: Adapted from Carbon Trust (2010) 
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year period, the overall energy production per tonne of material produced had been 

reduced by only 6% (Brick Development Association, 2012). In the case of concrete 

products, the biggest issue is the significant volumes of Ordinary Portland Cement 

(OPC) utilised since this requires high production temperatures and significant 

energy inputs (Habert et al., 2011). 

The EU Integrated Pollution and Prevention  Control Directive  (Official Journal of 

the European Union, 1996) also places restrictions on raw material extraction, 

operations and atmospheric emissions with limits on the permitted levels of 

emissions likely to become more stringent in the future (Bloodworth et al., 2001) .  

Therefore in addition to energy -efficiency targets, there are also limits being placed 

on the emission of pollutants such as carbon dioxide, hydrogen fluoride and 

particulates (Carbon Trust, 2010). Water consumption is also an important factor 

with manufacturers being driven to minimise the use of fresh waste and re-use 

secondary sources wherever possible. In manufactured masonry products, water is 

added to the dry materials in order to produce a workable mix which can then be 

moulded into the desired shape. The addition of additives such as plasticisers 

reduces the requirement for water and this technique is being used in some cases to 

improve the plasticity of the material. In some cases however the additives can be 

costly and may therefore not prove worthwhile. Cheaper alternatives for improving 

workability include pr oducts such as industrial sludges and natural products such as 

food starches (Brick Development Association, 2001). Other efforts to improv e the 

resource efficiency include responsible sourcing of raw materials, minimising waste 

and the increased use of recycled and secondary aggregates. For example, additives 

such as pulverised fuel ash (PFA) which is a by-product of the coal industry is often 

incorporated as a partial cement substitute (Man and Yeung, 1997) while alternative 

aggregates such as recycled construction and demolition wastes (Poon et al., 2002) 
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can be used in concrete block production to  reduce the consumption of primary 

aggregates. Clay brick manufacturers are also being encouraged to incorporate 

recycled materials contents of above 1o% while also reducing the amount of waste 

sent to landfill (Brick Development Association, 2012). Overall, there are therefore 

existing pressures for both brick and block manufacturers to reduce the 

environmental impacts of their products.  

In summarising the future  market for masonry within the UK, despite current 

challenges, since traditional brick and block construction is a tried a tested method 

it  is likely to remain popular with house -builders provided that it can be shown to be 

more economical than other modern methods of construction (Barker, 2004) . A 

recent study also demonstrated that consumers reportedly still favour brick/block 

construction over other methods (Brick Development Association, 2012). Given that 

the present market for masonry is focused primarily on domestic dwellings, the need 

for new homes will also help to support the future demand for masonry products.  

However, whilst  there will be a continued demand in the near future, the 

replacement of fired clay bricks and concrete blocks with alternatives like timber and 

other pre-fabricated systems may also increase unless the industry is able to 

diversify and create new products which offer additional benefits. Although there are 

some new innovations in masonry which have become available commercially in the 

UK, such as the development of honeycomb óZiegelô blocks (GreenSpec, 2015a) or 

materials incorporating alternative materials such óHemcrete®ô (Lime Technology, 

2015), in general product innovation has remained relatively static i n recent years 

(Competition Commission, 2007)  with countries like Germany taking the lead in 

research and development activities.  There is therefore further potential for new 

masonry products which offer compatibility with existing build methods but also 

respond to the need to reduce environmental impact and improve costs.   
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4.2.  Earth Masonry Construction  

Earth masonry materials are those which are manufactured using unfired clay soils. 

Therefore unlike conventional ceramic bricks, the clay material is simply dried or 

óbakedô rather than being fired at a high temperature. Earth is an ubiquitous 

material , contributing to  over 70% of the global landmass (Borer and Harris, 1998) . 

Due to this abundance and availability, raw earth has played a vital role in t he 

development of mankind. This is primarily due to  unique properties of the clay 

minerals contained within the soil which, when combined with water, act as a 

binding matrix with the other courser particles. Upon drying, this creates a solid 

material from which basic shelters can be constructed. Unfired earth has hence been 

utilised as a building material for thousands of years, with examples of sun-dried 

bricks dating back to 7000 BC having been found in Mesopotamia, Egypt and India 

(Smith and Austin, 1989) . Minke ( 2006)  also reports that  adobe houses found in 

Turkmenistan were constructed as far back as 8000 -6000 BC. As a vernacular 

technique, building with earth often relies on the traditions and skills of loca l 

cultures passed down through generations, and therefore the vast regional variations 

exist. The basic types of earth construction are presented Figure 4-3.  

Figure 4-3: Summary of Unfired Earth Systems  
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In considering the  current  global context, an estimated one third of the worldwide 

population  still  inhabiting buildings made from earth (Houben and Guillaud, 1994). 

Whilst these various building methods have been used extensively in construction 

for centuries (Williams et al., 2010) , in Western societies most of these materials 

have been replaced by contemporary ceramics such as fired bricks and concrete. In 

comparison to such materials, earth is considered to have a number of 

disadvantages such a relatively low strength and poor durability  (Ruskulis, 2002a) . 

However raw earth still remains as a cheap, abundant and eco-friendly material and 

when detailed appropriately can be used to create versatile architectural forms. 

 

4.2.1.  Earth Construction in the UK  

Earth based construction was commonplace in the UK and in Scotland until the 18 th 

century (Little et al., 2001) . However traditional earth building techniques were 

considered to be labour intensive and experienced a decline as a result of the 

growing popularity of stone and timber. Although the majority of earth based 

buildings in existence today are located in developing countries, a resurgence in 

more traditional earth bu ilding techniques has been witnesses recent years, 

particularly within Europe , the USA, Australia and New Zealand (Pacheco-Torgal 

and Jalali, 2012), and there are an increasing number of studies which discuss the 

potential of unfired earth as a contemporary building material . This is mainly a 

result of the growing recognition of earthôs environmental credentials as well as the 

associated hygro-thermal and acoustic benefits.  

In the context of the UK, it is estimated that there are currently around 500,000 

earth buildings in existence (Little et al., 2001) . This includes traditional 

constructions such as cob and rammed earth construction as well as contemporary 
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methods such as the Compressed Earth Block (CEB), a descendent of traditional 

adobe blocks, which has become particular ly popular . As discussed by Heath et al. 

(2012a), industrially produced CEBs are more aligned with modern methods of 

construction since their improve d strength can allow comparable wall thicknesses to 

conventional brick/block constructions. They also required similar skills to standard 

bricklaying and are therefore more likely to enter the mainstream market (Morton, 

2008) . 

 

4.2.2.  Properties of Earth as a Construction Material  

As a natural material, the properties of earthen materials and their performance is 

dependent upon a number of factors including both material and production 

variables. The importance of these variables, as well as the general properties of 

earth including physical characteristics, aesthetics and cost, will therefore be 

discussed. 

 
Soil Properties  

Firstly,  the composition of the soil used has an important influence on the final 

properties of the bricks or blocks being produced. Since the fine clay particles act as 

the main cohesive element in a soil, the PSD will affect the overall strength of the 

soil matr ix. As discussed by Delgado and Guerrero (2007) , the clay content can have 

a particularly significant effect  on the compressive strength of unstabilised 

materials. There is however wide variation within existing technical guidance 

regarding optimum PSDs, with recommended clay proportions ranging from 5 to 

40% (Delgado and Guerrero, 2007). In relation to plasticity, several authors also 

suggested the optimum range of Atterberg limits for soils which are to be used for 
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building purposes. Houben and Guillaud ( 1994) for example suggest a LL of 25-51% 

and a PI of 2-31% for compressed earth blocks, with corresponding values for adobe 

materials of 31-50% and 16-33%. The role of the clay mineralogy is also discussed by 

Minke ( 2006)  who describes how the  ion binding capacity, including the quantity 

and type of ions present on the clay surface, is dictated by the mineral structure . 

This can in turn affect the overall compressive strength of the soil.  In general, 1:1 

minerals like kaolinite which have a low specific surface area and relatively low 

charge characteristics, are weaker binding agents than 2:1 minerals like 

montmorillonite (Röhlen and Ziegert, 2011). Given the wide range of soil types 

available globally, an understanding of the raw materials is critical in assessing it 

suitability for earth masonry products as well as facilitating comparisons between 

the results of physical tests, where different soil types have been used.  

Mechanical Properties  

The mechanical properties of earthen materials are commonly tested as measure of 

their anticipated structural performance and as an indicator of specimen quality.  

However at present there is a general lack of standardisation regarding testing 

procedures and the most appropriate methods for predicting the structural 

performance of earthen materials (Morton, 2008) . Procedures are therefore often 

based on those used for mortars, concrete, blocks and fired bricks such as BS EN 

772-1 (BSI, 2011a), BS EN 1351 (BSI, 1997a) and BS EN 1015-11 (BSI, 2002) . The 

compressive strength and flexural strength (modulus of rupture) are the two main 

tests conducted on masonry units as well as additional tests on the complete 

masonry systems such as the bond strength test and the RILEM test (Olivier et al., 

1997).  
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The compressive strength is the most commonly cited mechanical property for 

earthen materials. In reviewing existing studi es relating to earth brick and blocks 

(Table 4-1), without the use of additives, compressive strength values are found to 

vary between approximately 1 and 8 N/mm 2. Whilst most studies are based on 

similar  testing principles, there  is still variation between studies due to a lack of 

standardised procedures. For example some studies tested only the unit compressive 

strength (Kouakou and Morel, 2009 ; Heath et al., 2009)  whilst others provide 

values for the characteristic strength, including the contribution  of the mortar (Bei 

and Papayianni, 2003; Williams et al., 2011).  

 Table 4-1: Mechanical Properties - Literature Values  

 
Preparation 

Method  

Approx. 
Dimensions  

(mm)  

Bulk 
Density 
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Compressed 145 × 145 × 90 2000  0.9 ï 4.6 (Hansen and 
Hansen, 
2002)  

145 × 145 × 90 2100 2.4 ï 7.8 

Mechanical 
Compaction 

250 x 120 x 80 1975 ï 2380 4.3 ï 4.9 (Bei and 
Papayianni, 

2003)  

Extruded 
(includes 

straw) 

440 x 220 x 100 1674 0.6 (Williams et 
al., 2011) 

Hand 
compacted 

450 x 185 x 140 1757 1.0 

Hand 
compacted 

(straw)  

200 x 85 x 90 1836 1.6 
200 x 90 x 100 1816 1.5 
210 x 90 x 95 1872 1.8 

Adobe  70 x 60 x 140 1910 ï 1990 1.8 ï 3.1 (Kouakou and 
Morel, 2009)  Mechanical 

Compaction 
70 x 60 x 140 1940 ï 2090  2.5 ï 4.8 

Extrusion  220 x 100 x 70 1597 ï 2063 2-2 ï 5.6 (Heath et al., 
2009)  

Manual 
Compaction 
(with straw)  

31 x 46 x 13 - 5.2 ï 8.3 (Piattoni et 
al., 2011) 15 x 23 x13 - 2.1 ï 2.9 

General - 1700ï2200  1 ï 4 (Sutton et al., 
2011) 

 

In terms of the actual units being tests, variatio ns in specimen production must also 

be considered.  In addition to the previously discussed importance of soil selection, 

the method of manufacture can also influence the compressive strength. In 
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traditional  methods, such as adobes, the soil is mixed at a relatively high moisture 

content and is simply hand compacted into a mould and then left to dry in the sun. 

In more advanced systems, the material has a much drier consistency so that it can 

be compacted mechanically using either a manual or hydraulic press, or in some 

cases using an extruder. A typical mechanical press for example will compact the 

material at  a pressure of 2 N/mm2 (Walker and Stace, 1997). These different 

production methods, and resulting levels of compaction applied to the material, lead 

to different dry densities and mechanical properties. For example, as shown by 

Kouakou and Morel (2009) , preparing blocks from the same soil using two different 

production methods led to significantly different strength characteristics. In this 

case the traditional adobe method was found to produce block of lower density and 

compressive strength than a pressed block produced at a lower moisture content. 

Some compaction techniques can also lead to a density gradient in the material 

which can again affect the strength results depending on the direction in which the 

specimen tested relative to the direction of compaction (Mesbah et al., 1999; Morel 

and Pkla, 2002). It is therefore unwise to directly compare materials which have 

been produced using different methods.  

Furthermore, the geometry of the specimens being tested also has an important 

correlation with compressive strength. As discussed by various authors (Walker, 

2004;  Morel et al., 2007; Aubert et al., 2013; Aubert et al., 2015) this is due to the 

platen restraint effect  (Figure 4-4) which results in confinement of the specimens 

due to friction against the platens and consequently increases the apparent 

compressive strength. This effect is enhanced with smaller distances between the 

platens meaning that the aspect ratio of the unit being tested has an important 

influence on the strength values achieved. In conventional masonry systems this 

variation can be accounted for using correction factors however there is still debate 
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as to which values should be used (Heathcote and Jankulovski, 1992) and whether 

correction factors are even appropriate for earthen materials (Morel et al., 2007;  

Aubert et al., 2013). In some studies it is unclear whether correction factors have 

been applied and so again this may account for the wide variation of results. 

 
Figure 4-4: Platen Restraint  Effect  

 

Source: Adapted from Lawrence et al. (2013) 

 

Another factor which can affect the compressive strength of earthen materials is the 

moisture content of the unit at the time of testing. As shown by Heath et al. (2009) , 

compressive strength can decrease by 30%  upon an increase of 2% compared to the 

equilibrium moisture content. Hansen and Hansen (2002)  also demonstrated a 

decreasing compressive strength with increasing moisture content. Differences may 

therefore be observed between samples which have been exposed to different 

environmental conditons .  

In considering other mechanical tests, the flexural strength (modulus of rupture 

test) is also discussed within the existing literature , albeit less frequently than 

compressive strength. This property can be measured using the 3 point bending test 

which due to the simpler test procedure is more commonly used in field testing  as an 

indicator of specimen quality (Rigassi, 1995; Morel and Pkla, 2002) . Although the 
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strength characteristics have less relevance in terms of the loading experienced in-

situ as part of masonry construction, this test method is still useful in comparing the 

strength characteristics of the individual specimens and can be seen as an indirect 

method of measuring compressive strength. Another  test method which assesses the 

behaviour of the full masonry system, including  the mortar , is the RILEM test which 

measures the compressive strength of two half units stacked on top of each other 

with an earth mortar in between (Morel et al., 2007) . This creates a greater aspect 

ratio to minimise the impact of confinement as well as taking into account the 

strength of the mortar l ayer.  

Overall, the mechanical strength of unstablised earth is considered to be relatively 

low although in some cases it  can be considered comparable to low grade concrete. 

As discussed by Houben and Guillaud (1994), in low rise buildings a downward load 

of 0.1 ï 0.2 N/mm 2  is typical for a single storey and so when taking into account 

safety factors a design value of 2 ï 2.5 N/mm 2  is considered sufficient for earthen 

walls. Indeed values of 1 ï 1.5 N/mm 2 are noted as the minimum required for 

specimens with sufficient integrity while  specimens with higher strengths (e.g. above 

10 N/mm 2) may be considered unnecessary for low-loadbearing applications. 

Therefore while some unstablised specimens may pass this minimum criteria, the 

introduction of additives may help to further enhance str ength. 

 

Durability  

Closely related to mechanical strength, durability is also an important characteristic 

for any building material  and is particularly important for unfired earth products 

where the perceived poor water resisitance and weatherability is one of the biggest 
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barriers to its use in modern construction  (Morton, 2008) . Concerns regarding the 

deterioration of the mechanical properties of earthen materials due to exposure to 

moisture or surface abrasion/impact  must therefore be considered. A number of 

authors have attempted to quantify the durability of earthen materials through tests 

which mimic  the impacts of weathering and erosion. Tests developed to date are 

based on applications where the material is to be used as external walling. Heathcote 

(1995;2002) , Ogunye and Boussabaine (2002) and Walker (2004 ) describe a 

number of possible erosion and  accelerated weathering tests which are suitable for 

earth masonry, the main objective of which is to measure the bond-holding capacity 

of the material . Procedures include the drip test, spray testing and the the 

accelerated erosion test. In both the drip and spray tests, the specimen is subjected 

to a pressurised water spray or controlled water droplets, either for a given time or 

until a given penetration depth with the material is reached. For the accelerated 

erosion test, the specimen is subjected to repeated cycles of wetting and drying as 

well as controlled abrasion using a wire brush. As discussed by Cid-Falceto et al. 

(2012a), these durability tests are also referred to in international guidance 

documents for earth building  but there is again disparity regarding the specific 

procedures.  There is also some criticism of these types of tests in that they are often 

much more severe than natural weathering conditions. Guettala et al. (2006)  for 

example argues that whilst theses test are quick to perform,  they are very aggressive 

and not representative of the likely conditions which t he material will be exposed to, 

such as full submersion in water.  Ogunye and Boussabaine (2002)  further argue that 

inconsistencies emerge when laboratory tests are compared with long term in-situ 

studies. Indeed traditional adobe materials, which perform poorly in simulated 

erosion tests, have been used successfully in buildings around the world which are 

still standing today (Houben and Guillaud, 1994).  In alternative durability studies, 
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Adam and Agib (2001) studied the surface properties  through repeated abrasion 

tests whilst Lenci et al. (2011) investigated damage evolution on dry units through 

cyclic loading tests, providing a profile of the mechanical behaviour.  

Overall, most existing durability tests are designed for stabilised earthen materials 

which are to be used in external applications. These tests may therefore be too 

severe for lower -grade materials which are to be used in protected, internal 

applications.  There is also a lack of standardisation among existing test procedures 

although given that weathering conditions are specific to different climatic regions, 

durability must also be considered in relation to the proposed building location. As 

discussed by Morton ( 2008) , in the context of the UK which has a temperate, 

maritime climate, the use of unfired clay externally is not recommended. However in 

internal applications,  provided that the earth masonry is constructed at least 75mm 

above ground level and protected with a damp proof course and local protection in 

areas such as behind sinks, the durability of the material should be adequate.  

 

Hygroscopic Properties  

Although  the moisture sensitivity of unfired earth is regarded as one of its major 

weaknesses with regards to long term durability, its hygroscopicity may also be 

viewed as one of its key benefits in comparison with other building materials. An 

unfired brick can absorb up to 30 times more moisture comparison than a fired 

brick (Minke, 2006) . As discussed in several studies, this behaviour can be highly 

beneficial in alleviating  problems associated with moisture in buildings (Padfield, 

1998; Osanyintola and Simonson, 2006). For instance, it has been estimated that 

human activities such as washing and cooking with in a typical household can 
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generate over 14 litres of water vapour on a daily basis (TenWolde and Pilon, 2007) . 

If incorrectly ventilated, this can lead to serious problems such as condensation, 

dampness, mould growth and the on-set of so called óSick Building Syndromeô. 

Hygroscopic materials can however help to regulate the indoor relative humidity  

(RH) levels by absorbing moisture from the air d uring periods of high humidity and 

storing this moisture until the room humidity decreases. This results in improved 

indoor air quality (IAQ) and consequently creates a healthier indoor environment 

for the occupants. In climates such as the UK, where occupants can spend up to 90% 

of their time in indoors, the quality of this environment is of vital importance 

(Minke, 2006) . Secondary effects such as the reduced the requirement for 

mechanical ventilation, and therefore energy use, may also be experienced (Padfield, 

1998). Osanyintola and Simonson (2006)  for example have argued that in moderate 

climates the use of hygroscopic materials can reduce the energy required for heating 

by 7-8% as well as a 10-30% reduction in the cooling energy. 

Unfired clay can offer such moisture buffering effects when exposed to the internal 

environment and this makes it an ideal product for inte rior  applications (Morton, 

2008) .  For example, a post-occupancy study of a house constructed using clay 

masonry demonstrated that the optimum RH range of 40 -60% was maintained due 

to the regulating properties of the clay (Morton, 2005) . Another study conducted in 

Germany also showed that the use of unfired masonry in new build housing could 

successfully normalise humidity levels, with tests conducted over an 8 year period 

demonstrating tha t RH remained at approximately 50%, creating a comfortable and 

healthy environment for the inhabitants (Minke, 2006) . Aside from in-situ studies, 

tests for determining the moisture buffering potential of earthen materials are the 

same as those used for other building materials. For instance,   ASTM C1498 ī 04a 

(ASTM, 2010a) or BS EN ISO 12571 (BSI, 2014) can be used to calculate the 
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moisture absorbed by the material over a range of relative humidity (RH) levels. 

Padfield and Jensen (2011) demonstrated that unfired clay could absorb 

approximately 0.8 ï 1.3% moisture over a RH range of 40-60% compared to >0.3% 

for standard fired bricks . Nordby and Shea (2013), in comparing work by Rode et al. 

(2005)  and Padfield and Jensen (2011) also illustrate d that unfired earth has a 

moisture buffer value (MBV) of 1.49 g/m 2 %RH. This is much greater than the 

equivalent value for concrete (0.38g/m 2 %RH). High humidity buffering values for 

unfired bricks in comparison to other ceramic products were also found by Hansen 

and Hansen (2002) .  

Overall, the moisture regulating behaviour of u nfired earth is one of its major 

advantages over fired brick, concrete blocks and lightweight constructions such as 

stud walls. In addition to improved IAQ this can also lead to savings in energy due 

the reduced need for mechanical ventilation as well as minimising the need for 

heating and cooling due to latent heat exchange (Nordby and Shea, 2013).  If this 

property can be exploited effectively, it  could offer a major opportunity  for the future 

utilisation and marketing of unfired materials. However, consideration must also be 

given to the impacts of any additives used in earthen materials upon their moisture 

buffering potential. For instance, the addition of stabilisers like cement and lime 

have been shown to reduce the vapour permeability of unfired earth (McGregor et 

al., 2014a).  

 

Thermal Properties  

In terms of thermal performan ce, earth masonry is considered to be a relatively poor 

insulator (Minke, 2006 ; Morton, 2008) . This is primarily due to the high density of 
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the material which can range from 1500 to 2000 kg/m 3 (Riza et al., 2010), giving 

corresponding thermal conductivity values of 0.7 to 1.2 W/ m·K (Morton, 2008) . 

Ibstocksôs Ecoterre brick for example offers a thermal conductivity of approximately 

1.0 W/ m·K based on a material density of 1900 kg/m 3. According to Minke ( 2006) , 

the thermal properties of earth can be improved through the inclusion of porous 

additives such as natural fibres, cork, pumice, foamed glass and expanded clay as 

well as waste products such as sawdust and crop husks. For example, Goodhew and 

Griffiths ( 2005)  achieved a value as low as 0.18 W/ m·K for a low density clay-straw 

mix. Commercially available products such as Claytecôs Light Earth Blocks  also offer 

a thermal conductivity of around 0.2 W/ m·K.  Whilst  some systems such as light-

earth construction and loam infill do offer much better thermal properties due to the 

inclusion of fibres, these are typically used as non-loadbearing in-fill materials in 

framed constructions rather than being considered as a form of masonry 

construction (Morton, 2008) . Indeed the inclusion of fibres and pore forming 

additives which reduce the overall density often correlates with a reduction in 

compressive strength (Demir, 2008) .  

Other factors such as the moisture content can also affect thermal properties. The 

thermal conductivity of earthen materials can reportedly double when the moisture 

content is raised from 1% to 7% (Houben and Guillaud, 1994). This must be 

considered during testing and when calculating the expected performance of the 

material once installed. Nonetheless, existing studies have demonstrated that 

unfired clay bricks can still offer better thermal properties than conventional fired 

masonry. For instance, Oti et al. (2010a) measured the thermal conductivity and 

thermal resistance of unfired clay bricks stabilised either with lime or Ordinary 

Portland Cement (OPC) and activated Ground Granulated Blast-furnace Slag 

(GGBS), using a specialist thermal conductivity meter. The average values for 
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thermal conductivity were given as 0.25 W/ mϊK and 0.26 W/ mϊK respectively which 

is lower than the equivalent value for a fired clay brick (0.40 W/ mϊK). Goodhew and 

Griffiths ( 2005)  also demonstrated that an external cavity wall construction 

containing unfired clay bri cks and sufficient insulation cou ld achieve the minimum 

U-value (thermal transmittance value) required by UK building regulations. 

According to their results, achieving todays more stringent requirements for 

external walls in Scotland would require a 240mm  clay brick outer leaf, a 150mm 

insulated cavity and a 110mm inner leaf. 

Aside from thermal conductivity, another factor to consider is that the use of 

materials with high specific heat capacity and high density, like earth masonry, can 

provide thermal mass within the building. Lawrence et al. (2008)  argue that this 

contribution to thermal mass can to a degree compensate for its poor performance 

as an insulator. This is due to the fact that a material like earth masonry allows heat 

to be stored and released as needed, providing a thermal lag and reducing variations 

in temperature as well as reducing the overall energy requirements for heating and 

cooling. The specific heat of unfired earth reportedly varies between 800 and 1000 

J/(kg ·°K) (Houben and Guillaud, 1994) which is comparable to other masonry 

materials like fired brick and concrete . A study by Morton ( 2005)  demonstrated that  

the thermal mass of earth bricks was beneficial in regulating the thermal 

fluctuations within a house where the energy consumption and steady-state heat 

flows were observed over a 12 month period. A more recent study conducted by 

Liuzzi et al. (2013) in Central West Afr ica also demonstrated through computer 

modelling that the use of unfired earth in the walls, floors slabs and roof led to the 

creation of desirable levels of thermal comfort. These combined hygro-thermal 
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characteristics also mean that the moisture absorption of unfired clay creates further 

thermal inertia (Houben and Guillaud, 1994). 

In summary, although earth may be considered as a poor insulator, particularly 

when compacted, it can still be used to meet the required U-values of UK building 

regulations if combined with appropriate in sulation and detailed correctly. It can 

also be used effectively as part of a passive design strategy and exploited for its 

thermal storage properties if exposed internally. It should however be noted, factors 

such as the inclusion of voids or perforations, the moisture content, the specific 

material density and the composition of the clay and any additives will all have an 

influence on the specific thermal properties achieved. 

 

Acoustic Properties  

Noise travels through buildings by means of either airborne  or impact sound, and 

can be generated from a variety of sources (McMullan, 2007) . Sound insulation is 

becoming an increasingly important factor in the design of buildings , particularly 

between attached dwellings which share separating walls and floors (Smith et al., 

2006) . Most authors agree that earth masonry is regarded as a sufficient acoustic 

insulator (Walker and Stace, 1997; Morton et al., 2005 ; Hall and Swaney, 2005) 

although its specific properties will be dependent on the particular wall 

construction. For example, Houben and Guillaud ( 1994) give estimated Coefficients 

of Acoustic Attenuation (500 Hz) of 30 ï 60 Db for a 400mm wall while Delgado 

and Guerrero (2006)  also gives a general value of 58 dB (500 Hz) for 500mm earth 

walling.  For more slender constructions, Morton  (2008)  states that a 130mm 

unfired masonry wall at a density of 1500 kg/m 3 would also be expected to achieve a 
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Sound Reduction Index (SRI) of 46 dB, with an equivalent value of  53 dB for a 

240mm wall. Both of these wall types would therefore meet the minimum 

requirement of UK building regulations (HM Government, 2010 ; Scottish 

Government, 2015). As discussed by Binici et al. (2009) , the acoustic performance of 

earthen materials can also be improved by incorporating high-porosity additives, 

such as basaltic pumice. 

Fire resistance  

Earthen materials are combustible only at very high temperatures and they are 

therefore considered to be relatively fire resistant (Röhlen and Ziegert, 2011). 

However the specific fire performance of a wall construction may be dependent on 

factors such as the composition, density and geometry of the masonry unit, the type 

of mortar used and the wall thickness. One major concern is that if a fire were to 

occur in an unfired earth building, the use of water as a fire fighting tool could also 

induce failure due to the poor water resistance of unfired materials  (Morton, 2008) . 

Therefore vulnerable areas would have to be sufficiently protected. The other main 

factor which can make unfired earth materials more vulnerable in fire situations is 

the inclusion of combustible materials such as natural fibres (Little et al., 2001) . 

Some building standards, such as the UK, give a limiting value of 1% by weight for 

the quantity of combustible organic material whereas the German standard states 

that as long as the material achieves a minimum density of 1700 kg/m 3, it can be 

considered as incombustible (DIN, 1998) . However Morton et al. ( 2005)  

demonstrated that an unfired earth product containing 50% organic fibres and with 

a density below the required German standard was able to pass the fire resistance 

requirements of BS 476-20 (BSI, 1987). Buson et al. (2012) has also conducted fire 

testing on walls constructed from soil cement bricks and óKraftterraô CEBs 
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containing recycled paper fibres, with both types of materials demonstrating 

adequate fire resistance. The fire performance was also shown to improve with the 

inclusion of appropriate plasters. In general, Morton ( 2008)  recommends that in 

cases where an earth masonry wall is required to be fire resistance, if the material 

does not have a density of over 1700 kg/m2 or an organic content of less than 1%, the 

physical fire testing should be conducted to provide evidence of performance.      

Mortar Compatib ility  

When designing earth masonry systems, the appropriate choice of mortar must also 

be considered. Even though the mortar component may account for less than 10% of 

the overall masonry system, its importance in relation to the performance of the 

overall construction can still be significant (Hendry, 2001) . In general conventional 

cement based mortars are unsuitable for use with unfired earth units since they 

often have superior mechanical properties to the units themselves. For example 

Williams et al. ( 2011) studied the influence of mortar type on bond strength, 

characteristic compressive strength and flexural strength highlighting that cement 

mortars which are much stronger than the bricks can lead to considerable cracking. 

However earth slurry mortars, created using the same base material as the units, 

showed relatively good results.  Overall, the most appropriate mortar may differ 

depending on the specific properties of the unit and therefore must be considered on 

an individual basis. Commercially available unfired brick products recommended 

using a light clay (>1400kg/m 3) or moderately hydraulic lime mortar (IBSTOCK, 

2014). Some manufacturers even suggest that the units themselves may be rewetted 

and remixed to create a suitable mortar (Construction Resources, 2015). 

In investigating alternative  mortars for unfired earth systems, the most relevant 

study is that conducted by Lawrence et al. (2008) .  This explored the use of various 
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mortar mixes including three sand/clay mortars, one of which also contained 5% 

lignosulfonate, a sand/cement mortar, a lime mortar and a sodium silicate mortar. 

The results showed that the sodium silicate mortars performed particularly well with 

the unfired units and achieved high bond strengths. This is an important factor to 

consider since a higher bond strength between the unit and the mortar will create a 

more stable structure. Lawrence et al. (2008)  argue that this could therefore allow 

the standard 300mm wall thickness usually associated with earthen walls to be 

reduced to a thickness of 100mm, enabling more direct competition with other 

partition systems such as concrete blocks.   

Later work on the sodium silicate mortar also tested characteristic compressive 

strength, flexural strength  and initi al shear strength  of the masonry system 

demonstrating that in this case the weakest part of the construction was the bricks 

themselves rather than the mortar (Lawrence et al., 2010). However, given that 

sodium silicate has a relatively low carbon footprint as well as superior technical 

performance in comparison to the other mortars tested, it has been argued that this 

may be a promising avenue for the future development of unfired masonry.  

 

Aesthetics  

The aesthetic properties of any building material ar e of course highly subjective 

however the appearance of a particular finish can have an important impact on 

decisions surrounding material specification. Morton ( 2008)  argues that the main 

advantage of earth masonry is that it is a highly versatile material and hence 

properties such as colour and texture can be modified to create the desired effect. 

Furthermore, unfired earth masonry can be left exposed or can be plastered, painted 
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or lime washed to create an even wider range of finishes. Other techniques such as 

sandblasting and burnishing can also be adopted and ceramic tiling can also be 

incorporated in areas which may be particularly susceptible to water damage 

(Morton, 2008) . A clay plaster, usually with added pigments, tends to be the most 

common approach as this provides an even finish whilst also protecting the masonry 

and still allowing a óbreathableô wall system. However some authors have noted that 

the application of wet plaster and renders to earth masonry can also have 

detrimental effects due to the moisture sensitivity of unfired materials, particularly 

when thick coatings are used on relatively slender walls (Heath et al., 2012b). This 

will therefore have to be considered when selecting the desired aesthetic finish.  

 

4.2.3.  Environmental Impact  

There are a limited number of studies which discuss the environmental impact of 

unfired earth materials. In reference to unfired clay bricks (without stabiliser s), 

Morton et al. ( 2005)  provides embodied energy (EE) and embodied CO2 (EC) values 

of 146 kWh/t and 44.6 kgCO2/t, r espectively. As shown in Figure 4-5, these values 

are considerably lower than for comparable ceramic products. This is due to the fact 

that the environmental impact of unfired materials includes only the excavation and 

transportat ion of the soil and processing factors such as mixing, forming and low 

temperature drying, thereby eliminating the need for energy -intensive kiln firing. 

Some authors even argue that where soil is excavated directly from the site, the 

embodied energy may be negligible (Shukla et al., 2009).  

In considering stabilised materials, Venkatarama Reddy and Jagadish (2003)  

highlight that even cement stabilised blocks, with a 6% cement content use less than 

a quarter of the energy required to manufacture an equivalent fired brick product 
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whilst steam cured bricks with 10% lime are also shown to require only 60% of this 

energy. However the contribution of the stabilisers is noted to be significant to the 

overall embodied energy of the brick. Furthermore, the authors also point out the 

importance of the mortar used in earth masonry systems which can also make a 

significant contribution to the overall embodied energy of the walling system. Whilst 

cement based mortars are shown to have the highest EE, the introduction of 

pozzolans into the mortar mix or the use of lime can lead to a reduction in the 

embodied energy (Venkatarama Reddy and Jagadish, 2003). Reddy and Kumar 

(2010) have also shown that systems such as rammed earth also offer a much lower 

embodied energy that typical fired brick systems but highlight the fact that the 

addition of stabilisers can effect properties such as the maximum dry density and 

optimum moisture content. T his in turn will alter the energy required for key 

processes such as compaction. 

Figure 4-5: Embodied Energy  and CO 2 of Masonry Products  

 

Source: Hammond and Jones (2011) and Morton et al. (2005)  
 

In addition to these relatively low EE and EC figures, earthen materials also have 

other additional ecological benefits. According to Morton ( 2008) , provided that the 

soil used is from a non-contaminated source, earth masonry materials are also non-
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polluting and have a benign impact on biodiversity. This means that  at the end of 

their useful life they  can be broken down and recycled (WRAP, 2013). They are 

therefore reportedly easier to recycle that fired bricks or concrete (Heath, 2015). 

Another environmental benefit of earthen  materials is that they are inherently inert 

and non-toxic, unlike many contemporary products and finishes used in buildi ngs 

(Moquin, 1996) . It has even been argued that the use of clay materials could help to 

absorb toxins from the indoor environment (Darling et al., 2012; Magwood, 2014).  

 

4.2.4.  Cost  

Since unfired earth bricks  make use of a ubiquitous and readily available raw 

material, the input costs are generally low which explains its frequent use in 

developing countries (Agarwal, 1981). The economic benefits of earth as a 

construction material have been reviewed by Zami and Lee (2010) with the general 

conclusion that although earth is a relatively cost-effective technique in comparison 

to other build methods, this can be dependent on factors other than the price of the 

soil.  For example, the cost of labour, which can vary on a regional basis, will have an 

important influence on the overall build cost (Adam and Agib, 2001). The cost 

effectiveness is also dependent on whether the appropriate type of soil is available 

locally, otherwise the bulk material may have to be transported from other locations 

which adds to the material cost and the carbon footprint. Furthermore, l ocally 

available soil may require the use of additives to modify its properties and although 

this can be achieved through the use of small quantities of stabilisers, these can be 

relatively expensive (Adam and Agib, 2001). Other factors such as the type of 

manufactur ing process adopted will also be important. For example, in developing 
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countries where labour costs are low it is likely that manual processing will be used 

rather than the use of expensive equipment.  

In the context of the UK, Morton ( 2008)  gives cost estimates for different types of 

masonry units (Table 4-2  and Table 4-3). It should be noted that these costs per 

unit are based on 2006 prices, excluding VAT and transport costs. However they still 

highlight the relative differences in the m 2 rate for the different productio n methods. 

More recent figures (CES Edupack Database) give a cost of £0.39 ï £1.04 per kg for 

a common clay brick (density range of 1980 - 2070 kg/m 3) and £0.03 ï £0.05 per kg 

for concrete blocks (density range of 400 ï 1400 kg/m 3). Overall the economic 

viability of earth construction will have to be assessed on a project by project basis 

and in the context of the UK, a cost comparison against other contemporary building 

materials will be required in order to justify its appropriateness.   

 Table 4-2: Estimated Costs for Earth Masonry (Bricks )  

 
Unit Type  

Unit Cost 
(£)  

Equivalent cost per m 2  
(100mm thick wall)  

B
ri
c
k
s

 

Common Fired Clay Brick 0.17 12.17 

UK Industrial Mass -Produced Bricks 0.16-0.17 11.04-11.40 

UK Small-scale Mass-Produced Bricks 0.40-0.85 29.20-62.50 

Imported Mass Produced Earth Bricks  0.81-0.94 44.55-51.70 
One-off Commercial Hand -made 

Earth Bricks  
2.00-3.00 114.00-171.00 

 Source: Morton (2008)  

 

 Table 4-3: Estimated Costs for Earth Masonry ( Blocks )  

 Unit Type  
Unit Cost 

(£)  
Equivalent cos t per m 2  

(100mm thick wall)  

B
lo

c
k
s

 

Lightweight Concrete Block £0.70 16.10 

Imported Mass Produced Earth Blocks £6.25 125.00 

UK Small-scale mass-produced Blocks £1.60-3.00 44.80-84.00  

UK Large-scale mass-produced Blocks £0.28 9.92 

One-off, Volunteer Made Earth Blocks £3.00 0-72.00 
One-off, Commercially Hand Moulded 

Earth Blocks 
£10.00-15.00 240.00 -360.00  

 Source: Morton (2008)  
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4.2.5.  Required Skills and workmanship  

Although there are an estimated 500,000 existing earth buildings in the  UK (Little 

et al., 2001), at present the required experience and technical skills associated with 

this material and similar unfired ear th systems is limited. Little et al. ( 2001) argue 

that although the basic principles and techniques behind earth construction  are 

relatively simple and have been used for centuries, earth masonry is now considered 

as a fairly niche method of construction and only a small number of specialist 

contractors have direct experience in working with this kind of system. Whilst some 

traditional techniques such as cob and mudwall are more labour intensive and 

perhaps more suited to the self -build market, other unfired products such as brick, 

blocks and panels are in fact highly compatible with conventional construction 

methods and the required skills are very similar to those required for known trades 

like bricklaying (Röhlen and Ziegert, 2011). 

 

4.2.6.  Standards and Regulations  

In the UK there are existing technical standards for masonry products, covering 

common masonry units including clay, concrete bricks and blocks, calcium silicate 

and stone (BSI, 2011b). Eurocode 6: Design of masonry structures  (BSI, 2012d), 

was introduced in in 2006 to create more harmonised t echnical standards for 

building materials across Europe although at present this design code does not cover 

unfired earth materials.  There are however some existing guidance documents for 

earthen materials in countries such as Germany (Lehm, 2002) , New Zealand 

(Standards New Zealand, 1998), Australia (Walker, 2002)  and New Mexico 

(Government of New Mexico, 2009) . More recently, the USA have also published a 

standard guide for the ñDesign of Earthen Wall Building Systems ò (ASTM, 2010b). 
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Whil st these provide useful guidance regarding the design of earthen building, many 

of the recommendations are specific to the region in which they are produced and 

often the information relates to cement stabilised materials. There is therefore 

limited validity in transferring these standards to non-cement materials for use in 

the UK. As discussed by Maskell et al. (2015), the development of official compliance 

standards would increase the level of quality control and potentiall y encourage 

future use of the material.  

 

4.3.  Stabilisation of Earth Masonry  

Whilst clay alone can act as a binding matrix within soils, and this property is 

exploited in many existing earth based building techniques, the inclusion of other 

additives can further enhance the ability of the soil particles to form a cohesive 

structure  as well as reducing shrinkage and swelling (Ruskulis, 2002a) . This is 

commonly referred to as soil stabilisation and can be achieved through a variety of 

methods including process-based methods such as heat treatments and mechanical 

compaction. Other methods typically rely on the use of additives which can be either 

inert substances (e.g. aggregates or fibres), which help to improve the mechanical 

properties of the material , or chemical additives (e.g. cement or lime) which react 

with or alt er the properties of the soil through the formation of new minerals and 

cementation (Brandon et al., 2009) . In some cases the stabiliser simply enhances the 

existing clay matrix by facilitating ion exchange and bonding (Houben and Guillaud, 

1994). The most effective stabiliser will be dependent upon the soil type and 

therefore properties such as the PSD and PI should first be established in order to 

make sure that the soil is first of all a good candidate for stabilisation and that the 

most appropriate stabiliser is used (Burroughs, 2008) .   
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4.3.1.  Conventional Stabilisers  

Stabilisation of soils through the use of additives is a common technique and a wide 

range of products can be used for this purpose. Additives can be organic or inorganic 

with dosage rates varying depending on the type of stabiliser and the type of soil on 

which it is being used.  The use of the conventional additives can substantial ly 

improve the properties of raw earth when used appropriately. For instance there is a 

general consensus that the addition of fibres helps to increase the tensile strength of 

unfired masonry units as well decreasing the density and reducing 

shrinkage/ cracking during drying (Houben and Guillaud, 1994; Ruskulis, 2002b) . 

Natural fibres are particularly common adobe and cob building techniques and are 

usually used in proportion of 1 ï 4 wt% (Ruskulis, 2002b) . Aggregates such as sand 

and gravel are also frequently added to earthen materials to improve the soil grading 

and make the material more suitable for building applications (Houben and 

Guillaud, 1994;Röhlen and Ziegert, 2011). 

More dramatic modifications can be achieved using chemical stabilisers. The use of 

cement, for example, can impart significant improvements in compressive strength 

and moisture resistance (Walker, 1995; Gooding and Thomas, 1995; Walker and 

Stace, 1997;Guettala et al., 2006; Morel et al., 2007) . This not only facilitate s the use 

of poorer quality soils, which in some cases allows for more local raw material 

sources to be employed, but the improvements in strength also mean that 

structurally sound walls can be achieved using a reduced wall thickness compared to 

non-stabilised materials. According to Walker (1999), dosage rates of 5-10 wt% 

cement are usually sufficient to produce CSEBs with compressive strengths 

exceeding 2 N/mm2. Similar improvements in strength can also be achieved with 

lime, although this can be dependent upon the clay content of the soil, the curing 
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time and temperature and the stabili ser dose. Lime is more effective in soils with a 

higher clay content (Osula, 1996) and dosage rates of 2-8 wt% are typically required 

to achieve full stabilisation (Oti et al., 2008) . Significant strength improvements 

have also been demonstrated using blends of lime and cement, or mixtures 

containing GGBS  and other pozzolans (Reddy and Lokras, 1998; Kumar et al., 

2007;Oti et al., 2009 ; Oti et al., 2010b; Billong et al., 2009) . Hydrocarbon products, 

like bitumen , asphalt and paraffin can also be used as soil stabilisers (Houben and 

Guillaud, 1994). These are particularly effective on granular soils but may be 

unsuitable for soils with a high moisture content (Houben and Guillaud, 1994; Hall 

et al., 2012).  

On the other hand, there are also several disadvantages to conventional stabilisers. 

First of all the inclusion of a stabiliser, even at relatively low dosages, can lead to 

significant increases in cost. It also generates more complexity within the production 

process as well as, in some cases creating health and safety issues due to the use of 

hazardous materials (Hall et al., 2012). Furthermore it has been disputed that the 

use of additives like bitumen, cement and lime, when used in sufficient quantities,  

generally replaces the cohesive properties of the clay and therefore fundamentally 

alter the natural properties of the material (Morton, 2008) . Arguably, these 

stabilised composites cannot therefore be considered as true óunfired earthô.  Indeed, 

in such cases it could be argued that the earth is simply acting as an aggregate in a 

cement bound composite (Röhlen and Ziegert, 2011). Another major issue is the 

increased environmental impact  which results from the inclusion of stabilisers with 

high embodied energy and embodied CO2. This is particularly true of cement due to 

the CO2 emissions associated with the kilning of limestone and the calcination 

process involved in producing the clinker (Worrell et al., 2001 ; Huntzinger and 

Eatmon, 2009 ; Pacheco-Torgal and Jalali, 2012; Turgut, 2012; Hasanbeigi, 2013). 
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Although several authors have recommended lime as a potential alternative to 

cement due to its perceived lower environmental impact (Davis, 1994), according to 

Hammond and Jones (2008)  the overall embodied energy of lime was actually 

shown to be greater than that of cement. Larger dosages of lime are also required to 

achieve the results seen with smaller quantities of cement which further diminishes 

its ecological benefits. 

A summary of the most commonly used stabilisers and their function is shown in 

Table 4-4. Overall, although most studies have shown that  earthïbased walling 

systems typically have more desirable embodied energy values than traditional fired 

bricks and some concrete systems, there is recognition that the use of cement or lime 

based products has negative effect on the overall environmental impact.  

 
Table 4-4: Summary of Conventional Stabilisers  

Additive  Example  Function  Cost  
Environmental 

Impact  

Fibres  Straw 
Reinforcement: Can improve 
tensile strength and reduces 

drying shrinkage  
Low 

Low ï depending 
on source 

Aggregates  
Sand or 
gravel 

Grading: I mproves PSD Low 
Low ï especially if 

recycled 

Cement  OPC 
Cementation: Creates inert, 

three-dimensional matrix. Can 
improve mechanical strength.  

High  High  

Lime  
Hydrated 

lime 

Linkage: Forms inert, three -
dimensional matrix with clay. 

Can improve mechanical 
strength.  

High  High  

Hydro -
carbons  

Bitumen  
Imperviousness: Can improve 

water resistant 
High  High  

Source: Adapted from Houben and Guillaud (1994)  

 
 

4.3.2.  Alternative Stabilisers  

Although existing stabilisation methods like cement and lime have been proven to be 

effective in terms of strength improvements, their poor environmental credentials as 
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well as issues associated with cost and material compatibility are still a concern. As a 

result, there are increasing efforts to find alternative methods of stabilisation whi ch 

offer more environmental ly friendly solution s to improving the properties of unfired 

earth (Browne, 2009) .  

There are various alternatives to conventional  stabilisers which effectively modify 

soil properties, usually in less dramatic fashion than the likes of cement and lime, 

whilst still retaining the fundamental characteristics of the material . Although 

previous authors have discussed the use of non-tradi tional stabilisers in geotechnical 

applications (Emerson, 1956; Oldham et al., 1977; Scholen, 1992; Tingle et al., 2007; 

Orts et al., 2007;Brandon et al., 2009)  including various synthetic and natural 

polymers, enzymes and emulsions, there is a growing body of research relating to 

the use of alternative stabilisers in masonry products. Some of these hark back to 

traditional  building  techniques by making use of locally available natural materials 

(Ruskulis, 2002b) . This includes natural gums, resins and oils (Beas, 1991; Camões 

et al., 2012; Ruskulis, 2002b) , lignin ( Houben and Guillaud, 1994) and various 

animal derived products such as excrement, urine, blood, milk and animal glues 

(Houben et al., 1994;Ruskulis, 2002b) . Even products such as whey, casein and 

cheese have reportedly been used (Minke, 2006) .  

Given that some of these techniques date back to the Roman era, robust 

experimental  data if often lacking. However the principle behind the use of locally 

sourced, renewable additives has been receiving renewed attention in an effort to 

find alternatives to cement based systems. Recent studies have therefore 

investigated products such as tannins  (Bishop et al., 2000; Sorgho et al., 2014)  and 

various vegetable oils (Ogacho et al. ,2003; Forth and Zoorob ,2006 ; Vu and Forth, 

2014; Balo et al., 2010; Balo and Yucel ,2013; Heaton et al., 2014). There have also 
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been investigations into  the use of polysaccharides obtained from biological sources 

as additives for soil based materials. This includes the likes of  glucan (Chang and 

Cho, 2012), xanthan gum (Nugent et al.2009; Taytak et al. 2012; Chang et al., 2015) 

and guar gum (Nugent et al., 2009)  as well as cellulose and starch (Röhlen and 

Ziegert, 2011). 

Other recent studies have also explored the use of by-products and waste streams of 

industrial processes. Indeed various inorganic wastes such as pulverized fuel ash 

(PFA) and ground granulated blast-furnace slag (GGBS) have also been investigated 

as alternative additives for earth masonry  (Malhotra and Tehri, 1996;  Chindaprasirt 

and Pimraksa, 2008;  Oti et al., 2008 ; Deboucha and Hashim, 2011). Sodium silicate 

has also been used as an alternative additive owing to its ability to increase  

plasticity and reduce the amount of water required when forming the clay body 

(Houben and Guillaud, 1994). It can also be used to  improve resistance to chemical 

attack (Broderick and Daniel, 1990) and increase compressive strength  (Panda et 

al., 2012). Sodium silicate can also be used in combination with geo-polymers 

(Zhang, 2013).Whilst these systems are still relatively new and require further 

development before being introduced on a wide scale, they have been proposed as a 

potential alternative to OPC. However Habert et al. (2011) has shown that although 

geo-polymers offer slight decreases in CO2 emissions, there are concerns regarding 

their other environmental impacts .  

Some examples of these non-traditional stabilisers and their proposed functions are 

provided in Table 4-5 and Table 4-6, showing studies relating to inorganic and 

organic substances respectively.  
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Table 4-5: Summary of Inorganic Stabilisers  
Additive  Example(s)  Function   Ref.  

Pozzolans  

PFA, Silica 
fume, Rice 
Husk Ash, 

GGBS 

Improves PSD 
Creates inert, 3D matrix (in 
combination with cement or 

lime). Can improve 
mechanical strength. 

Chindaprasirt and 
Pimraksa (2008)  
Deboucha and Hashim 
(2011), Oti et al. (2008) , 
Miqueleiz et al. (2013), 
Khater (2011), 
Muntohar (2011)  

Sodium 
compounds  

Sodium 
Silicate 

Creates inert, 3D matrix (in 
combination with cement or 

lime). Can improve 
mechanical strength. 

Reduces water requirement 

Broderick and Daniel 
(1990)  
Panda et al. (2012) 
Mukhopadhyay et al. 
(2005)   
Moayedi et al. (2011)  

Geo-
polymers  

Slag/Rock/  
Fly Ash based 
geopolymer 

Creates inert, 3D matrix (in 
combination with cement or 

lime).  

Zhang (2013) 
Habert et al. (2011) 

Clay 
minerals  

Bentonite  Can improve water resistance 
Anifowose (2000) , 
Hughes and Maul (1979) 

Sulphate 
Minerals  

Gypsum 

Increase plasticity and 
reduces drying shrinkage. 
Can improve mechanical 

strength. 

Vroomen (2007)  
Degirmenci (2008)  
Pekmezci et al. (2012) 

Lightweight 
aggregates  

Pumice, 
vermiculite  

Improves PSD. Reduces 
Density 

Mueller et al. (2008)  
Minke (2006)  

Source: Adapted from Houben and Guillaud (1994) 
 

Table 4-6: Summary Organic Stabilisers  
Additive  Example(s)  Function(s)  Ref.  

Plant 
derivatives  

Fibres 

Can improve tensile 
strength and reduces 

drying shrinkage  
 

Minke (2006) , Mesbah et 
al. (2004) , 
Lertwattanaruk and 
Choksiriwann a (2011), 
Enokela and Alada 
(2012), Arumala and 
Gondal (2007) , Bal et al. 
(2012), Murillo et al. 
(2005) , Chan (2011) 

Oils, gums, resins, 
polysaccharides 

Forms inert, 3D matrix 
with clay. Can improve 
mechanical strength. 

Beas (1991), Camões et al. 
(2012), Ruskulis (2002b) , 
Houben and Guillaud 
(1994), Bishop et al. 
(2000) , Sorgho et al. 
(2014), Ogacho et al. 
(2003) , Forth & Zoorob 
(2006) , Vu and Forth 
(2014), Balo et al. (2010)  
Balo and Yucel (2013) 
Heaton et al. (2014) 
Nugent et al.(2009)  
Taytak et al. (2012) Chang 
et al. (2015) Röhlen & 
Ziegert (2011)  
Chang and Cho (2012) 
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Animal 
derivatives  

Blood, uri ne, 
excrement, hair 

Can improve tensile 
strength and reduce 

drying shrinkage  
Forms inert, 3D matrix 
with clay. Can improve 
mechanical strength. 
Can improve water 

resistance. 

Jubran et al. (1988) 
Houben et al. (1994), 
Olaoye and Anigbogu 
(2000) , Ruskulis(2002b) , 
Minke ( 2006) , Vilane 
(2010), Röhlen and 
Ziegert (2011), Silva et al. 
(2010) Galán-Marín et al.  
(2010), Cotter (2012), 
Aymerich et al. (2012), 
Taytak et al. (2012) 

Agri -
cultural 
Wastes  

Fibres, husks, 
grains, sludges, 

residues 

Can improve tensile 
strength and reduce 

drying shrinkage  

Knirsch et al. (1998), 
Achenza and Fenu 
(2006) , Pappu et al. 
(2007) , Demir ( 2006 ; 
2008) , Munt ohar (2011)  

Industrial 
wastes  

Lignosulphonate  
Forms inert, 3D matrix 
with clay. Can improve 
mechanical strength. 

Santoni et al. (2002)  
Tingle et al. (2007)  
Vinod et al. (2010) 
Maskell et al. (2012) 

Synthetic 
polymers  

PVA, PAM, PP 
Forms inert, 3D matrix 
with clay. Can improve 
mechanical strength. 

Green and Stott (1999) 
Murray et  al. (2000 )  
Binici et al. (2005), Orts 
et al. (2007) , Kumar et al. 
(2007) , Atzeni et al. 
(2008) , Park (2009)  
Lenci et al. (2011) 
Naeini et al. (2012) 

Source: Adapted from Houben and Guillaud (1994) 
 

4.3.3.  Alginate as an Additive for Unfired Earth  

Given the wide range of examples of renewable materials sourced from nature which 

can potentially be used to modify the properties of earth, and the need to develop 

more environmentally alternatives to cement and lime based stabilisers, there would 

appear to be value in further investigating the potential for readily avai lable and 

sustainably sourced biopolymers to be used in this capacity. Given that  the objective 

of this study was to investigate the use of alginate in construction applications, 

previous studies involving the use of alginate as an additive for earthen materials 

were consequently reviewed in more detail . 

Polysaccharides exist naturally in soils where they play an important role as a 

binding agent and contribute to soil stability (Theng, 2012a). Substances like 
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alginate have consequently been used as additives in various soil engineering 

applications including ground -works and agricultural applications. For example, 

Quastel and Webley (1947) have investigated the use of sodium alginate as a soil 

modifier with the  aim of improving soil fertility and the respiratory activity of micro -

organisms. In this work  the authors mixed a clay loam material with water and 

sodium alginate at dosages of 0.1- 1 wt%. It was found that the addition of alginate 

increased the oxygen uptake of the soils by increasing their water holding capacity as 

well as increasing the stability of the soil crumbs. These property changes were 

assumed to be a result of the alginate molecules exchanging with hydroxyl ions at 

the soil particle surface. This creates hydrophilic surfaces and facilitates bridging 

between the individual soil particles through calcium or aluminium cations. Calcium 

alginate was also investigated as part of the study but was found to be less effective 

than the sodium form due to its insolubility. Emerson (1956) further investigate d the 

use of alginic acid, amongst a number of other synthetics polymers, as potential soil 

conditioners.  The stability of the treated soil crumbs was found to be most effective 

when a high molecular weight sodium alginate polymer was used.  However, no 

improvement in cohesion  was found for acidic soils and the sodium alginate was also 

only effective when the crumbs were first sodium saturated in order to prevent 

calcium precipitation . In this case it is argued that the sodium ions can help to create 

bridges between the clay particles and so the binding mechanism is not necessarily 

dependent on the previously described egg-box model (Chapter 3).  Schneider (1977) 

has also investigated the use of sodium alginate for stabilisation of fi ne or granular 

soils in preparation for road building.  Th is stabiliser composition consist ed of 

alginate or a similar swelling gum, water, a monohydric alcohol and a separately 

prepared calcium-based hardener such as calcium chloride. This is based on the 

principle that the alginate reacts with the calcium source and sets whilst binding the 
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soil particles although it is noted that the speed of this reaction will depend on the 

specific calcium source used. In this case the calcium solution content is equivalent 

to 10-25% of the alginate content by weight, and overall stabiliser concentrations of 

2.5% (volume) , were applied to a given soil at a rate of ~2 L per m2 . These quantities 

are reportedly sufficient to promote full cementation and eliminate water 

penetration. More recently, Bernu et al. (2010) has also described a soil stabilisation 

composition comprised of alginate , other hydrocolloids and a ómulchô material such 

as shredded paper or wood fibre. According to the author, this mixture can then be 

applied to ground soils in order to prevent soil erosion and aid re-vegetation. 

Overall, it can be concluded that although not used extensively, there is evidence to 

support the use of alginate in soil stabilisat ion applications.  

Whilst existing studies have primarily focussed on geotechnical applications, there is 

the potential for the same alginate-clay bonding mechanisms to be used in 

improving the structural performance of earthen construction materials. In re ferring 

specifically to the use of alginate within earthen building products, existing  research 

has been limited to a few studies. The most detailed investigations to date are those 

conducted by Galán-Marín et al. (2010) and subsequent studies (Galan-Marin et al., 

2012; Galán-Marín et al., 2013; Rivera-Gómez et al., 2014) which discuss the use of 

alginate, in combination within lignin and n atural or synthetic fibres, as additives 

for unfired clay bricks. Maximum compressive strength s of over 4 N/mm 2 are 

reported and it is claimed that this material could offer a suitable replacement for 

alternative internal walling systems. A LCA study has also shown that these bricks 

may have a lower embodied energy than fired materials and a lower GWP than both 

fired bricks and reinforced concrete (Galán-Marín et al., 2015). Although the authors 

observed compressive strength improvements upon the addition of the alginate and 

lignin  alone, the main focus of those studies was on the role of the fibrous 
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components. Furthermore, more recent studies showed variable results when the 

same alginate was used with alternative soils and different fibres (Galán-Marín et 

al., 2013). The type of alginate products used in the studies also varied from liquid 

óseaweed extractsô (Galán-Marín et al., 2010) to dried alginate powders (Rivera-

Gómez et al., 2014), although limited details of these products are provided . With 

the óseaweed extractô product, this dosage rate also included most of the required 

water content of mixture and would therefore contain only a small percentage of dry 

matter (ie <2%) whi ch is mixture of sodium alginate, sodium carbonate and 

inorganic salts. Similarly, with the dental impression powder, t his type of material 

often contains a sodium alginate of around 15% and is mainly composed of 

diatomaceous earth fillers as well as various other additives including a calcium salt, 

setting retarders (e.g. tetra sodium pyrophosate), setting aids (e.g. sodium 

fluorosilicate), pH modifi ers (e.g. magnesium oxide) and flavourings (Cook, 1986; 

Craig, 1988). Therefore at a dosage rate of 1.2%, the specimens prepared using this 

powdered material will have an overall alginate content of ~0.2%. It was 

acknowledged that the test results could have been affected by the presence of other 

components within these products. Furthermore, all of the samples included 0.5% of 

lignin meaning that no tests consider the effect of adding alginate in isolation . 

Variations in dosage rates, increased alginate concentrations and different alginate 

sources have yet to be fully studied and there is therefore a general gap in research 

involving the role of the alginate polymer  in relation to the strength improvements 

witnessed in the brick prototypes. Additionally, the alginate brick prototypes 

produced to date have been tested only in relation to structural performance and 

would require  further development before being introduced commercially. For 

example investigations into other properties of the product such as thermal 

performance, moisture absorption, vapour permeability and long term durability 
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still need to be conducted in order to evaluate the potential for wide scale use, 

particularly within the UK climate. 

 

4.4.   Summary  

In considering the outlook for masonry products, with increasingly stringent 

technical standards and environmental legislation it is anticipa ted that continual 

improv ement in the manufacturing processes associated with masonry units  will be 

required . Given the scale of use associated with these types of materials, there is an 

incentive for alternative forms of masonry with low er environmental impacts to be 

developed. In addition to increasing the efficiency of the equipment used, alterations 

to existing products or the creation of new materials with improved environmental 

impacts would be welcomed (Carbon Trust, 2010). Recent research efforts have been 

guided either towards finding alternatives to cement  (i.e.  the use of waste residues, 

industrial by -products and renewable additives) or learning from traditional, 

vernacular techniques where the energy-intensive firing process is eliminated.  The 

latter category has received particular attention in recent decades due to the 

perceived benefits of unfired clay in terms of hygro-thermal performance, low 

embodied energy and low cost.  Although traditional uses of unfired earth such as 

rammed earth have regained popularity and are likely to have continued success in 

self-build and bespoke projects, a much bigger impact would be achieved in 

mainstream architecture through the development o f contemporary unfired 

masonry units which are more suited to modern methods of construction . Whilst it 

is acknowledged that existing materials such as concrete blocks and fired bricks are 

superior in terms of their loadbearing capacities and durability, t here are some 

applications in which the use of a lower strength product may be sufficient (Heath et 
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al., 2012b). In particular, in the case of internal wall partitions where humidity 

buffering and thermal mass storage properties can be exploited, and demands on 

loadbearing capacity and exposure to extreme levels of moisture is minimised, 

unfired clay masonry may be the preferred material.  

However as a natural material with significant variations in propertie s depending on 

the source used many earthen materials may be considered unsuitable for building 

purposes without some form of modification. Even soils with appropriate particle 

grading and plasticity may fall short of the minimum strength requirements for 

some applications and therefore must be improved through modification or 

stabilisation. While  the commonly used methods of stabilisation (e.g. cement and 

lime) may offer significant improve ments in compressive strength and durability, 

they also present some major disadvantages, particularly in terms of embodied 

energy, embodied CO2 and cost. Furthermore, it may be argued that a ócement 

stabilisedô product cannot truly be considered as unfired earth since the cement 

component fundamentally alters the properties of the base material, and in some 

cases may diminish the initial advantages of using such a material.  

In considering alternative stabilisation methods, there are increasing efforts to 

incorporate additives from more sustainable sources which help to improve the 

properties of earth masonry without sacrificing their ecological benefits. 

Biopolymers are a group of materials which may offer a potential solution to this 

problem in that they are not only natural, renewable and relatively abundant, but 

they have also been used historically to modify the properties of earth based 

materials. Alginate is one such biopolymer of which there is recent evidence to 

suggest potential as a strength improving additive for u nfired earth. However, to 

date there is limited information regarding the specific properties of the alginate 
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which influence interactions with the soil and the exact mechanisms behind any 

property changes observed in the final brick pro ducts.  Furthermore, there has been 

no detailed investigation which compares alginates from different sources or with 

different chemical compositions . The effect of the alginate on properties other than 

mechanical strength has also yet to be explored. 

 
 

  



Chapter 5 ï Experimental Methods (Part I)  

 

83  | P a g e 

5.  EXPERIMENTAL METHOD S (PART I)  

Based on the identified gaps in the literature, the specific goal of Part I was to 

identify whether alginate, as a renewable biopolymer, would be a suitable additive 

for unfired earth masonry products. As discussed described in Chapter 1, the main 

objectives therefore included investigating the variable properties of alginate and 

their contribution towards any property changes observed when added to a soil. This 

was achieved by testing a range of alginate products, including some commercial 

alginate products and a range of MBL products in order to identify the optimum 

types and most appropriate mix ratios . The prototypes were then characterised in 

order to compare the effectiveness of the alginate as a natural stabiliser with other 

additives. A study of different soil types was also included to determine their impact 

on the properties of the composite. Finally, the commercially feasibility of the 

prototypes was also analysed by comparing aspects like cost and environmental 

impact with other available products.  

Key questions  

Q1: What impact  do alginate variables (e .g. concentration, viscosity, composition) 
have upon the physical properties of a composite alginate -clay brick?  

Q2: What impact  do other variables (e .g. clay type, pH ) have on the physical 
properties of a composite alginate -clay brick?  

Q3: How suitable are the  specimens for use as a contemporary masonry material?  

 

Scope and Limitations  

Samples were produced using only products supplied by MBL and 2 commercial 

products. While this excludes other alginate sources, the sample range still provided 

reasonable variations in alginate compositions. Similarly, the soil types studied were 
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supplied from one manufacturer albeit from different quarries. Since the focus of 

Part I was on the effect of the alginate on the final brick properties, a standard 

production procedure was adopted throughout. This however results in the 

exclusion of potential process variables (e.g. the use of different moulding or drying  

procedures) and other material variables such as the use of additional additives (e.g. 

fibres). Given that the objective was to consider the influence of composition on the 

properties of the bricks, t he testing was also limited to individual units only and did 

not consider a full masonry system nor investigate compatible mortar types. 

 

5.1. Materials  

The specific alginate and soil products used in the Part I study, and the 

corresponding acronyms for each specimen produced, are presented in Table 5-1. 

 Table 5-1: Specimens Produced  

 Soil U  Soil V  Soil W  

LH  LHU  LHV  LHW  

AN  ANU - - 

PR22  PR22U PR22V PR22W 

PR24  PR24U PR24V PR24W 

PR25  PR25U - - 

PR29  PR29U - - 

PR30  PR30U - - 

PR32  PR32U PR32V PR32W 

PR52  PR52U PR52V PR52W 

PR14  PR14U - - 

PR38  PR38U - - 

DA  DAU DAV DAW 

AC ACU ACV ACW 
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5.2.  Testing Programme  

The testing programme for Part I  is shown in Figure 5-1. Phase 1 consisted of 

rheology tests which were used to make initial observations regarding the 

interaction s between the alginate and soil. For Phase 2, prototype brick specimens 

were produced and assessed based on their basic physical properties. Further 

studies on selected samples were then taken forward for further characterisation 

tests in Phase 3. Finally, Phase 4 consisted of an assessment of the commercial 

feasibility of the brick produc ts, including an environmental and cost  assessment.  

Figure 5-1: PART I Testing Programme  

 

 
 

Analysis  

Phase 2 - Bricks:  
Initial Assessment  

Phase 3 ï Bricks: 
Further  

Characterisation  

Analysis  

Phase 4: 
Commercial 
Feasibility  

Variable 1 

Variable 2 

Variable 3 

ALGINATE  SOIL 

Hygroscopic 
Absorption  

Thermal Properties 
Acoustic Properties 

Microstructure  

Environmental 
Analysis 

Cost Analysis 

Alginate Type  
 

 
Soil Type  
 
 

Alginate Dosage  

Visual 
Observations 
Bulk Density  

Flexural & 
Compressive 

Strength 

Phase 1:  
Rheology Tests  

Selected Samples 



Chapter 5 ï Experimental Methods (Part I)  

 

86  | P a g e 

5.2.1.  Phase 1 ï Rheology Tests  

Interactions between clay particles and polymers in a hydrated system can be 

studied through rheology. Rheology is a measure of the deformation and flow 

behaviour of materials and can be performed on various materials ranging from 

dilute suspensions to semi-solid materials, provid ing useful information on stress -

strain relationships and the viscoelastic behaviour of materials. As part of Phase 1, 

some preliminary tests relating to the molecular scale interactions between the 

alginate and soil were conducted by observing changes in the plasticity and 

sedimentation behaviour of the hydrated soil upon the addition of different alginate 

polymers. The role of other potential  variables such as the pH, calcium content and 

polymer dosage were also investigated.  

 

5.2.1.1.  Atterberg Limits  

At high solid contents, the deformation or flow behaviour of a soil is linked  to its 

plasticity. As discussed in Chapter 3, the Atterberg Limits are series of tests 

commonly perfo rmed on hydrated soils in order to characterise their plasticity at 

different moisture contents. In this sense, the liquid limit  (LL)  is effectively a 

rheological parameter which measures the shear strength of the material at its 

boundary between the plastic and liquid state. The undrained shear strength of a soil 

at the LL is typically between 1.7 and 2 kPa (Sharma and Bora, 2003). Although  the 

liquid limit is a macro -scale property, it is closely related to the properties of the clay 

fabric (Mitchell, 1993)  and has been used by various authors as a means of 

explaining nano-scale interactions within a soil matrix (Nugent et al., 2009) . 

Typically a high liquid limit suggests that a flocculated soil fabric structure exists 

compared to a dispersed structure which has a lower resistance to shear (Nugent et 
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al., 2009) . Variables affecting the plasticity of a soil include moisture content, clay 

mineralogy, the particle size distribution and exchangeable cations as well as the 

presence of additives. 

In this case, the objective was to identify any changes in soil plasticity upon the 

addition of alginate. The procedure described in Chapter 3 for determining the 

Atterberg lim its was again used to obtain LL, PL and PI values for a range of alginate 

and soil mixtures . The process was similar to the methods described in BS 1924-

2:1990 (BSI, 1990c) for cement and lime stablised soils, whereby the cation 

exchange mechanisms  induced by theses additivies are measured through changes 

in the plasticity of the soil. Othe r studies by Rauch et al. (2002) , Palomino and 

Santamarina (2005) ,  Sung Ho Kim(2008)  and Nugent et al. (2009)  also use 

Atterberg limit tests to observed property changes in clay based systems upon the 

addition of various polymers. For this study, the soil samples were  initially mixed 

with a known concentration of alginate solution to investigate the role of both 

alginate type and dosage. Further tests to explore the impact of soil pH and calcium  

content were also conducted. 

 

5.2.1.2.  Sedimentation  

The sedimentation behaviour of a soil can be used to give an indication of particle 

size and electrokinetic properties. Various studies have therefore used changes in 

sedimentation behaviour to explain molecular scale interactions between soils or 

clays and other additives, including electrolytes and polymers (Michaels and Bolger, 

1962; Clark et al., 1990; Rauch et al., 2002; Mpofu et al., 2004 ; Palomino and 

Santamarina, 2005; McFarlane et al., 2006; Akther et al., 2008 ; Chukwudi et al., 

2008 ; Mekhamer et al., 2009; Zhang et al., 2013). Typically a faster settling rate is 
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indicative of flocculation  whereby the primary particles form larger units known as 

flocs (Michaels and Bolger, 1962). Where the particle associate in an face-to-face 

manner rather than edge-to-face, the larger units are referred to as aggregates 

(Palomino and Santamarina, 2005) .  If the  particles remain dispersed, a slower 

settling rate and smaller sediment volume should be observed. In  a stable colloidal 

system, the individual colloida l particles remain suspended in the solvent as the 

magnitude of the electrostatic repulsion between the particles is sufficient enough to 

keep them apart. A schematic of this process is illustrated in Figure 5-2. High 

molecular weight polymer s are often used as flocculants in colloidal clay systems in 

order to increase these settling rates by inducing particle flocculation or aggregation 

through polymer bridging (McFarlane et al., 2006) .  

Figure 5-2: Sedimentation Behaviour  

 

Authorôs own image 

 

In this study, analysis of the sedimentation behaviour was similar to methods 

described by Mekhamer et al. (2009)  whereby known concentrations of an alginate 

solution (0.1, 0.25 and 0.5 w/v %) were added to the soil to produce soil slurries (5 

w/v %). Initial observations were also made regarding the influence of pH and 

calcium content on the settling behaviour of the alginate-soil mixtures. Each test 

mixture was placed in a 50ml graduated cylinder, sealed with a rubber stoppper and 

then inverted, end over end, 3o times over a period of 30s prior to measurement . 

The position of solid -liquid interface was then recorded at specified time intervals 
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ranging from 30s to 24 hours. Trial studies indicated that the final bed height did 

not change signficantly after the 24 hour measurements and so this reading was 

taken as the final bed volume. The readings taken from the cylinder in ml were then 

converted to cm allowing values for the settling rate (cm/min) to be determined. The 

final bed volume was also converted to cm3. The procedure was repeated 3 times for 

each mixture and the results were plotted as an average of these meaurements.   

 

5.2.2.  Phase 2 ï Brick Prototype s: Initial Assessment  

The objective of Phase 2 was to build upon the initial findings of Phase 1 by 

producing small scale brick prototypes. The brick  specimens were produced using 

the methods of Galán-Marín et al., (2010) whereby soil, deionised water and the 

desired sodium alginate product were mixed together in a 5L mechanical mortar 

mixer. The amount of water for each mixture was calculated based on the plastic 

limit of the relevant soil (Table 5-2).  

 

 

An alginate dosage of 0.1% by weight of the dry soil was tested initially and was 

dissolved in the required amount of  water under magnetic stirr ing for 4 hours before 

being added to the soil. The soil and alginate mixture was then homogenised for a 

period of approximat ely 3 minutes in the mixer before being compacted into a steel 

mould (16 x 4 x 4cm). The moulds were filled in two layers with each layer being 

compacted using 25 strokes of a tamper. The filled moulds were then oven dried at 

 Table 5-2: Mix compositions (per brick specimen)  

 Soil U  Soil V  Soil W  

Soil (g)  500 500 500 

Alginate (g)  0.5 0.5, 1.25, 2.5 0.5 

Water content (%)  16 15 15 
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50°C(±5°C)  for 24 hours. After oven-drying, all samples were stored in the 

laboratory at ambient temperature and relative humidity for a minimum of 14 days  

before testing. The same procedure was used for each batch with 3 specimens being 

produced for each batch. Images from the different stages of production are  shown 

in Figure 5-3 alongside a schematic of the process (Figure 5-4). 

 
Figure 5-3: Production Images  

   
 
 

Figure 5-4: Lab Scale P rocess ï Unfired Bricks  

 

 

5.2.2.1.  Visual Observations  

General observations were made regarding the workability of the mixture during 

preparation as well as the quality of the final specimens. Samples which were 

relatively homogenous were labelled ógoodô whilst those with some visible defects 

were labelled as ómoderateô. óPoorô samples were those where several defects and 

macroscopic voids were apparent in all specimens.  
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5.2.2.2.  Dimensions, Mass & Density  

Each brick was weighed using a digital balance to the nearest 0.1 g and measured 

using digital calipers to the nearest 0.1 mm. The unit mass (m) in kg and unit 

volume (v) in m3 were then used to calculate the bulk density (ȍ) using Equation 3.  

ⱬ  
□

○
 

Equation 3 

 

5.2.2.3.  Linear  Shrinkage  

Linear  drying shrinkage (LS) was also compared using the length of the dry 

specimen (l) and the initial mould dimensions  (lo) in Equation 4.  

 

╛╢Ϸ  
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●  

Equation 4 
 

5.2.2.4.  Mechanical Properties  

Both the compressive strength and flexural strength of the specimens were 

measured based on the methods of Galán-Marín et al. (2010) and BS EN 1015-11  

(BSI, 1999) which are designed to measure the flexural and compressive strength of 

hardened mortars. Although these methods are not ideal, particularly where 

different geometries are being compared (Aubert et al., 2013; 2015), for the purposes 

of this study where the objective was to evaluate bri cks of the same size and compare 

with previous research using similar materials, the procedure adopted by Galán-

Marín et al. (2010) was deemed adequate. Since the focus at this stage was to 

compare only composistional differences in the individual units, testing of morta rs 

and masonry prisms was not inlcuded in the mechanical testing. 

http://shop.bsigroup.com/ProductDetail/?pid=000000000030151094
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A 3-point bending test was firstly performed on each of the full specimens (160 x 40 

x 40mm)  in order to determine flexural strength. The bending test set-up is 

illustrated in Figure 5-5. A load was applied gradually to a roller  resting on top of the 

specimen, using an Instron 5969 universal testing machine at a rate of 1 mm/min . 

The maximum load (F), width ( b) and depth (d) were recorded for each specimen 

and used to calculate the flexural strength  using Equation 5.  

Ὢ  ρȢυ
Ὂὰ

ὦὨ
 

Equation  5 
 

Results were calculated to the nearest 0.01 N/mm2 as an average of three specimens. 

Specimens which offered a statistically significant change in strength compared to 

the control specimen at the p<0.05 level were denoted by an asterix (*). 

Figure 5-5: 3-point Bending Test Set -Up  

  
 

The 3 point bending test was then followed by compressive strength tests on the 

resulting half -brick specimens. An Instron 5969 universal testing machine was again 

used although this time two steel bearing plates were fitted (Figure 5-6). The 

specimens were also capped using 3mm plywood as recommended by Walker 

(2004) . The aim of this was to create an even surface on the bedding plane to allow 

for a uniforn  distribution of the load.  This method was selected over alternative 
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capping methods such as cement-based mortars or gypsum plasters which were 

deemed unsuitable due to the moisture sensitivity of the bricks.  Applying a level 

layer or plaster can also be somewhat difficult and requires additional preparation 

time for each sample. The plywood method therefore offered a simple method of 

reducing the possibility of local failure due to concentrations  of stress on the brick 

surface. However this method also has limitations in that the plywood itself may 

have contributed to the apparent strength of the specimens. While Maskell et al. 

(2013) found that that there were no significant differences in the compressive 

strength of unfired bricks capped with either plywood or plaster in comparison to 

uncapped specimens, it was also acknowledged that the use of plywood lead to 

increased variability in the compressive strength values. 

The load was applied steadily at a rate of 2.5 mm/min until failure occurred and the 

maximum load ( Fm) recorded. The compressive strength (ů) value for the specimens 

was then derived from Fm and the cross sectional area (A) of the specimen using 

Equation 6. A minimum of three speci mens were tested for each batch and results 

again analysed in order to identify statistically significant results.  

Ɑ  
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Equation 6 

 

Compressive strain ( ) was also calculated from the change in platen position  (ǧH)  

and the original position  (HO).  
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Equation 7 
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Figure 5-6: Compressive Strength Test Set -Up  

 

 
 

Platen restraint effects were also considered by using a correction factor which 

accounts for variations in specimen geometries (Morel et al., 2007) . Since the 

height:width ratio of the specimens in this case is 1 (40:40) , in this case a correction 

factor of 0.58 (Heathcote and Jankulovski, 1992; Aubert et al., 2015) was used and 

multiplied by Fmax to give the unconfined compressive strength value.  

The moisture content of the specimens at the time of testing was also determined by 

calculating the difference in mass after drying in an oven at 105°C for triplicate sub -

samples of each brick specimen. 

 

5.2.3.  Phase 3  ï Brick Prototypes: Further Characterisation  

 

5.2.3.1.  Hygroscopic Absorption  

The procedure for this test was based on ASTM C1498 ī 04a  (ASTM, 2010a) and BS 

EN ISO 12571:2014 (BSI, 2014) and involved placing the test material in 

environments of varying RH and measuring the amount of moisture absorbed in 

each condition . The samples were oven-dried to constant mass (m1) before being 

placed in a non-absorbent container with a tight fitting lid. A desiccator with an 
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appropriate saturated salt solution was also prepared and allowed to equilibrate to 

the required RH . The specific salt solutions used were Potassium Acetate 

(CH3COOK), Magnesium Nitrate (Mg(NO 3)2·6H2O), Sodium Chloride (NaCl) and 

Potassium Chloride (KCl), giving corresponding RH values of 23%, 54%, 75% and 

85% as determined from BSI (2014). The samples were then placed inside the 

desiccator with the lids removed. After 24 hours, the samples were removed from 

the desiccator and weighed immediately. This process of daily weighing was 

repeated until 3 successive mass readings (m2) showed a change in mass of less than 

0.1%. The equilibrium moisture content ( EMC) at the given RH was then calculated: 

EMC (%) =  
□  □  

□
  x 100 

Equation 8 

This process was repeated for a minimum of 4 different RH values, working from  

low humidity to high humidity allowing i sotherms showing the relationship between 

EMC and RH to be plotted. 

 
Figure 5-7: Hygroscopic Absorption Test  

 

Authorôs own image 
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5.2.3.2.  Thermal Properties  

In considering both the thermal conductivity and heat storage properties of the 

specimens, both physical measurements and estimation models were used to assess 

the thermal behaviour of selected samples. In considering fir stly the physical 

measurement, the specific heat capacity (J/(kg· °K))  of selected samples, defined as 

the amount of heat per unit mass needed to increase the temperature by 1 °K, was 

analysed using a Differential Scanning Calorimeter (DSC). In this case a Netzsch 

STA 449 C Jupiter DSC was used to provide combined thermogravimetric and DSC 

curves. The analysis was conducted using a sample of approximately 20 mg which 

was placed into a platinum crucible and heated from ambient temperature to 100°C 

using a measurement rate of 10°C/min.  Sapphire was selected as the reference 

material with a known specific heat capacity. A correction run using only the empty 

crucibles was also conducted. 

With regards to thermal conductivity which is measured in W/( m·°K) and quantifies 

how easily heat is transmitted through material, a number of d ifferent methods can 

be used. For building materials, measurement of the steady state heat transfer 

properties is typically achieved guarded hot plate method and the heat flow meter 

method as outlined in BS EN 12664 (BSI, 2001a). These methods aim to generate a 

temperature gradient over a specified sample thickness by controlling the heat flow 

from one side to the other (Yesilata and Turgut, 2007). More recently developed 

methods, such as the laser or light flash method, rely on transient dynamic 

techniques by measuring the thermal diffusivity as a function of time and 

temperature. These techniques are becoming more popular due to their ability to 

quickly and simultaneously measure various thermal properties of relatively small 

samples (Yesilata and Turgut, 2007).  

http://en.wikipedia.org/wiki/Watt
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Kelvin
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Given the limited size of the prototypes used in this study, the laser flash method 

was adopted to provide some preliminary thermal data on a selected range of 

samples. In this case a Nettszch LFA 427 Laser Flash Apparatus (LFA) was used to 

determine the thermal conductivity based on the method s outlined in BS EN 821-2 

(BSI, 1997b) or ASTM E1461 ï 13 (ASTM, 2013). Small disc samples were prepared 

and then coated with a high emissivity graphite coating to improve the sampleôs 

ability to absorb energy. The LFA then applies a high intensity heat pulse to one side 

of the disc and measures the temperature rise at the opposite face as a function of 

time (Figure 5-8). 

 Figure 5-8 : Laser Flash Method  

 

Authorôs own image 

 

This change in temperature combined with the transient half time ( t0.5) is then used 

to calculate the thermal diffusivity ( a) of the material in (m2/s) . This is essentially a 

measure of the rate at which heat flows through a material and is calculated using 

Equation 9, where d is the test piece thickness in mm, tx is the time for the test piece 

rear face to reach a fraction of the maximum temperature in seconds and Wx is a 

constant relating to d and tx. 
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Equation 9 
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Based on the obtained thermal diffusivity values, the thermal conductivity can then 

be calculated using Equation 10, where Cp is the specific heat in J/(kg  ·°K)) , k  is the 

thermal conductivity ( W/( m ·°K)) and ȍ is the apparent density in kg/m 3. 

k  =  ŬCpȍ 
Equation 10 

For samples which were not physically tested, an estimation model proposed by 

Mosquera et al. (2014) for calculating the thermal conductivity of adobe materials 

was also adopted. This is based on Equation 11 where ” is the apparent brick density 

(kg/ m3) and Hp is the brick moisture content  at ambient conditions .  

ⱦ╔   Ȣ ἭȢ Ȣ Ȣ ╗▬ȠρȢυ  ” ςȢπ 

 Equation 11 

In addition to thermal conductivity, the therma l storage properties of the samples 

were also calculated. The kappa (K) value for example can be used to give an 

estimate of thermal mass based on the heat capacity per unit area, measured in 

kJ/m 2·K,  of the thermally active part of a wall. This is calculated using Equation 12 

where di is the layer thickness in mm, ȍi is the density of the layer in kg/m 3 and Cpi  

is the specific heat capacity of the layer in J/(kg ·°K) .  

╚  ● ɫ Äi x ʍi x Cpi) 
Equation 12 

In this case the thickness of the thermally active materials to be included in the 

calculation was limited to the point where the wall either reached a layer of 

insulation, the midpoint of the construction or the maximum thickness of a 100mm.  

http://en.wikipedia.org/wiki/Watt
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Kelvin
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5.2.3.3.  Acoustic Properties  

The materials used in a buildingôs construction have an impact  of the levels of sound 

transmitted between adjoining spaces. In domestic dwellings, depending on the 

building category, a Sound Reduction Index (SRI of 43 ï 56Db) for airborne sound 

is required for all separating walls (HM Government, 2010 ; Scottish Government, 

2015). The SRI can be investigated either using physical testing techniques or 

calculated based on other material properties such as density and wall thickness. In 

the case of physical testing, this can be conducted on small samples via the 

impedance tube method as described in ASTM E1050 ï 12 (ASTM, 2012) or BS EN 

ISO 10534-2 (BSI, 2001b), or using a larger test sample which is fitted within a 

partition between two rooms in a specialised laboratory as per BS EN ISO 10140-2 

(BSI, 2010). In both of these cases, sound waves are transmitted through the sample 

and then measured using specialised and relatively expensive equipment.  

Alternatively, the Mass law can also be used to relate a single skin wallôs density and 

thickness to its airborne sound transmission loss. For the purposes of this study, the 

objective was to obtain an estimation of the bricksô resistance to the passage of 

sound and investigate whether this would meet the minimum standards required by 

current  building regulations.  The Mass law  method was therefore adopted in order 

to provide an initial comparison of the airborne sound insulation behaviour of 

different wall thicknesses up to the region of the critical frequency. This law firstly 

requires the calculation of the mass per unit area of the wall construction (M) in 

kg/m². This can be calculated using Equation 13 where Mb is the mass of the block 

(kg), ȍM is density of the mortar (kg/m 3), T is the block thickness (m), d is the mortar 

thickness (m), l  is the co-ordinating length, h is the co-0rdinating height and V is 

the volume of any frogs or voids. 
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Equation 13 
 

Once this figure has been calculated, it can then be incorporated into the mass law  

represented in Equation 14 where M  is the mass per unit area in kg/m² and f is the 

frequency of the sound wave in Hz (Watson and Downey, 2008) . Essentially this law 

states that doubling the mass of a single leaf wall will result in sound reduction of 6 

dB, although 5 dB  is often used as a more realistic estimate (McMullan, 2007) . 

Doubling the frequency of the sound wave would also have the same effect. 

╢╡╘  ■▫▌ ╜ █  
Equation 14 

 

Although the numerical correction used can vary between sources, a value of 50 was 

used in this equation as advised by Watson and Downey (2008) . Calculations were 

based on a standard brick dimension (215 x 102.5 x 65 mm) and an assumed mortar 

density of 1400 kg/m 3 with 10mm bed joints.   

5.2.3.4.  Microstructure  

SEM can be used to generate 2D images of the surfaces of solid specimens. This is 

achieved by directing a beam of high-energy electrons towards the surface of the 

material. This returns signals, primarily  in the form of secondary and backscattered 

electrons with information regarding the surface morphology and composition. A 

schematic diagram of the SEM system is illustrated in Figure 5-9. In this case, a 

HITACHI S -3700 SW scanning electron microscope (SEM) was used to generate 

detailed images of the fracture surface of each specimen. The images were then 

analysed by comparing the observed morpholog ies.  Energy Dispersive Spectroscopy 



Chapter 5 ï Experimental Methods (Part I)  

 

101 | P a g e 

(EDS) data was also obtained and used to quantify the elemental composition of the 

given samples. All of the samples were first cut to a size of approximately 2 x 2 x 2cm 

and then sputter coated in gold to create a conducting surface before being placed in 

the SEM chamber. The samples were then analysed under vacuum and images at 

magnifications ranging from x40 to x1000 were then generated for each sample.  

Figure 5-9: Scanning Electron Microscope  

 

Source: Adapted from Ni (2013)  

 
 

5.2.4.  Phase 4 - Commercial Feasibility  

5.2.4.1.  Economic Potential  

Qualitative cost modelling techniques, based on comparison with similar existing 

products, can be used to provide cost estimates of products during the early 

feasibility stage (Niazi et al., 2005) .  A case-based reasoning approach was selected 

and cost analysis performed based on financial data supplied by MBL and existing 

data for unfired clay bricks. Calculations were initially based on a 0.1% dosage of 
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alginate, as per the specimens produced during the initial testing phase. A sensitivity 

analysis was then performed to assess the implications on the overall brick cost for 

increased dosages of up to 1%. Cost were also normalised to a £/m 2 rate in order to 

allow comparison with other systems.  

 

5.2.4.2.  Environmental Analysis  

Typically environmental analysis is achieved using the LCA framework described in 

ISO 14040: 2006 . This consists of 4 main stages. Stage 1 includes goal and scope 

definition whereby system boundaries, data sources and functional units are 

identified. In Stage 2, a Li fe Cycle Inventory (LCI) is compiled gathering the 

appropriate data which is then used in Stage 3, the Life Cycle Impact Analysis 

(LCIA)  which evaluates the data in relation to different  impact  categories. The 

Interpretation phase then allows the most harmful inputs, outputs or processes to be 

identified so that recommendations for improvement can be made.  

As discussed in the literature review, studies calculating the environmental impacts  

of earth masonry are relatively limited . As discussed by Maskell et al. (2015), this is 

partly due to the fact that data for  commercially available products is often not 

publicly available. However those which do exist discuss properties such as EE and 

GWP and typically adopt the LCA methodology described in ISO 14042 

(Venkatarama Reddy and Jagadish, 2003; Reddy and Kumar, 2010; Maskell, 2013). 

As discussed by Maskell (2013), stabilisation techniques may have a negative on the 

overall environmental impact of unfired earth materials. It was therefore considered 

useful to investigate the influence of the alginate component and assess whether any 

significant increases in EE and GWP occurred. The only similar study conducted to 

date is that by Galán-Marín et al. (2015) where the environmental impacts of 
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alginate-clay composites were  investigated and compared with three other wall 

types including fir ed clay, concrete block and reinforced concrete.  

In order to make an initial assessment of the environmental impact of the product 

prototypes, a comparative LCA was conducted using existing datasets for masonry 

products in combination with production data  provided by MBL. In this case, the 

aim was to consider the impact of the MBL alginates as a stabiliser in earth masonry 

units in comparison to other stabilisers as well as other conventional masonry units. 

While advanced LCA can be used to provide a detailed environmental profile for the 

whole-life cycle of a product, this would involve more extensive calculations and 

require data not yet available at the prototype stage. Therefore in this case only 

estimations of EE and EC were considered at this stage. The total EE of a product is 

calculated by summing all of the energy and resources required to produce the 

product. In a ócradle to gateô analysis for construction materials, this involves 

calculating all processes prior to delivery to the building site. In  the case of unfired 

clay bricks, this covers the production process outlined in Figure 5-10. The main 

inputs required therefore include the soil, water and alginate as well as any 

electricity and fuel required during transporting , mixing, forming and drying.  

Figure 5-10: Industrial Scale Process ï Unfired Bricks  

 

Authorôs own image 
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As per the study by Maskell (2013), existing data was obtained Hammond and Jones 

(2011). This dataset provided cradle-to-gate EE and GWP data from a wide range of 

secondary sources. This was compiled with data gathered during the literature 

review and normalised to a standard functional unit. As discussed in Chapter 3, 

primary data regarding the EE and EC of the alginate products produced by MBL 

was calculated based on data provided by MBL. The EE and EC of the brick 

prototypes were then calculated by adding the data for the alginate component to 

known baseline level values for pressed unfired earth units. 

 

5.2.4.3.  Mar ket Comparison  

Finally, in order to compare the overall properties of the alginate brick prototypes 

with existing products currently available in the UK, a market comparison was 

conducted based on data collected from manufacturers. As previously discussed, 

fired clay and concrete materials currently dominate the masonry market. In fact, 

only a small number of unfired systems are commercially available in the UK 

including IBSTOCKôs Ecoterre®  and Claytecôs non-loadbearing unfired earth units. 

Therefore, while the literature there discusses various other unfired earth products 

which have been produced at a laboratory scale, at this stage only commercially 

available product were included in the comparison. Other masonry products such as 

fired clays and concrete block were also assessed. Properties considered were those 

considered most critical for use in internal walling including compressive strength, 

bulk density, acoustic performance, thermal conductivity and fire performance. Cost 

data and environmental impac t data were also included where available. Data was 

based on a 100mm wall with no additional finishes.  
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5.3.  Statistical Significance  

Where necessary, the statistical significance of the experimental results was 

analysed using Origin 9.0. Analysis of Variance (ANOVA) was performed in order to 

compare differences between group means. Post-hoc Tukey tests were also 

conducted in order to determine which samples offered a statistically significant 

difference the p<0.05 level, compared to the relevant control sample. These 

statistical tests assume that there is a normal distribution of data and equal variance 

within groups.  The Shapiro-Wilk test for normality and Leveneôs test for 

homogeneity of variances have also been performed to investigate these 

assumptions however it should be acknowledged that these tests can be unreliable 

for small sample sizes, such as those used in this study. However given that the aim 

of the project was to perform an initial scoping exercise comparing the different 

products, the statistical  analysis was used in order to provide preliminary data on 

sample variability and identify if there were any particularly successful products. It 

would be anticipated that the  statistical power and reliability of these tests could 

subsequently be improved by increasing the number of repeat samples. 
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6.  RESULTS AND DISCUSSION  

6.1.  Phase 1 ï Rheology Tests  

6.1.1.  Atterberg Limits  (Variable 1: Alginate Type and dosage ) 

In order to firstly investigate the role of the alginate type and dosage, for the 

Atterberg limits test, a 200g sample of soil (soil V) was mixed with a 0.5 w/v % 

solution of 5 different alginate types. Additional concentrations ( 0, 0.1, 0.25, 0.5, 1.0 

and 2.0 w/v %) were also studied for the commercial alginate. A control sample 

containing only DI water was also included for comparison.  

A summary of the LL, PL and PI for each sample is provided in Table 6-1. The 

different alginate types were found to display similar behaviour s with LL values of 

between 27 and 29%. All of these values are slightly higher than the cont rol sample 

with no alginate (LL  = 25%). For the dosage study with AC, while there is no 

difference in LL for the o.1% and 0.25% samples, increasing the quantity of alginate 

to 0.5% leads to a small increase in LL of 2.7%.  A similar effect is observed for the 

1.0% dosage with an increase of 3.8%. As discussed by Rauch et al. (2002) , where 

variations of a similar magnitude were found for a 4 different stabilising additives, it 

is estimated that a confidence interval of at least  ±2.5% should be assumed in order 

to account for variations been different observers. Differences between the alginate 

products are therefore found to be insignificant. When the quantity of AC is 

increased to 2.0%, a much more dramatic increase in LL of 19.9% is observed (LL = 

45. 3%) demonstrating that  at this dosage the effect of the alginate is much more 

pronounced. 
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 Table 6-1: Variable 1 ï Atterberg Limits  

 LL%  PL%  PI%  

Soil V (Control)  25.4% 18.0% 7.4% 

Soil V + PR22 (0.5%)  27.8% 15.9% 11.9% 

Soil V +  PR24 (0.5%)  28.1% 16.2% 11.9% 

Soil V + PR32 (0.5%)  27.4% 16.2% 11.2% 

Soil V + PR52 (0.5%)  28.1% 15.7% 12.4% 

Soil V + AC (0.1%)  25.9% 17.3% 8.5% 

Soil V + AC (0.25%)  25.9% 17.3% 8.5% 

Soil V + AC (0.5%)  28.6% 15.3% 13.3% 

Soil V + AC (1.0%)  29.7% 15.6% 14.0% 

Soil V + AC (2.0%)  45.3% 24% 21.0% 

 

Comparing to observations by Nugent et al. (2009)  for Xanthan gum (molecular 

weight of 1.25 × 106), which like alginate is an anionic polysaccharide, the behaviour 

was more complex. Increases in LL were observed with increasing polymer dosage 

up to 0.5%, followed by a decreasing trend at dosages of 1% to 4%. The 2% dosage of 

Xanthan therefore resulted in a LL which was similar to the control sample. For 

dosages above 5%, much more dramatic increases in LL were then observed for 

Xanthan with the 10% dosage offering an increase of approximately 5 to 7 times that 

of the control. While dosages above 2% were deemed impractical for this study given 

the quantity of material available, it would be interesting to see if similar patterns 

would be observed for alginate. In Nugent et al's (2009)  study, the observed 

behaviour is attributed to competing interact ions at the nano-scale. For example, 

processes such at biopolymer crosslinking with divalent cations a nd H-bonding or 

cation bridging  between the clay and biopolymer can help to form a polymer -clay 

network. These types of changes increase the overall strength. Other changes such as 

biopolymer induced aggregation, reduction in double layer thickness and the 

adsorption of monovalent cations to the clay surface, can all lead to a decrease in the 

strength of the soil structure and therefore counteract any strengthening impacts. It 

is possible that these competing interactions are taking place in the alginate-soil 

mixes and may explain why the observed increases are minor.  
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6.1.2.  Atterberg Limits  (Variable 2 : pH)  

In order to investiate variables other than the alginate  dosage and type, the 

properties of the soil were also modified to give variations in pH. The original pH of 

the soil (6.8) was reduced to pH 5 and pH 3 using HCl. Only the AC sample was used 

in the pH study. A summary of the PL, LL and PI for each sample is provided in 

Table 6-2. 

 Table 6-2: Variable 2 ï Atterberg Limits  

 LL%  PL%  PI%  

Soil V (Control) ï pH 3  26.0% 15.4% 10.6% 

Soil V (Control) ï pH 5  25.4% 16.5% 8.9% 

Soil V (Control ) ï pH 7  25.4% 18.0% 7.4% 

Soil V + 0.5% AC ï pH 3  27.2% 16% 11.2% 

Soil V + 0.5% AC ï pH 5  26.7% 15.9% 10.8% 

Soil V + 0.5% AC ï pH 7  28.6% 15.3% 13.3% 

 

In the control samples, where no alginate is added, the reduction of the soil pH does 

not make a significant change to the LL. However when alginate is included, the 

acidic samples (pH 3 & 5) offer slight reductions in LL (1.4 and 1.9% respectively) 

compared to the neutral sample, giving a relative decreases of 4.9 and 6.6%. For the 

PL, reductions in pH also appear to have an effect on the alginate containing 

samples where reductions of  2.5 and 1.6% are shown for pH 3 and pH 5 compared 

to the neutral sample. Therefore although the PL values are slightly reduced at lower 

pH, the slight decrease in LL means that the PI values are only marginally increased. 

For anionic polysaccharides, like alginate, although it would be expected that 

anionic polymers would not be adsorbed by the clay particles in the soil due to the 

repulsive forces between the two components, adsorption can occur in the form of 

anion exchange which takes place between the negatively charged polymer and the 

variable charge at the edges of the clay particles. This type of interaction is pH 
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dependent since the edge charges can be positive, negative or neutral depending on 

the pH conditions. Furthermore the pH of the system also affects the magnitude of 

the charge on the ionic group of the polymer. Ligand exchange (where ligands are 

the molecules or ions surrounding a metal ion) can also occur between the acidic 

hydroxyl group of the polysaccharide, such as the carboxylic and phenolic groups, 

and hydroxyl groups of the clay surface (Theng, 2012b). In natural soils, most of the 

adsorption of organic and humic materials occurs in this way (Gu et al., 1994), 

particular ly in acidic soils (Keil and Mayer, 2013). This adsorption mechanism is 

relatively strong and can reportedly last for over 100 years (Lützow et al., 2006) .  

It  would therefore be expected that a low pH would help to reduce electrostatic 

repulsion between the two components and potentially promote adsorption. 

However, from the results presented here, this does not appear to be the case. 

Indeed for this particular alginate -soil mix reducing the soil pH does not lead to 

significant soil strength increases when this alginate type and dosage are used. This 

supports the findings of Emerson (1956) where sodium alginate was found to be a 

poor stabiliser for acidic soils. Investigation of a wider range of pH values would 

however be necessary in order provide further insights  into the impacts of pH . 

 
6.1.3.  Atterberg Limits  (Variable 3: Available cations  )  

In order to investig ate the impact of increasing the quantity of available crosslinking 

ions present with the soil -alginate mixture,  the calcium content of the soil  was also 

modified. In this case Gypsum (CaSO4·7H2O) from Acros OrganicsÊ (Geel, Belgium) 

was used since this material will not affect the pH of soil. Again only the commercial 

alginate (AC) was used for Variable 3. A summary of the results is presented Table 

6-3. 
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 Table 6-3: Variable 3 ï Atterberg Limits  

 LL%  PL%  PI%  
Soil V (Control)  

Natural Ca  
25.4% 18.0% 7.4% 

Soil V (Control)  
+ 10g Gypsum  

26.3% 14.9% 11.3% 

Soil V (Control)  
+ 20g Gypsum  

26.8% 16.6% 10.2% 

Soil V (0.5% AC) 
Natural Ca  

28.6% 15.3% 13.3% 

Soil V (0.5% AC)  
+ 10g Gypsum  

28.5% 13.8% 14.7% 

Soil V (0.5% AC)  
+ 20g Gypsum  

23.1% 13.4% 9.6% 

 
 

In reviewing the results from the calcium study, in the control samples which do not 

include alginate, the addition of the two different dosages of gypsum does not result  

in a significant change in LL but does cause a slight decrease in PL. In the case of the 

alginate containing samples, there is a significant change in LL observed when 20g 

of gypsum is added resulting in a reduction of 5.5% compared to the control sample 

giving a relative reduction of 19.2%. This change suggests that the addition of this 

quantity of calcium is in fact having a negative impact on the strength of the mix.  

Typically the presence of polyvalent, exchangeable cations can help to promote 

cationic bridging between polysaccharides and clay, either directly or through a 

water bridge (Gu and Doner, 1992). For example, the presence of Ca2+ ions could 

help to create electrostatic bridges between the anionic part of the alginate (COOH-) 

and the negative surface of the clay (Yal­ēn et al., 2002). While this bridging process 

would be expected to improve the overall strength of the clay-polymer matrix, the 

results here demonstrate the opposite trend. This supports the findings of Nugent et 

al. (2009)  where the addition of a calcium salt (Ca(NO3)2) to the Xanthan-kaolinite 

mix also had negative impact on the LL at polymer dosages of up to 1%. This is 

explained by the fact that the addition of the calcium ions increases the ionic 

strength of the pore fluid and consequently reduces the size of the electric double 
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layer (EDL) of the clay particles. Therefore even if biopolymer cross-linking is 

occurring, the impact on LL is counteracted by changes in the EDL. It should be 

noted that in the study by Nugent et al. (2009) , at polymer dosages 2% and above, 

significant increases in LL are observed. For alginate it may also be possible that an 

increased polymer dosage would also lead to more pronounced cross-linking effects 

however this would need to be investigated further .  

 

6.1.4.  Atterberg Limits  (Variable 4: Clay content )  

The final variable to be studied as part of the plasticity tests was the clay content of 

the soil. Given that the natural soil already had a relatively high clay content (27%), 

the particle grading was modified by adding known quantities of sand in order to 

reduce the overall clay fraction by 25% and 50%. Again only the commercial alginate 

(AC) was used for Variable 4.  A summary of the PL, LL and PI for each sample is 

also provided in Table 6-4.  

 

 Table 6-4: Variable 4 ï Atterberg Limits  

 LL%  PL%  PI%  
Soil V (Control) ï 27% clay  25.4% 18.0% 7.4% 
Soil V (Control) ï 20% clay  22.2% 12.5% 9.7% 
Soil V (Control) ï 14% clay  18.5% 11.7% 6.8% 
Soil V + 0.5% AC ï 27% clay  28.6% 15.3% 13.3% 
Soil V + 0.5% AC ï 20% clay  30.3% 14.5% 15.8% 
Soil V + 0.5% AC ï 14% clay  28.0% 15.4% 12.6% 

 

In comparing these results for the three different clay contents, for the control 

samples with no alginate, reducing the clay fraction leads to a reduction in both LL 

and PL. This is expected given that replacing the finer clay particles with sand would 

inevitably reduce cohesion and plasticity within the soil as well as reducing the 

overall CEC. For the alginate containing samples, a different pattern is observed 
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with all of the sampl es exhibiting relatively similar LL values (28 ï 30%), regardless 

of clay content. This suggests that for sandy soils the inclusion of alginate, even at 

this low dosage, is sufficient to improve the shear strength of the soil. On the other 

hand, where there is already a sufficient quantity of clay present, the addition of 

alginate has a more limited effect as evidenced by the lower relative increase 

observed in the 27% clay sample. It should also be noted that the clay type, as well as 

the quantity of clay particles, will also have an impact on the interaction with the 

polymer. For example the study by Nugent et al. (2009)  used a pure kaolinite while 

this study has investigated a natural soil which will contain a mix of clay minerals 

and larger particles. Since only one soil type has been used in these preliminary 

tests, variations in mineralogy will need to be investigated further in Phase 2.  

 

6.1.5.  Sedimentation behaviour  (Variable 1: Alginate Type and dosage )  

Examples of the soil slurries used in the sedimentation tests are shown in Figure 

6-2. Three concentrations of each alginate solution (0.1, 0.25 and 0.5 w/v %) were 

compared against a control sample (soil and DI water ). The results for Variable 1 are 

shown in Figure 6-2 and the final bed heights provided in Table 6-5.  

Figure 6-1: Sedimentation Cylinders  

  
Samples (left to right) showing AC at dosage of 0.1%, 0.25% and 0.5% after 60s 
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Figure 6-2: Settling Rates ï Variable 1: Alginate Type and Dosage  
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 Table 6-5: Variable 1 ïBed Heights after 24h (mm)  

 0%  0.1% 0.25%  0.5%  

PR22  21(±0.0)  27(±3.0)  29(±3 .0)  - 
PR24  21(±0.0)  30(±4.0)  31(±5.3)  - 
PR32  21(±0.0)  23(±2.6)  23(±2.7)  - 
PR52  21(±0.0)  23(±2.6)  23(±0.8)  - 

AC  21(±0.0)  26 (±0.8)  23(±0.0)  - 

 

It should be noted that for the lower polymer dosages (0.1% and 0.25%) the 

flocculation effect is relatively  rapid  and a clear solid-liquid interface is formed. 

However for the control samples and the 0.5% polymer dosage the mixtures 

remained relatively turbid. Indeed the 0.5% polymer dosage demonstrated this type 

of behaviour even beyond the measurement at 2 minutes. In these cases the plots are 

therefore indicative of an apparent boundary (as shown by the dotted line) rather 

than a definitive interface. In all cases the settling profiles show that the addition of 

alginate at a dosage of 0.1% and 0.25% induces flocculation leading to a faster initial 

settling rate compared to the control sample. A difference was found between the 

sediment measurement at 1 minute for the control samples and those of the 0.1% 

and 0.25% samples, with the exception of PR32. In this case the difference was only 

significant for the 0.1% dosage. This effect is more pronounced for the PR22 sample 

given the greater differences in the 1 minute reading. There is also a statistically 

significant difference in  final bed heights for PR22 (0.1% and 0.25%) and PR24 

(0.25%) compared to the control samples. This is likely due to the formation of flocs  

in theses samples as these will be more loosely packed than individual particles. 

For the higher polymer dosages (0.5%), the turbidity indicate s that some particles 

remain dispersed in the liquid and an overall slower settling rate was observed 

compared to the control. This is similar to reports by Chukwudi et al. (2008)  for 

kaolinite -starch mixtures where a decrease in the sedimentation rate was observed 

beyond an optimum dosage. Mpofu et al. (2004)  also found that increasing the 
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dosage of an anionic polyacrylamide (PAM) led to an inc rease in the settling rate of a 

smectite clay with a plateau reached at a dosage of 1000 g of the polymer per ton of 

clay. A similar plateau is described by Clark et al. (1990) for anionic PAM and 

kaolinite while Akther et al. (2008)  also observe visible dispersion for a bentonite 

clay modified with anionic CMC. As discussed by Lee et al. (2012), this behaviour is 

attributed to the process of steric stabilisation which occurs once maximum polymer 

adsorption  has been reached, resulting in the creation of a protective polymer 

coating which hinders further inter -particle bridging  (Elimelech et al., 2013). This 

can result in simultaneous processes of flocculation and stabilisation within an 

aqueous clay/polymer system. These two types of interactions are illustrated in 

Figure 6-3. Where steric stabilisation occurs, the particles remain dispersed in the 

liquid phase. Given that an increase in polymer concentration is expected to increase 

the likelihood of stabilisation, this explains why an increased alginate dosage may in 

fact lead to a decrease in settling rates but greater sediment volumes. Again this can 

be attributed to  the looser packing of the flocs and the  increased volume of  inter-

floccule water trapped within the sediment (Mpofu et al., 2004) . Overall, the 

variations in settling behaviour highlight that the molecular s cale interactions are 

dependent upon both the polymer dosage and alginate source. 

Figure 6-3: Flocculation and Stabilisation  

 

Source: Adapted from Lee et al. (2012) 
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6.1.6.  Sedimentation behaviour  (Variable 2: pH ) 

The results from the sedimentation tests for Variable 2 are shown in Figure 6-4 and 

Figure 6-5. In this case only the commercial alginate (AC) was studied. Again 3 

concentrations of the alginate (0.1, 0.25 and 0.5 w/v%) were compared against a 

control sample containing only the  soil and DI water. Prior to the experiment, pH 

modification was achieved using dilute HCl in order to obtain mildly acidic (pH 5) 

and strongly acidic (pH 3) samples which could be compared with the unmodified 

(neutral) sample from the previous round of te sts (Variable 1). 

Figure 6-4: Settling Rates ï Variable 2: pH (Controls)  
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Figure 6-5: Settling Rates ï Variable 2: pH (AC)  
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 Table 6-6: Variable 2 ï Bed Heights after 24h (mm)  

 0%  0.1% 0.25%  0.5%  

AC ï pH 7  21(±0.0)  26 (±0.8)  23(±0.0)  - 
AC ï pH 5  25(±0.0)  27(±1.5) 25(±2.3)  31(±6.1) 
AC ï pH 3  25(±1.3) 27(±1.3) 26(±2.7)  38(±1.3) 

 

 

In relation to sedimentat ion behaviour, in considering firstly the effect on the clay 

particles alone, the results from the control samples indicate that reducing the pH of 

the soil slurry increased the initial settling rate as evidenced by the different profiles 

of the curves in Figure 6-4. It would be expected that a low pH would increase the 

strength of edge-to-face bonding of the clay particles due to the increase in the 

positive charge density at the particle edge (Michaels and Bolger, 1962). As 

discussed by Palomino and Santamarina (2005) , mildly acidic kaolinite suspensions 

(pH 5, low ionic strength) were found to exhibit mixed -mode sedimentation 

behaviour with a faster settling rate but similar final bed height to that of the neutral 

sample. In their s tudy, a further reduction of pH (pH 3), resulted in an even faster 

settling rate and more compacted bed volume which is indicative of face to face 

aggregation. This behaviour was not apparent in the present study, with the all three 

samples exhibiting relatively similar settling behaviour . This is likely due to the fact 

that that these were natural soil samples and not pure clays and so the previously 

described impacts of pH modification will be applicable only to the clay frac tion of 

the soil slurry.  Despite the similar settling rates however, minor differences were 

found in the final bed heights with the neutral sample achieving a final sediment 

height of 8mm compared to 10 mm and 11 mm for the pH 5 and pH 7 samples 

respectively. This is perhaps indicative of larger flocs in the pH modified samples. 
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In considering the results of the alginate containing samples, as previously discussed 

a reduction in pH would theoretically lead to increased attraction between the 

polymer and the clay particles. At low polym er dosages (0.1% and 0.25%), pH 

modification did not have a major effect on the settling profiles given the rel atively 

similar curves produced. For the higher polymer dosage (0.5%), a slight difference 

was found at pH 5 with an increased settling rate during the first hour however the 

mixture still remained relatively turbid indicating the presence of stabilised 

particles. A more visible increase in the settling rate was also found when the pH 

was further reduced to pH 3 and a clear solid-liquid interfaced could measure. This 

would suggest that for this higher polymer dosage, reducing the pH has a more 

dramatic effect on the polymer clay interaction with the faster settling rate and 

larger sediment volume indicating the that larger flocs are being formed. This is 

similar to observations by Akther et al. (2008)  who also report on increased 

flocculation for acidic samples of bentonite and CMC compared to the neutral 

samples which remain dispersed. Whilst the results are limited in the fact that only 3 

different pH levels have been compared, these initial findings  indicate that 

increasing the acidity of the soil-alginate mix may result in changes in the 

interaction between the polymer chains and clay particles when sufficient quantities 

of the polymer are present. 

 

6.1.7.  Sedimentation behaviour  (Variable 3: Available cations ) 

In order to investigate the influence of different cations, 3 concentrations of the 

commercial alginate (AC) were again tested using electrolyte solutions as an 

alternative to DI water. Not only does the presence of an electrolyte increase the 

ionic strength of the system, thereby leading to a compression of the EDL which 

would enhance  particle to particle attraction (Mpofu  et al., 2003; Orts et al., 2007; 

Chukwudi et al., 2008) , but in the case of CaCl2, the presence of Ca2+ also help to 
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promote polymer induced flocculation through cationic bridging (Lee et al., 2012). 

In this case 0.1 M CaCl2 was used as a source of divalent cations (Ca2+) while 0.1 M 

NaCl was used to provide monovalent cations (Na+).  The settling curves produced 

for the two electrolytes are shown in Figure 6-6. The final bed heights are also shown 

in Table 6-7.  

 
Figure 6-6: Settling Rates ï Variable 3: Available Cations  

  

 

 
 Table 6-7: Variable 3 ï Bed Heights after 24h ( mm)  

 0%  0.1% 0.25%  0.5%  

AC ï DI Water  21 (±0.0)  26 (±0.8)  23(±0.0)  - 
AC ï CaCl 2 24(±0.8)  23(±0.8)  24(±0.8)  31 
AC ï NaCl  23(±0.0)  21(±0.0)  21(±0.0)  22(±0.8)  
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The differences observed between the DI and CaCl2 samples where no alginate is 

included highli ght the importance of electrostatic repulsion on the clay particles 

alone given the slightly steeper gradient observed for the first 10 minutes in the 

electrolyte sample.  A small but significant increase in the final bed height was also 

observed, suggesting that the addition of Ca2+ leads to increased flocculation. 

For the alginate samples, the curves produced for the CaCl2 samples are relatively 

similar for all of the polymer dosages suggesting that the presence of Ca2+ outweighs 

more subtle influence of the different concentrations of alginate. Indeed there were 

no statistically significant differences found between any of the alginate containing 

samples at the 1 minute reading. For the low polymer dosages (0.1% and 0.25%), 

compared to the DI water samples, the CaCl2 mixtures show an initially faster 

settling rate, again evidence by a statistically significant difference at the 1 minute 

reading. A significant decrease in the final bed height was also observed for the o.1% 

sample upon the addition of CaCl2. A more dramatic change is observed for the 0.5% 

sample with the appearance of a more visible mudline in the CaCl2 sample at the 1 

minute compared to the DI water where the particles remain dispersed. This 

supports the theory that the addition of Ca2+ helps to increase particle attraction, 

inducing flocculation amongst particles which would otherwise remain dispersed. 

The addition of Ca2+ also appears to help negate the effects of steric stabilisation for  

the higher polymer sample. 

By comparison, for the NaCl samples the presence of Na+ has no significant impact 

on the 1 minute reading for the control sample or the 0.5% sample, whilst an 

increase in the initial settling rate is observed for the lower polymer doses as shown 

by the difference in sediment heights achieved at the 1 minute reading. The effects 

are however less dramatic than the changes in sedimentation behaviour report ed by 

Kaya et al. (2006)  for pure kaolinite suspensions upon the addition of 0.1 M NaCl. 
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For the 0.5% sample, there is also a change in the settling profi le with a much faster 

settling of the apparent sediment line within the first 4 minutes compared to the 

equivalent DI water sample. This is similar to repor ts by Ma and Bruckard (2010) 

for starch and kaolinite whereby the use of NaCl rather than DI water also enhances 

the adsorption of the polymer to the clay surface due to the reduced electrostatic 

repulsion. It should be noted that , unlike the CaCl2 sample, for the high polymer 

dosage the NaCl mixture still remains turbid for the first 10 minutes indicating the 

presence of dispersed particles.  In general, the comparison between the two 

electrolytes is in agreement with results by Mekhamer et al. (2009)  which show that 

Ca2+ has a greater impact on flocculation that Na+ for kaolinite. The more 

pronounced effect observed for the CaCl2 can be explained by the additional 

crosslinking mechanism of the divalent cations which would be expected to promote 

absorption between the alginate and the clay particles. 

 

6.1.8.  Phase 1  Summary  

In concluding the results from the initial rheology tests, although these preliminary 

findings give some insight into the complexities of soil-alginate interactions and the 

impact of the polymer type and dosage as well as soil variables such as the pH, the 

type of crosslinking ions present and the particle size distribution, the next step is to 

investigate whether these variables have measurable impacts on larger scale 

specimens.  In the case of the polymer type, while there were no major differences 

found between the five alginate products included as part of the LL tests, it is 

possible that this test method was not sensitive enough to demonstrate potential 

variations . More visible differences in the settling behaviour indicate that the 

alginate type may in fact have an important influence on the molecular scale 

interactions between the two components. It was therefore concluded that a wider 
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range of alginate types should be included as part of Phase 2 in order to further 

explore the role of the alginate using large scale samples. Similarly, given the 

observed increases in LL for the AC product when higher polymer contents were 

used and the different curves produced for the highest dosage for most of the 

alginate types included in the sedimentation tests, the role of the polymer dosage in 

the larger scale brick samples is also considered worthy of further investigation. 

Finally , in considering the soil variables, the results from these initial tests were less 

definitive. There were no significant differences observed regarding pH and the 

Calcium modified soil only leaded to significant changes in behaviour when 

relatively large quantities of Ca2+ were added. The clay content did however appear 

to have an important influence on the interaction with the alginate with the greatest 

improvement in strength being observed for the mid -range clay content (~20%). In 

order to investigate all of these soil variables in more detail, and to reflect the 

complexities of real practice, it was deduced that a variety of natural soil types 

should be included in Phase 2. This would allow for a range of soil variables, typical 

of those used in brick manufacture, to be studied.  

 

6.2.  Phase 2 ï Brick Prototypes: Initial Assessment  

6.2.1.  Variable 1: Alginate Type  

In the first round of studies, the objective was to make an initial comparison of the 

different alginate types. A total of 15 different products were therefore tested 

including two residue products, two milled seaweed products, nine sodium alginate 

products (sourced from MBL) and two commercial products, including a dental 

alginate. A control batch, without the inclusion of any additives, was also include d 

for comparison. All of the specimens were produced using Soil U and the alginate 
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was incorporated at a dosage rate of 0.1% by weight of the dry soil. For the raw 

seaweed and residue products the quantity added was calculated based on the 

estimated alginate content to ensure that an approximate alginate content of 0.1% 

would still be achieved. The amount of water added was also adjusted to give an 

overall water content of 16%. 

6.2.1.1.  Visual Observations  

The visual appearance of specimens produced with the different alginate products 

was found to vary, with some specimens displaying considerable voids and defects. A 

summary of the observations is presented in Table 6-8 and in Figure 6-7 to Figure 

6-12. Visible drying cracks and damaged corners are observed in some samples. 

Specimen PR17U was found to be particularly poor, with the bottom face becoming 

very fragile upon removal from the mould  (Figure 6-8). PR22U (Figure 6-10) and 

PR24U (Figure 6-11) were however much more homogenous with cleaner edges.  

 
 Figure 6-7: U Figure 6-8 : PR17U  Figure 6-9: ANU  
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Figure 6-10: PR22U  Figure 6-11: PR24U  Figure 6-12: PR29U  
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Table 6-8 : Variable 1 - Specimen Homogeneity  

Specimen  Homogeneity  Specim en  Homogeneity  

U Moderate PR29U  Moderate 
PR17U  Poor PR30U  Good 
PR38U  Moderate PR32U  Good 

ANU  Poor PR44U  Moderate 
LHU  Good PR52U  Moderate 

PR22U  Good DAU  Good 
PR24U  Moderate ACU  Moderate 
PR25U  Good   

 

6.2.1.2.  Dimensions, Mass & Density  

The dry mass of the specimens was found to range between 364 and 445g with 

variations being attributed to a loss of materials during removal from the mould. All 

of the specimens experienced a degree of shrinkage during drying, ranging from 

approximately 3 to 8%. In terms of bu lk density, the values obtained were relatively 

similar with  all results falling within the  1800 and 2000 kg/ m3 range (Figure 6-13). 

This is comparable with other unfired brick products which typically offer dry 

densities of between 1700 and 2200 kg/m3 (Sutton et al., 2011). The only significant 

difference compared to the control sample occurred for PR17U where a decrease was 

observed. This was likely due to the fact that PR17 is a residue product which will 

contain a significant proportion of cellulose.  

Figure 6-13: Variable 1 ï Bulk Density  
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6.2.1.3.  Mechanical Properties  

The results for the flexural strength and compressive strength tests, comparing the 

different products are shown in Figure 6-14 and Figure 6-17 respectively. The 

average moisture contents of these specimens ranged between 1.3% and 2.5% at the 

time of testing . 

Figure 6-14: Variable 1 ï Flexural Strength Test Results  
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In the case of the 3 point bending tests, the only specimens which offered a 

statistically  significant change in strength compared to the control specimen were 

PR17, which demonstrated a decrease in flexural strength, and PR22 and LHU  which 

showed an increase in flexural strength of approximately 62%. High  standard 

deviations were found for several samples indicating variations in quality between 

specimens within the same batch (Figure 6-14). Particularly high variation was  

observed in the case of PR29U. This specimen was noted to have visible cracks 

which likely affected the flexural strength. The poor performance of PR17U 

compared to the control sample is also likely due to the poor quality and 

homogeneity of this batch as noted in Table 6-8. As shown in the example stress-

strain plots for the control batch (U) and PR22U ( Figure 6-15), failure occurs 

* 
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relatively quickly and at low levels of strain. In all cases failure occurred at the mid-

point of the specimen with the appearance of a visible fracture line as shown in 

Figure 6-16.  

Figure 6-15: Stress -strain plot for U and PR22U (Flexural)  
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Figure 6-16: Example specimens after rupture  

  

 

In the case of the compressive strength tests, Figure 6-17 illustrates the unconfined 

compressive strength results using a correction factor of 0.58 as recommended by 

Heathcote and Jankulovski (1992). The shaded grey bars indicate the compressive 

Rupture at  
mid -point of 

specimen 
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strength prior to any corrections. The statistically significant results are again 

denoted by an asterix. Only 3 of the specimens (LHU, PR22U and DAU), offered a 

statistically significant improvement  over the control with an  increase of 52% 

observed for both. The comparative compressive stress-strain plots for the control 

batch and one of the alginate containing samples is also shown in Figure 6-18. The 

specimens show an initial contact adjustment phase whereby the plywood is pushed 

down onto the sample, levelling any surface irregularities. This is followed by an 

apparent consolidation region whereby the soil particles are packed together leading 

to a reduction in voids in structure. This consolidation process appears to continue 

until the maximum stress is reached with a more linear stress-strain relationship  

observed in the alginate sample. In all cases failure was by crushing as illustrated in 

Figure 6-19. After the yield point, a softening regime can also be observed. It should 

be noted that while there is reasonable consistency for the PR22 samples with all of  

the stress-strain plots exhibiting a similar profile, there is much more variation for 

the control batch. High variability was also observed for PR52U and ACU, which 

again demonstrates differences in specimen quality.  

Figure 6-17: Variable 1 ï Unconfined Compressive Strength  
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Figure 6-18: Stress -strain plot for U and PR22U (Compressive)  
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Figure 6-19: Example specimens (b efore and after compression test)  

  

 

Overall, the results from Batch 1 suggest that while improvements in both flexural 

strength and compressive strength for Soil U can be achieved with a few of the 

alginate products at a 0.1% dosage, in most cases the results obtained are relatively 

similar to that of the control batch. The fact that PR22 for example offers a visible 

improvement in compressive strength while PR24, also sourced from the stem of the 

LH  seaweed, suggests that other alginate properties such as the specific M/G ratio 
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and viscosity may also play a role in the interaction between the alginate and the 

soil. In theory, a higher viscosity, high molecular weight alginate would provide 

longer polymer chains and hence lead to more crosslinking sites per chain. However, 

a high viscosity can also have a negative impact since the tortuous nature of the long 

polymer chains can inhibit potential interactions be tween the polymer and the clay 

by simply coating the clay particles but without creating suffici ent inter -particle 

bridging to improve the overall strength of the structure. This is observed by 

Pongjanyakul and Puttipipatkhachorn (2007)  in aqueous sodium alginate/smectite 

systems where stronger interactions were found between silicate particles and a low 

viscosity alginate compared to a high viscosity alginate of the same M:G 

composition. This may explain why PR24, which is a high viscosity product, has less 

of an impact than PR22 which is a medium viscosity product. This may also explain 

why the commercial alginate (AC), which has a similar M/G composition to PR22 

but a much higher viscosity, produces inconsistent  results. Furthermore in relating 

the viscosity of the different products to observations made during mixing, it was 

also noted during specimen production that th e more viscous products, namely AC 

and PR24, inhibited mixing of the wet soil. This consequently led to less 

homogenous and poorer quality specimens and this may have contributed to the 

results. In the case of PR32 and PR52, although these alginates have similar M/ G 

contents to PR22, they also have the lowest viscosities of all the products tested and 

it is therefore likely that the polymer chains are too small to impart significant 

improvements . This would suggest that there is an optimum viscosity range in which 

results are favourable in addition to their being sufficient G content on the polymer 

chain.  

Overall the results support the conclusions of Nugent et al. (2009)  that competing 

nano-scale interactions between polymers and clay particles contribute to overall 
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strength changes. I t is therefore likely that in cases where there is an improvement 

in strength, as per the PR22 specimens, interactions which improve the strength of 

the soil structure such as biopolymer cross-linking or clay -polymer interactions are 

more dominant. However, where no improvement is observed or indeed a reduction 

in strength occurs, this may be caused by the polymer having either an insufficient 

chain length or cross-linking capability, perhaps allowing other mechanisms which 

have been shown to reduce soil strength to occur. Such mechanisms include 

biopolymer induced aggregation or the adsorption of monovalent cations to the clay 

surface rather than the adsorption of the polymer (Nugent et al., 2009) .   

 

6.2.2.  Variable 2: Soil Type  

The second variable to be studied was the soil type and so in this case, in addition to 

Soil U, Soils W and V were also studied. A more limited range of  alginate products 

were included: one milled seaweed products, four sodium alginate products (sourced 

from MBL) and two commercial products. A control batch, without the inclusion of 

any additives, was included for each of the different soil types and a dosage rate of 

0.1% by weight of the dry soil was adopted for all of the polymers.  

 

6.2.2.1.  Visual Observations  

A summary of the visual observations for Variable 2 is presented in Table 6-9. In 

general, the Soil W specimens were poorer in quality than the other types with 

several defects and damaged areas around the corners.  This can be seen in Figure 

6-20, Figure 6-21 and Figure 6-22. While some of the Soil V specimens displayed 

minor defects, the overall quality was superior to those of Soil W. 
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Table 6-9: Variable 2 ï Specimen Homogeneity  

Specimen  Homogeneity  Specimen  Homogeneity  Specimen  Homogeneity  

U Moderate V Moderate W  Moderate 
LHU  Good LHV  Moderate LHW  Moderate 

PR22U  Good PR22V  Good PR22W  Moderate 
PR24U  Moderate PR24V  Good PR24W  Moderate 
PR32U  Good PR32V  Good PR32W  Moderate 
PR52U  Moderate PR52V  Moderate PR52W  Poor? 

DAU  Good DAV  Good DAW  Moderate 
ACU  Moderate ACV  Good ACW  Moderate 

  
 

 Figure 6-20 :W  Figure 6-21: PR22W  Figure 6-22 : PR52W  
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Figur e 6-23 : V  Figure 6-24 : PR22V  Figure 6-25: PR52V  

   

 

6.2.2.2.  Dimensions, Mass & Density  

The dry mass of the specimens was found to range between 379 and 453g with 

variations again being attributed to a loss of material during removal from the 

mould. All of the specimens experienced a degree of shrinkage during drying, 

ranging from approximately 3 to 7%. As shown in Figure 6-26, the bulk density 

values obtained were again relatively similar with al l results falling within then 1 800 

and 2100 kg/ m3 range. However, significant differences in density were observed for 
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several of the W specimens including PR22W, PR24W, PR32W and DAW indicating 

that the inclusion of theses additives did appear to affect the compaction behaviour 

for this particular soil type.  

Figure 6-26  : Variable 2 ï Bulk Density  

U
LH

U

PR
22

U

PR
24

U

PR
32

U

PR
52

U
D
AU

AC
U V

LH
V

PR
22

V

PR
24

V

PR
32

V

PR
52

V
D
AV

AC
V W

LH
W

PR
22

W

PR
24

W

PR
32

W

PR
52

W
D
AW

AC
W

0

500

1000

1500

2000

2500

***
*

B
u

lk
 D

e
n

s
it
y
 (

k
g

/m
3
)

 
 

6.2.2.3.  Mechanical Properties  

The results for the flexural strength tests for Variable 2, comparing the 3 different 

soil types, are shown in Figure 6-27. Again the failure mode of all specimens was 

through the propagation of  a mid-point fracture.  Specimens which offer a 

statistically  significant change in strength compared to the relevant control 

specimen, in addition to the already discussed U samples include ACV , PR22W and 

PR52W. Overall the soil W specimens demonstrate considerably lower values than 

soil U and V, both of which offer flexural strengths within the 0.8 ï 1.3 N/mm 2 

range. Overall this is comparable to the flexural results achieved by Galán-Marín et 

al. (2013) although those authors do not demonstrate any significant flexural 

strength increases compared to the control soils.  In the case of soil W, it would 

therefore appear that the poorer homogeneity observed for the W specimens in 

Table 6-9 also translates to poorer flexural strength. However, the significant 
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improvement in strength for  PR22W (123% increase compared to the control) would 

suggest that this particular product  helps to increase the soil cohesion. This also 

correlates with th e increase in density observed for this sample. 

Figure 6-27: Variable 2 ï Flexural Strength Test Results  
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Figure 6-28 : Stress -strain plot for W and PR22W (Flexural)  
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The unconfined compressive strength values achieved, using a correction factor of 

0.58, were between 0.5 ï 1.7 N/mm 2 (0.8 ï 3 N/mm 2 without the correction factor). 

As shown in Figure 6-29, PR22 again appears to offer the greatest improvement for 

all soil types. A maximum increase of strength was witnessed for PR22W where an 

improvement of over 160% was achieved. This is highlighted in the difference 

between the stress-strain plots for these samples alongside the equivalent controls 

(Figure 6-30). As for the previous stress-strain plots for soil U ( Figure 6-18), after 

the initial contact adjustment region, a more linear and steeper gradient is observed 

for the alginate sample suggesting a more even distribution of load and much higher 

yield stress.  

The soil type was also clearly an important factor since all of the W specimens had 

the lowest values. While  all of the alginate types led to a clear improvement in 

strength compared to the control sample for soil W, for soil V the control sample 

offered a relatively good compressive strength and apparent improvements were not 

found to be statistically significant  with the exception of PR22. Since soil W has the 

lowest clay content (16%), this perhaps explains why this control sample has the 

lowest strength and particle cohesion. However the improvements witnessed upon 

the addition of alginate suggest that even the relatively small proportion of clay 

present in soil W is sufficient for interaction with the algi nate to occur. Conversely, 

for soil U and V the higher clay contents of 31% and 27% respectively appear to 

provide a sufficient amount of cohesive strength between the soil particles meaning 

that only certain types of alginate offer any further improvement . It should also be 

noted that while the majority of specimens were found to have moisture contents of 

~ 2% at the time of testing, specimens PR22V, PR52V and PR52W were found to 

have slightly higher values and this may have decreased the overall compressive 

strength. 
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Figure 6-29 : Variable 2 ï Unconfined Compressive Strength  
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Figure 6-30 : Stress -strain plot for W and PR22W (Compressive)  
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In considering th e specific role of the soil, a number of differences in the three soils 

should be noted. Firstly, in comparing the chemical composition of the soils, soils W 

and V both have a higher calcium content than that of  soil U (Table 3-3). This 
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perhaps explains why soil W demonstrates significant improvements since there is 

more calcium available to crosslink with the polymer. Although soil V also contains a 

relatively high quantity of calcium, the crosslinking effects of the alginate appear to 

be overshadowed by the existing cohesive bonding imparted by the larger clay 

fraction  as evidenced by the high strength values of the control specimen. Relating 

these findings to recommendations from other sources regarding optimum clay 

contents, Jiménez Delgado and Guerrero (2007)  quote clay proportions ranging 

from 5 to 40% for adobe and compressed earth blocks. Walker (1995) on the other 

hand recommends a clay content of 20-35% for effective stabilisation of earthen 

materials with cement and also reports that increases in clay content can reduce the 

effectiveness of any stabilising additives due to the formation clay aggregates during 

mixing. This supports the findings in this study that  the magnitudes of strength 

increases are lower for the high clay content soils however investigation into  other 

clay contents within the 16-27% range would allow the role of the clay fraction to be 

explored fur ther.  

Several authors also give recommendations for the Atterberg limits of soils which 

are to be used for building purposes. Houben and Guillaud ( 1994) for example 

suggest a LL of 25-51% and a PI of 2-31% for compressed earth blocks ï ranges 

which all of the soils within this study f all within. Burroughs (2008)  also 

recommends a LL of Ò35% and a PI of <15%. The importance of PI is further 

highlighted in the conclusions of Galán-Marín et al. (2013) where it is proposed that 

success of the best performing soil is attributed to its high illite content (50%) and PI 

value (15.7%), even though this value is slightly higher than the recommendation by 

Burroughs (2008) . In our study, the overall strength also appears to increase with 

increasing PI and illite content but this also has a negative impact on the percentage 

increase in strength when the alginate is added. 
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Finally, the three soils also have varying pH levels with soil U demonstrating a 

slight ly acidic pH (4.8) while soil V (6.8) and soil W (6.9) are both neutral soils. 

However based on the mechanical tests alone it is difficult to determine the 

importance of pH due the complexity of other factors impacting the clay -polymer 

interactions. A further study where the soil pH could be modified as a controlled 

variable would therefore be required on order to determine whether the soil pH has 

a significant effect on any strength improvements.  

 

6.2.3.  Variable 3: Alginate Dosage  

Given that all of the previous specimens were prepared using a standard quantity of 

alginate, as well as the indications from the rheology tests that increased polymer 

dosages would lead to increased strength of the alginate-soil structure, the third 

variable to be studied was the alginate dosage. Based on the trial studies, alginate 

dosages of above 1% were found to become unworkable, even with the aid of a 

mechanical mixer. Hence the dosage study was designed to include dosages of 0.1%, 

0.25% and 0.5%. Only two soil types (Soil U and V) were used in this round of tests 

and a more limited range of alginates including the dental alginate (DA) and 

commercial alginate (AC), both of which had shown some positive results in the 

previous tests, and two of the MBL products. Due to issues regarding product 

availability from MBL, only PR24 and PR32 were used, representing one LH Stem 

and one LH  Frond  product. Although these materials did not display significant 

improvements  for the 0.1% dosage, this provided an opportunity to investigate 

whether, for these particular products, interaction with the alginate could be 

improved simply by increasing the polymer dosage.  
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6.2.3.1.  Visual Observations  

A summary of the visual observations for the dosage study is presented in Table 

6-10. Samples such as ACU (0.25%) offered relatively good homogeneity (Figure 

6-32) whilst the same combination of alginate and soil produced at a higher dosage 

was poor in quality with considerable damage to the corner areas (Figure 6-33). 

Table 6-10: Variable 3 ï Specimen Homogeneity  
Specimen  Homogeneity  Specimen  Homogeneity  

U Moderate V Moderate 
PR24U  (0.1%)  Moderate PR24V  (0.1%)  Good 

PR24U (0.25%)  Good PR24 V (0.25%)  Good 
PR24U (0.5%)  Moderate PR24 V (0.5%)  Poor 
PR32U (0.1%)  Good PR32 V (0.1%)  Good 

PR32U (0.25%)  Good PR32 V (0.25%)  Good 
PR32U (0.5%)  Good PR32 V (0.5%)  Good 

DAU (0.1%)  Good DAV (0.1%)  Good 
DAU (0.5%)  Good DAV (0.5%)  Good 
DAU (1.0%)  Poor DAV (1.0%)  Moderate 
ACU (0.1%)  Moderate ACV (0.1%)  Good 

ACU (0.25%)  Good ACV (0.25%)  Good 
ACU (0.5%)  Poor ACV (0.5%)  Moderate 

 

 Figure 6-31: PR24U 
(0.25%)  

Figure 6-32 : ACU 
(0.25%)  

Figure 6-33 : ACU 
(0.5%)  
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Figure 6-34 : ACV 

(0.25% ) 
Figure 6-35: ACV 

(0.5%)  
Figure 6-36 : DAV 

(0.5%)  
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Similar defects were also noted for the ACV specimens as shown in Figure 6-34 and 

Figure 6-35. Generally speaking, increasing the alginate dosage resulted in an 

increased number of defects, most likely due to the increased viscosity of the initial 

mixture. For sample PR24V (0.5%), two of the samples were severely damaged upon 

removal from the m ould meaning that only one specimen was available for testing. 

 

6.2.3.2.  Dimensions, Mass & Density  

The dry mass of the specimens was found to range between 379 and 451 g and linear 

shrinkage ranged between 3 and 7%. The bulk density values obtained were again 

relatively similar with all results falling within the  1600 and 2100 kg/ m3 range 

(Figure 6-37). Only the 1.0% dosages of the DA product resulted in a statistically 

significant reduction compared to the control for each soil type.  

 
Figure 6-37: Variable 3 ï Bulk Density   
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6.2.3.3.  Mechanical Properties  

The results for the flexural strength tests for Variable 3, comparing different dosages 

rate for a selected range of products, are shown in Figure 6-38. I t should be noted 
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that while the majority of specimens were found to have moisture contents of ~2% at 

the time of testing, specimens DAU(0.5%) and PR32V(0.5%) had slightly higher 

values and this may have decreased the overall compressive strength .  

Figure  6-38 : Variable 3 ï Flexural Strength Test Results  
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Compared to the control samples, there were no apparent improvements in strength 

when the dosage was increased beyond 0.1%. For PR32 while there was an 

indication of increased strength at dosages of 0.25% and 0.5% compared to the 0.1% 

sample which performed relatively poorly, the differences were not found to be 

statistically significant.  The flexural stress-strain plots for these particular samples 

are shown in Figure 6-39. Particularly vari ed results were found for batch DAU 

(1.0%), with one of the specimens having a flexural strength as low as 0.5 N/mm2.  

For the unconfined compressive strength, as shown in Figure 6-40, the values 

achieved using a correction factor of 0.58 were between 0.8 ï 1.8 N/mm 2 (1.3 ï 3.1 

N/mm 2 without the correction factor). The results were inconsistent, with only the 

DAU (0.1% and 0.5%) and PR24V (0.25%) samples offering a statistically significant 

improvement over the control sample. Whil e in some cases, such as PR32U, there 
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was an indication of possible increasing strength with increasing alginate dosage, 

these increases were relatively small and not statistically significant. Overall the 

dosage study demonstrated that  increasing the alginate dosage did not lead to 

significant  increases in strength , with the exception of a few samples. 

Figure 6-39 : Stress -strain plot for PR32V 0.1 & 0.5% (Flexural)  
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Figure 6-40 : Variable 3 ï Unconfined Compressive Strength  
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6.2.4.  Phase 2  Summary  

In concluding the results of the Phase 2 tests, considerable differences in basic 

specimen properties were found in relation to variab les of alginate type, soil type 

and alginate dosage. While the overall properties were largely related to those of the 

base material (i.e. soil type), particular alginate products ( namely PR22) were able 

to improve mechanical properties at a dosage rate as low as 0.1%. For soil W, which 

had relatively poor cohesive and mechanical properties, all of the alginate products 

result  in an increase in compressive strength compared to the control sample. The 

largest increase was observed for PR22W where both the flexural and compressive 

strength more than doubled.  

Compared to other studies, these specific results are much greater than the 

maximum relative increases witnessed by Galán-Marín et al. (2010) upon the 

addition of alginate alone, with the best performing mixture offering an 

improvement of 69%. On the other hand, results by Chang et al. (2015) showed that 

addition of xanthan gum at a dosage of 1% increased the compressive strength of 

clay samples from 0.4 N/mm 2 to 2.5 N/mm 2. Furthermore for a natural soil 

material, a compressive strength of 3.7 N/mm 2 was achieved using the same dosage 

of xanthan although comparative data on the strength without the biopolymer is 

unavailable and so the percentage increase for this material is unclear. Other work 

by Chang and Cho (2012) demonstrated that the biopolymer glucan could either 

double or triple the compressive strength the soil studied at dosages of  ~2.5% and 

~5% respectively. As a further comparison, examples of other strength 

improvements achieved for earthen materials with other bio -based materials are 

shown in Table 6-11.  
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Table 6-11: Comparison to other Bio -based Additives  

Additive  
Dosage 

(%)  
Soil Type  

Max. 
Improvement 

(%)  

Max. Comp. 
Strength  
(N/mm 2)  

Ref.  

Alginate  
0.1% 

(PR22) 

U 50% 1.7 
This 

Study 
V 20% 1.8 
W 160% 1.3 

Alginate + 
Lignin  

<2% 
Errol soil  69% 3.8 (Galán-

Marín et 
al., 2013) 

Ibstock soil  20% 2.5 
Raeburn soil -9% 2.2 

Xanthan 
gum  

1% 

Clay (85%) 480% 2.5 

(Chang et 
al., 2015) 

Natural Soil  
(~0% clay) 

- 3.7 

Natural  soil 
(~0% clay) 

- 4.8 

Glucan  
2% 

Hwangtoh 
(Korean soil)  

110 ï 140% 2.1 ï 2.4 (Chang 
and Cho, 

2012) 5% 
Hwangtoh 

(Korean soil)  
140 ï 330% 2.4 - 4.3 

Tannins  1.4% 18% Clay 8 ï 19% 1.7 ï 2.2 
(Sorgho et 
al., 2014) 

Seaweed 
glue  

5% Red Clay 15% 5.8 
(Lee et 

al., 2008)  

Cow Dung  20% 
Natural Soil  

11% Clay 
25% 6.6 

(Yalley 
and 

Manu, 
2013) 

Vegetable 
Residue  

10% 
Natural Soil  

>5% Clay 
75% 4.4 

(Achenza 
and Fenu, 

2006)  

Termite 
Mound 
Material  

80% 
Natural Soil  

 
129% 2.2 

(Olaoye 
and 

Anigbogu, 
2000)  

Earthworm 
Cast  

8% 
Natural Soil  

 
178% 2.3 

(Kamang, 
1998) 

 

While the results for PR22 are therefore relatively good given the low dosage 

required to give comparable strength increases compared to other natural materials, 

the overall compressive strength values are reasonably low. Although it is 

acknowledged that some of these studies do not discuss the use of correction factors 

and therefore may not be directly comparable, previous research indicates that 

unfired clay bricks generally achieve compressive strength values of 1 ï 4 N/mm 2 

depending on parameters such as moisture content and density (Andy Sutton et al., 

2011). All of the alginate bricks therefore fall within the lower end of this range  with 

a few samples achieving strengths of >1 N/mm2.  While this means that most of the 
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samples are within the range of 1 ï 1.5 N/mm 2 recommended by Houben and 

Guillaud ( 1994) for achieving units which are able to be easily handled on site, they 

fall below the target value of 2 N/mm 2 recommend by most international standards 

for compressed earth blocks (Cid-Falceto et al., 2012b). The results are also much 

lower than those obtained by Galán-Marín et al. (2010) as well as being much lower 

than values for other stabilised products such as cement and lime stabilised earth 

bricks.  For example Millogo and Morel ( 2012) report values of  4.5 ï 6.5 N/mm 2 for 

cement dosages of 4-12% while Oti et al. (2009)  demonstrates values of 2.7ï5 

N/mm 2 for lime/GGBS and cement/GGBS stabilised bricks.  

In considering UK regulations, minimum unit strength requirements for 

conventional masonry units to be used in domestic scale buildings are shown in 

Table 6-12 (Building Standards Division, 2010) . While most cement and lime 

stabilised blocks achieve compressive strength comparable to the minimum 

requirement for concrete blocks (2.9 N/mm 2), the results achieved for the alginate 

bricks fall below th is requirements. The values in this study are also considerably 

lower than the requirements of 5-9N/mm 2 for fired clay masonry.  

Table 6-12: Required Strengths for Conventional Masonry Units  

Masonry 
Unit  

Clay  Masonry 
Units  

Calcium 
Silicate 

Masonry Units  

Aggregate 
Concrete 

Masonry Units  

AAC Masonry 
Units  

Brick*  6 9 6 9 6 - 
Block*  5 8 5 8 2.9 2.9 

*for internal, protected wall which is less than 2.7 m in height  

 

6.3.  Phase 3 ï Brick Prototypes: Further characteris ation  

Aside from the basic strength characteristics, a selected range of samples were tested 

regarding aspects such as microstructure, water stability, hygroscopic absorption, 

thermal behaviour and acoustic properties. The selected samples were those used for 



Chapter 6 - Results and Discussion 
 

145 | P a g e 

óVariable 2ô in Phase 1 as this allowed for the influence of both alginate type and soil 

type to be studied. Given the general lack of improvement observed for the increased 

dosages in Phase 1, only the 0.1% samples were included in Phase 3.  

 

6.3.1.  Hygrosco pic Absorption  

The samples used for the hygroscopic absorption tests and the dessicator set-up are 

illustrates are shown in Figure 6-41. The absorption isotherms for selected samples, 

illustrated in Figure 6-42 to Figure 6-44, show that the all of the specimens absorb 

approximately 1-2.5% moisture across a normal indoor RH range of 40-60%. These 

results were slightly higher than those of Padfield and Jensen (2011) for unfired clay 

which was shown to absorb around 0.8 ï 1.3%. Nonetheless, the samples in this 

study appear to have better sorption properties than  common fired bricks and 

concrete which absorb 0 ï 0.6% across the same RH range (Padfield and Jensen, 

2011). The addition of alginate does not appear to drastically affect the sorption 

properties since most of the results fall within ±0.5% of the equivalent control value 

sample. This finding is in agreement with other studies which argue that the 

hygroscopic behaviour is linked primarily to th e properties of the soil and the type of 

clay minerals present (McGregor et al., 2014b). Further investigation regarding the 

water vapour permeability and moisture buffering values would however be required 

in order to fully charac terise the humidity buffering behavior. 

Figure 6-41: Absorption test set -up   
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Figure 6-42 : Hygroscopic Absorption ï Soil U  
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Figure 6-43 : Hygroscopic Absorption ï Soil V  
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Figure 6-44 : Hygroscopic Absorption ï Soil W  
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6.3.2.  Thermal Properties  

The measured values for specific heat (Cp), thermal diffusivity ( Ŭ) and thermal 

conductivity (Ȉ) are shown in Figure 6-45 and Table 6-13. Only the U soils were 

studied, with specimens PR22U and DAU selected based on the compressive 

strengths achieved in the previous mechanical tests. At a reference temperature of 

23°C, all of the samples displayed relatively similar behaviour with thermal 

conductivity values falling within the 0.75 t0 0.79 W/(m·K) range. At higher test 

temperatures, above the typical range likely to be experienced within a building, 

there were greater deviations between the specimens with the two alginate samples 

demonstrating slightly higher thermal conductivities than the control.  

Figure 6-45 : Measured Thermal Conductivity Values  
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Table 6-13: Thermal Properties  

Specimen  Bulk Density  
Specific Heat 

(23 °C) 

Thermal 
Diffusivity 

(23°C)  

Thermal 
Conductivity 

(23 °C)  

 (kg/m 3)  J/( kg ·°K)  (mm) 2/s   W /( m ·K )  
U 1600 870 0.54 0.75 

PR22U (0.1%)  1590 900  0.53 0.76 
DAU (0.1%)  1680 900  0.52 0.79 

 

In  considering the modelled values, the estimated thermal conductivities  for a wider 

range of specimens, based on Equation 11, are illustrated in Figure 6-46. These 
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results were based on the measured bulk densities of the specimens and assuming 

moisture content s of between 1-2.5% across the normal indoor humidity  range as 

determined from the hygroscopic absorption tests. The variations in these results 

are therefore caused primarily by variation s in material density. However, if the 

brick were to be industrially produced it would be assumed that more controlled 

compaction would allow for more similar densities to be obtained. Therefore based 

on an average density of 1900 kg/m3, it would be expected that the bricks would 

achieve thermal conductivities of between 1.15 and 1.25 W/( m·K).  

Figure 6-46 : Estimated Thermal Conductivity Values  
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These results are higher than the measured values for specimens U, PR22 and DAU 

which is likely due to the lower densit y of the small scale disc samples. Indeed 

adjusting for density within the estimation model gives corresponding values of 0.78 

ï 0.87 W/( m·K) which are closer to the measured values. In comparing these 

measured and modelled results to other building materials, as show in Figure 6-47, 

the values for the alginate bricks are comparable with those for other high density 

earth masonry products, such as calcium silicate bricks and dense concrete 

materials, but greater than typical values for fired bricks and lightweight concrete.  

http://en.wikipedia.org/wiki/Watt
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Kelvin
http://en.wikipedia.org/wiki/Watt
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Kelvin
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Figure 6-47: Thermal Conductivity for Masonry Materials  
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While this relatively high thermal conductivity , compared to conventional bricks or 

block-work, would perhaps be seen as a disadvantage for walls forming part of a 

building external envelope, for an internal partition this may be less of an issue. In 

fact in this scenario a greater heat storage capacity may be more advantageous than 

a low thermal conductivity. In this case the specific heat capacity of the alginate 

bricks (using the PR22U sample as an example) is ~900 J/(kg ·°K). T his is within 

the range of 800 -1000 J/(kg ·°K) reported by Houben and Guillaud ( 1994) for 

unfired earth and similar other mate rials like brick and concrete. For a monolithic, 

unplastered wall with a thickness of 100m, the calculated óKô values for the alginate 

bricks, with a density of 1900 kg/m 3, are shown in Table 6-14 alongside values for 

other masonry materials. Assuming a thermally active thickness of 50mm, these 

estimations indicate that the alginate bricks would offer a greater heat storage 

capacity per unit area of wall than both fired bricks and lightw eight concrete blocks 

while having a slightly lower value than dense concrete block-work. 

 

aï modelled values (average) 
b ï modelled value (PR22U) 
c ï measured value (PR22U) 
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Table 6-14: Thermal Mass Comparison  (100mm thickness)  

Specimen  
Alginate 

Bricks (0.1%)  
Fired 
Brick  

Dense 
Concrete  

AAC  

Density (kg/m 3) 1900 1700 2300  600  
Specific Heat (J/kg ·°K)  900  800  1000 1000 

óKô value (kJ/m 2·°K) 855  680  1150 300  

 
 

6.3.3.  Acoustic Properties  

The calculated SRI values for the specimens are summarised in Figure 6-48 showing 

the variation with frequency  for the highest density and lowest density specimens. 

Based on a wall thickness of 100mm and an average density of 1900 kg/m3, the SRI 

at 500 Hz is approximately 49 dB.  

Figure 6-48 : Summary of  SRI values  
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A comparison of the estimated SRI values for the alginate bricks and other walling 

systems, using manufacturerôs data, is also shown in Figure 6-49. The values 

presented are for walls with an exposed finish however in practice it is possible that 

an unfired brick partition would also include a f inishing material such as plaster. 

This can further improve the SRI value by reducing the number of gaps and increase 

the air tightness of the wall construction  (McMullan, 2007) . 
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Figure 6-49 : Comparison of SRI values  
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a ï modelled values (this study) 
b ï modelled values (Galán-Marín et al., 2010) 
c ï modelled values (IBSTOCK óEcoterreô) 
d ï modelled values (Claytec earth brick) 
e & f ï based on 100mm wall with 12.5mm  Gyproc SoundBloc and  25mm insulation 
 

Nonetheless, from these results the estimated sound reductions for the alginate 

brick are comparable with most other masonry systems, aside from lightweight 

concrete products which are typically poorer acoustic due to their lower density. The 

alginate bricks also offer superior values to framed systems of a comparable 

thickness, even with the inclusion of acoustic insulation. Based on the densities of 

the prototypes produced, the alginate stabilised brick would therefore provide 

sufficient airborne sound insulation to meet  the 43dB requirement for internal 

partitions within a dwelling. However the acoustic insulation offered would be 

insufficient for separating walls between dwellings where a more stringent reduction 

of 56 dB is required (Scottish Government, 2015). As with a concrete block 

construction, an increased wall thickness, acoustic insulation and dry-lining or 

indeed a cavity wall construction would therefore be required in this scenario.  
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6.3.4.  Microstructure  

Prior to the microstructural analysis, fragments of the brick specimens were sputter 

coated in gold as shown in Figure 6-50. The resulting SEM micrographs for soils U, 

V and W are shown in Figure 6-51 to Figure 6-53. In the case of soil U, the control 

and alginate containing samples are relatively similar, showing an irregular fracture 

surface with aggregates of varying sizes.  A mixture of both edge-to-edge and edge-

to-face orientation of the clay particles can also be seen in all samples. This suggests 

that this dosage (0.1%), the polymer does not visibly affect the clay microstructure.  

For soil V, all of the samples again show agglomerates of varying sizes. Clay bridges 

around the larger silt and sand particles can even be seen in some areas as shown in 

Figure 6-52a. This is likely due to the higher clay content of soil V which facilitates 

cohesion between the silt and sand particles (Attou et al., 1998), even without the 

addition of the alginate . For soil W, the control sample appears to have a relatively 

flat fracture surface while the alginate containing samples show a more aggregated 

texture, particularly or samples PR22W, PR24W and ACW. This suggests that in 

these cases the inclusion of the alginate may be helping to promote particle linkages. 

Figure 6-50 : Gold coated specimens  
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  Figure 6-51: SEM Images ï U 
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  Figure 6-52: SEM Images ï V 
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  Figure 6-53: SEM Images ï W  
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Overall the controls for soils U and V appear to have a coarser microstructure than 

soil W which shows a relatively  flat surface indicating a clean break during fracture . 

Such observations can be linked due the higher clay content of soils U and V which 

promotes particle cohesion and aggregates the material.   This perhaps explains why 

the increases in strength seen for soils U and V are relatively minor since there is 

already a relatively cohesive matrix formed by the existing clay fraction. On the 

other hand for soil W, where more dramatic increases in strength are observed, 

there is a more obvious change in microstructure supporting the fact that the 

addition of alginate leads to improved particle cohesion.  

 
 

6.3.5.  Phase 3  Summary  

In summarising the outcomes of Phase 3, although not all of the samples were 

tested, some general conclusions can be made. Firstly, t he results from this study 

support the findings from other investigations which show that unfired clay has 

superior hygroscopicity to conventional ceramics and concrete. Furthermore, unlike 

cement and lime stabilised soils where the moisture buffering properties can in fact 

be hindered due to the inclusion of the stabilisers, the use of the alginate at the 0.1% 

dosage did not appear to affect the moisture absorption behaviour of the bricks. In 

relation acoustic performance, since this is a property which is governed primarily 

by the density and thickness of the construction, the inclusion of alginate again did 

not affect the SRI. The SEM study also revealed some apparent changes 

microstructure, particularly for  the W soils, where the most dramatic changes in 

strength during the Phase 2 tests were also observed. However a more detailed study 

of clay-biopolymer interactions would be required in order to assess structural 

changes in more quantifiable manner.  
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6.4.  Phas e 4 ï Commercial Feasibility  

6.4.1.  Economic Potential  

The results from  the cost modelling calculations based on existing data by Morton 

(2008)  and production cost information supplied by MBL are presented in   Figure 

6-17. Further details of the cost calculations are also provided in Appendix F.  All 

results assume a unit density of 2000 kg/m 3.  

 Table 6-15: Cost Estimations ï Bricks  (LH)  
 

Unit Type  
(based on a 100mm 

thick wall)  

Standard 
Unit  

Standard 
Unit + 0.1% 

alginate  

Standard 
Unit + 0 .5% 

alginate  

Standard 
Unit + 1.0% 

alginate  

 (£/m 2) (£/m 2) (£/m 2) (£/m 2) 

B
ri
c
k
s

 

UK Industrial Mass -
Produced Earth Bricks 

10.40 - 11.05 10.61 ï 11.26 11.50 ï 12.15 12.60 ï 13.25 

UK Small-scale Mass-
Produced Earth Bricks 

28.45 ï 60.46 28.66 ï 62.80 29.52 ï 61.53 30.65 ï 62.66 

One-off Hand -made 
Earth Bri cks 

108.23 ï 
162.34 

108.44 ï 
162.55 

109.33 - 163.44 110.43 ï 164.54 

B
lo

c
k
s

 

UK Large-scale mass-
produced Earth Blocks 

4.78 4.99 5.88 6.98 

UK Small-scale mass-
produced Earth Blocks 

22.14 - 41.51 22.35 ï 41.72 23.24 ï 42.61 24.34 ï 43.71 

One-off Hand 
Moulded Earth Blocks 

108.23 - 162.34 
108.44 ï 
162.55 

109.33 ï 
163.44 

110.43 ï 164.54 

 

For industrial ly produced bricks, the inclusion of alginate based on an alginate cost 

of £11/kg (based on a Laminaria Hyperborea  product)  and a dosage 0.1% results in 

a cost increase of approximately £0.21 per m2. This equates to a relative cost 

increase of around 2%. In the case of a smaller manufacturer, the lower economies 

of scale give rise to a higher initial cost per unit meaning the addition of alginate 

results in an overall increase of less than 1%. In considering higher alginate dosages, 

as expected, increasing the quantity of alginate added leads to increased costs. 

However even a dosage of 1%, there is a maximum inc rease of 17% based on an 

industrially produced bri ck. Substituting for a cheaper alginate product, such as an 

Ascophyllum  Nodosum product (£8.50/kg) would also give a relative increase of 
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between 1.5% and 14% at dosage rates of between 0.1 and 1% (Appendix F). In 

considering larger blocks, for the industr ially produced scenario the relative increase 

per m2 is 4.2% while for the small scale and hand-made units the cost increases by 

approximately 0.5-0.9% and 0.1-0.2%, respectively. Increasing the dosage by a 

factor of 10 (i.e. 1% dosage) would render the alginate product £2.20 pounds more 

expensive per m2 than the non-stabilised product.  

Figure 6-54 compares the proposed alginate earth bricks or blocks, normalised to a 

£/m 2 rate, to conventional masonry materials. Based on the indu strial ly produced 

scenario (Table 6-15), using dosage rates of 0.1-1.0%, the bricks would be 

comparable to a standard fired brick while  the blocks would less than half the cost of 

lightweight concrete blocks. It should be noted that costs are based only on the 

additional material costs associated with including alginate in the brick 

compositions. Costs for additional processes such as the storage and preparation  of 

the alginate solution prior to mixing with the soil have not been i ncluded. However 

estimations indicate that the electricity required for such processes would equate to 

less than £0.01 per unit.  

Figure 6-54 : Comparison of Masonry Costs  

 

*Cost estimates from Morton ( 2008)  
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6.4.2.  Environmental Analysis  

In terms of the environmental analysis, the calculated embodied energy of the 

alginate, based the data supplied by MBL (Appendix A) , equated to 8.5 and 6.7  MJ  

per kg of dry alginate product based on a sodium alginate produced from LH  and 

AN, respectively (Table 6-16). Embodied CO2 values have also been calculated using 

standard conversion factors (Hill et al., 2013 ; DECC, 2016). It should however be 

noted that the energy calculations for alginate do not take into account any heat 

recovery nor do they account for the production of any co-products, both of which 

could be included in a large scale alginate plant and would be expected to reduce the 

overall  consumption .  

Table 6-16: Estimated Energy Consumption  

 Laminaria Hyperborea  Ascophyllum Nodosum  
Embodied  Energy 

(MJ/kg)  
8. 47 6. 65  

Embodied CO 2  
(kg CO2e/kg)  

0.51  0.3 8  

 

These estimated figures are slightly higher than the corresponding values for OPC 

and lime (4.6 and 5.3 MJ/kg). On the other hand, the values for alginate are 

significantly lower than other polymer stabilisers . For example, data compiled by 

Patel et al. (2005)  showed that PVOH can reportedly have an embodied energy of 

approximately 50 ï 100 MJ/kg whil st other biopolymers such as thermoplastic 

starch (TPS) and poly-lactic acid (PLA) have respective values of around 25 and 50 

MJ/kg.  It is also interesting that the embodied energy value calculated here is much 

lower that the value for óalgaeô (20 MJ/kg ) used by Galán-Marín et al. (2015). 

However this óalgaeô data, sourced from Resurreccion et al. (2012), relates to 

cultivated micro -algae for biofuel production . Micro -algae requires very different 

energy and resource inputs to alginate produced from natural seaweed. This is 
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therefore an inappropriate data source and it is therefore not surprising that there is 

a discrepancy with the estimates for alginate produced in the study . 

Combining th e values from  Table 6-16 with existing data for industrially produced 

CEBs from  Morton et al. ( 2005) , an estimate of the total EE and EC for a standard 

unfired earth unit with alginate included was calculated (Appendix G). The EC 

values were not found to be significantly affected for the alginate dosage rage 

studied. The EE values are however presented in Figure 6-55 and Figure 6-56, 

alongside other masonry materials.   

Figure 6-55: Embodied Energy Estimations ï Earth Masonry  
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Figure 6-56 : Embodied Energy Estimations ï Other Masonry  
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From these results, it was found that the addition of the 0.1% alginate to the soil 

mixture did not significantly increase the overall EE due to the low quantities used. 

Raising the alginate dosage up to 1% resulted in a maximum EE increase of 11%.  In 

comparison to data for  other products, the results for the alginate bricks are lower 

than for cement stabilised bricks and lime/GGBS bricks (Morton et al., 2005 ; Oti et 

al., 2009; Hammond and Jones, 2011). The estimated EEs for the alginate bricks are 

also slightly lower than for a calcium silicate brick and much lower than AAC units 

and fired br icks.  

Two additional factors must be however be considered. First of all, the EE values are 

presented in relation to a mass based functional unit (kg) which does not account for 

differences in density. An AAC block for example may have a density as low as 500 

kg/ m3 while a dense concrete block may have a density closer to 2000  kg/ m3.  

Therefore although the AAC blocks may have a higher EE per kg, less material may 

be need to produce a single unit. Several authors have therefore converted EE 

figures to an equivalent wall area based on a given wall thickness and the specific 

density of the material.  Normalised values produced by Maskell (2013) from the 

data of Hammond and Jones (2011), and other sources where the material densities 

are known (Oti et al., 2009) , are shown in Figure 6-57. The normalised value for the 

alginate product is based on an average density of 1900 kg/m3. 

In addition  to different bulk densities , masonry systems will also offer varying 

structural  capacities. Therefore although the values in Figure 6-57 have been 

normalised to a comparable thickness, this assumes that this thickness is sufficient 

to carry the required loads. Given that the alginate-stabilised prototypes produced in 

this study do not meet the required compressive strength values, the results are 

indicative only. Indeed a further study of the characteristic wall strength and the 
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contribution on the mortar to the overall EE would also need to be included in order 

to calculate a more accurate EE value.  For instance, Galán-Marín et al. (2015) have 

performed structural calculations as part of their LCA, based on the compressive 

strengths of the materials being compared and a given wall span, in order to 

calculated the exact wall thickness required. The EE of the entire wall is then 

determined based on the total mass of material needed. While this does give 

comparable figures for different wall constructions, it should be noted that for the 

alginate-stabilised bri ck included by Galán-Marín et al. (2015) the compressive 

strength (4.45 N/mm 2) is take from a previous publication which does not appear to 

take any correction factors into account. Furthermore their calculation does not 

account for the mortar component in either the structural calculations or in the LCA.  

Figure 6-57: Normalised Embodied Energy  

U
nf

ire
d 

Ear
th

 B
ric

k

C
EB +

 A
N (0

.1
%

)

C
EB +

 A
N (1

.0
%

)

C
EB +

 L
H
 (0

.1
%

)

C
EB +

 L
H
 (1

.0
%

)

Li
m

e 
 +

 G
G

BS C
EB 

Fire
d 

C
la

y 
Bric

k 
- C

om
m

on

M
ed

. D
en

si
ty

 C
on

cr
et

e
AAC

0

200

400

600

E
E

 (
M

J/
m

2
)

 
 
 

6.4.3.  Market Comparison  

In summarising all of the previously describe d results, in order to provide a 

comparison with commercially available products, generi c data for similar products  

as obtained from the CES Database is shown in Table 6-17. Further details of 

commercially availabl e unfired brick products can also be found in Appendix H. 
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Overall it would appear that the basic properties of the alginate bricks presented in 

Table 6-17 are similar to that of o ther unfired brick products in term s of their 

acoustic properties and cost but are disadvantaged in terms of their loadbearing 

capacities. Although the alginate bricks are estimated to have a slightly higher 

embodied energy than other unfired brick products, this is still considerably lower  

than for a comparable ceramic brick. This is offset by the fact that the fired brick 

achieves much greater compressive strength. 

 Table 6-17: Market Comparison  

 Bulk 
Density  

Comp. 
Strength  

SRI  
Thermal 

Conduc tivity  
Approx

Cost  
EE 

Units:  kg/m 3 N/mm 2 dB W/mK  £/m 2 MJ/m 2 
Alginate 

Bricks (0.1%)  
1900 <2 49 1.15 ï 1.25 13 ï 14 100 

Unfired Clay 
Brick  

700 - 
1940 

<3.6 52 0.21 - 1.04 11 78 ï 84 

Fired Clay 
Brick  

1980 ï 
2070 

69-140 
49-
51 

0.4 ï 0.8 12 
566 - 
652 

Lightw eight 
Concrete 

Blocks  

900 - 
1400 

0.5 ï 8.2 42 0.07 ï 0.7 16 70 - 121 



Chapter 7 - Part I Conclusions 
 

167 | P a g e 

7. PART I CONCLUSIONS  

Part I of the thesis set out to explore the use alginate products as additives in earth-

based building materials. A review of the literature in this field demonstrat ed that 

there is an incentive to develop additives for earth masonry which improve the 

compressive strength of raw earth without having a major detrimental effect on the 

environmental impacts . While some previous studies which investigated the use of 

alginate in masonry products were identified , details regarding the specific role of 

the alginate and the properties which affect its success as an additive for unfired 

bricks or blocks were somewhat limited. The goal was therefore to develop an 

experimental pr ogramme which would investigate a wider range of alginate 

variables. This began with an exploration of polymer -clay interactions through 

rheology observations which set out the context and parameters for the later 

investigations involving the  brick prototy pes. 

In summarising the results of Part I, reference is made to the initial questions posed 

in the project objectives. Considering firstly the role of the alginate source and the 

variables affecting the properties of the brick prototypes, a number of conclusions 

can be made. First of all, it can be surmised from the range of specimens tested here 

that when used as an additive for earth masonry the type of alginate does have an 

important influence on the possible strength improvements . Indeed the results 

observed here for the brick specimens demonstrate that only some alginate types 

offer significant increases in strength when compared to the equivalent control  

specimen.  The optimum strength improvement, for all soil types, was achieved 

using a LH  stem product (PR22). However the other product  sourced from the stem 

of this seaweed (PR24) was less successful. This observation highlights the 

importance of the specific composition of the alginate and not just the species of 
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macro-algae from which it is sourced. PR22 for instance was noted to have a 

moderate viscosity and a fairly equal M/ G ratio whereas PR24 had a high viscosity 

and high G content. In theory while a higher G content would increase the likelihood 

of cross-linking occurring with the calcium ions pr esent in the soil, the longer and 

consequently more tortuous polymer chains of a higher viscosity product can also 

have a detrimental impact on potential bonding  mechanisms. These results signal 

that, of the different polymers tested, PR22 offers the optim um conditions for 

facilitating binding with the soil  given the aforementioned observations for PR24 

and the lack of significant improvements  in strength witness for products with a 

lower viscosity than PR22. A more detailed investigation of alginates with viscosities 

which are an intermediate of the PR22 and PR24 products would however be 

required in order to determine if other polymer chain lengths would gi ve more 

favourable results. Furthermore, t esting a range of products with simil ar viscosities 

but dif ferent M/ G ratios would allow the contribution of the G content to be more 

clearly understood. The results from this study also indicate that , in most cases, 

increasing the dosage does not lead to significant strength improvements. While  

dosages above 1% were found to be impractical for laboratory scale production, this 

does not rule out industrial processing methods such as extrusion where higher 

alginate concentrations may be acceptable.  

Secondly, in considering the role of the soil type, as expected the strength properties 

of the brick are closely linked with the base soil. However it can also be concluded 

from this study that the poorest soil in mechanical strength terms (soil W) , appears 

to be most affected by the addition of alginate as evidenced by the comparative 

magnitude of strength increases. The greatest increase in compressive strength was 

therefore observed for soil W and the previously discussed PR22 product. In 

addition to having a low clay content, soil W was also characterised by a relatively  
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high calcium content which may also have contributed to the increases in strength 

witnessed. However further investigation into the relative importance o f the 

different soil properties (e.g. pH, calcium and clay type/quantity ) using more 

sensitive tests parameters and a wider range of soils is desired to fully understand 

the role of the soil type.  

In considering the final objective of Part I which concerns the suitability of the 

alginate bricks for use as building products, the main barrier to further development 

based on the results witnessed in this study is the relatively low strength of the 

material compared to results reported for earth blocks  stabilised with conventional 

additives like cement and lime. Although some of the relative improvements 

observed compared to the control samples were encouraging and comparable to 

other stabilisers, none of alginate bricks passed the target compressive strength 

values for UK building standards. Therefore at this stage the material is not 

recommended for use in practice. However since the strength targets are based on a 

100mm wall, it is possible that sufficient compressive strengths could be achieved 

using a greater wall thickness. On the other hand, this would require a greater mass 

of material and would  therefore also increase the financial costs and environmental 

impacts, as well as being less suited to contemporary construction practices. It 

should also be acknowledged that the strength values achieved by the prototypes are 

somewhat limited by handmade natur e of the bricks and it is anticipated that 

improved  results could be achieved using alternative equipment. Indeed the final 

compressive strength values achieved by Galán-Marín et al. (2013) using similar 

materials, even for the control specimens, are greater than those observed in this 

study confirming  that differences in the production process, partic ularly in the 

compaction technique, should be taken into account. An exploration of alternative 

compaction methods and different moulding water contents are also recommended 
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in order to determine which variables have the most important influence on the 

strength characteristics.  

Aside from mechanical strength, other properties such as moisture sensitivity are 

also a concern. Although it has been argued that this can be overcome through 

appropriate detailing  and ensuring that the walls are sufficiently prot ected from 

moisture, it  is likely to remain as a barrier to further commercial development. On 

the other hand, the hygro-thermal and acoustic properties of the prototypes were 

generally positive highlighting the benefits of earth masonry in comparison to 

conventional walling systems like fired bricks and concrete. Unlike some other 

stabilising additives, the use of alginate did not appear did not appear to be 

detrimental to theses beneficial properties.  Similarly, due to the low quantities of 

alginate used, the impacts on the overall financial costs and embodied energy, in 

comparison to a standard unstabilised earth unit, were considered minimal.  

 

7.1. Contribution to knowledge  

In summarising the  key contribution s to knowledge  contained within Part I  of 

the thesis, a new empirical investigation into to the use of alginate biopolymers in an 

unfired clay brick product has been conducted. The work builds upon the existing 

academic literature by testing a wider range of alginate products than typically 

encountered in previous publications and consequently provides new evidence on 

the role of alginate variables. Chapter 6 in particular provides new information 

relating to  the role of the alginate type in determining the magnitude of strength 

increase observed when the alginate is used as a binding additive for the bricks. 

Further new insights into the interactions between the alginate and different soil 
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compositions are also provided thereby contributing to the wider  field of polymer -

clay complexes. As a further contrib ution, the work also presents a cost and 

environmental assessment of the proposed prototypes.



Chapter 8 ï Literature Review 

 

172 | P a g e 

PART II: ALGINATE AS AN INSULATING MATERIAL  

Part II focusses on the use of alginate as an additive in a composite aerogel product 

for use as an insulation materi al. This part of the thesis therefore includes a 

summary of conventional insulation materials as well as a review of existing 

research relating to the use of biopolymer/clay hybrids as insulation products. The 

development of prototype materials using a variety of alginate and clay products is 

then described followed by experimental work to determine and compare their basic 

properties. Finally, the  prototypes are compared with existing products and 

evaluated in terms of their commercial feasibility.  

 

8.  LITERAT URE REVIEW  

8.1.  Thermal Insulation in Buildings  

8.1.1.  Principles of Thermal Insulation  

The purpose of thermal insulation materials in buildings is to reduce  heat losses 

between internal heated spaces and adjacent unheated spaces (McMullan, 2007) . 

Typical heat losses through the different elements of a domestic dwelling are shown 

Figure 8-1. Since up to two thirds of heat generated within a building can be lost 

through the building fabric  (Carbon Trust, 2012), the appropriate specification of 

insulation materials can help to reduce the overall energy consumption . For 

example, improving the thermal performance of the building fabric can minimise 

the energy requirements of HVAC systems by reducing the need for heating, cooling 
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and ventilation  as well as extending the periods of indoor thermal comfort.  This can 

in turn reduce the quantities of CO2 produced per dwelling and reduce fuel costs. 

Figure 8-1: Typical Heat Losses  

 

 

Source: Adapted from Virdi (2012)  
 

Effective insulators should help to inhibit the various forms of heat transfer 

including condu ction, convection and radiation (McMullan, 2007) . In the case of 

conduction and convection, heat transfer can be minimised by the introduction of 

air voids and porous structures, whereas radial heat transfer can be counteracted by 

the use of reflective materials. Good insulation materials  therefore include  those 

with a cellular or porous struc ture with a layer of aluminium foil (Jelle, 2011) and 

are typically installed as batts or boards within the building structure. For instance, 

rectangular shaped panels can be fitted between or around posts or rafters within a 

timber  or steel frame or within  the air cavity in masonry wall construction. In 

refurbishment scenarios, insulation can be also fixed to the existing structure as 

external or internal layer. Spray foam and loose-fill insulation can also be retrofitted 

to cavity walls and lofts. The thermal performance of these insulation material s is 

dependent primarily on the density and thickn ess of material, although other factors 

such as temperature, moisture content and the quality of the installation can also 

affect the overall thermal transmittance  (Jelle, 2011).  Aside from minimi sing heat 
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losses, insulation product s can also provide acoustic and impact insulation or fire 

protection depending on the specific material utilised . Consideration must also be 

given to aspects like cost, ease of installation, potential health hazards, structural 

stability , durability, moisture absorption  and vapour permeability (Al -Homoud, 

2005) . 

 

8.1.2.  Common Insulation Materials  

Insulation  products can generally be divided into four  main types: polymer based 

materials, inorganic materials, materials  produced from natural fibres and m ore 

recently developed high performance materials such as composite and vacuum 

sealed systems. A summary of these products is presented in Table 8-1. 

 Table 8-1: Summary of Insulation Materials  

 
Product  Example  

Bulk Density 
(kg/m 3) 

Thermal 
Conductivity 

(W/m -K) 

P
o

ly
m

e
r 

B
a
s
e
d

 Expanded Polystyrene  Kingspan Aerobord ®  16ï35 0.032ï0.040  
Extruded Polystyrene  Kingspan Styrozone® 26ï45 0.028 ï 0.036  

Polyurethane/ 
Polyisocyanurate  

Kingspan Thermawall ®  32 0.021 - 0.027 

Phenolic Foam Kingspan Kooltherm ®  190 -210 0.05 ï 0.54 

In
-

o
rg

a
n
ic

 Rock Mineral Wool  Rockwool RW Slab ® 24 ï 40 0.031 ï 0.040  

Glass Mineral Wool Knauf Earthwool ®  16 - 24 0.031 ï 0.040  

Cellular Glass Foamglas ® 100 - 165 0.038 ï 0.050  

O
rg

a
n
ic

 

Cellulose Warmcel ®  32 0.038 -0.04  

Wood Fibre (Rigid)  NaturePro ®  250 0.049  

Sheeps Wool Thermafl eece ® 25 0.039  

Cork SecilVit® CORK  120 0.034 ï 0.040  

Flax Isolina  ®  30 - 35 0.038  

Cotton Inno -therm®/Metisse®  25 0.038  

Hemp NatuHemp  30 0.039  

H
ig

h
 

P
e
rf

o
rm

a
n

c
e

 Vacuum Insulation 
Panels (VIP) 

Kingspan OPTIM-R 180 ï 210 0.007  

Transparent Aerogel 
Panels 

Kalwall ® + Lumira  70 ï 100 0.018 

Silica Aerogel Blanket Spaceloft® 160 0.017 
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Polymer -based Insulation  

Conventional polymer -based insulations include expanded polystyrene (EPS), 

extruded polystyrene (XPS), polyurethane (PUR), polyisocyanurate (PIR) and 

phenolic foams (Jelle, 2011; GreenSpec, 2015). Urea-formaldehyde (UF) products 

were also used commonly until the 1980s when it was discovered that these products 

could release airborne formaldehyde ï a substance which has known detrimental 

health impacts (Harris et al., 1981). Most of these types of polymer foams are 

produced as a rigid board or batt, sometimes directly bonded to a dry-lining board 

or a reflective foil layer. Expanding foams can also be used in cavity wall insulation 

where they are blown through nozzles and then foamed in place. Polymer based 

foams are generally lightweight, cheap to produce and have good thermal properties 

and so currently form a large part of the market. EPS and XPS reportedly offer 

thermal conductivities of around 0.3 ï 0.4 W/m -K (Jelle, 2011) whil st PUR has an 

even lower value of 0.2 ï 0.3 W/m -K (Jelle, 2011), making it one of the best 

performing polymer -based products on the market. Phenolic foam based products, 

produced using phenol-formaldehyde, also offer excellent thermal properties with 

Cuce et al. (2014a) quoting a value of 0.18 W/m-K.  

The main disadvantages of these materials is that their production involves the use 

petrochemical-based raw materials, fluorocarbon gases and other potentially 

hazardous substances, making them less attractive from an environmental 

perspective. EPS for example consists of small polystyrene beads which are 

expanded using a blowing agent  to create an open pore structure (Cuce et al., 

2014a). Previously CFC (chlorofluorocarbon) gases were used in this process but, 

due to their harmful effect on the ozone layer, pentane (C6H12) is now used as a less 

damaging alternative. Similarly, XPS is produced by melting polystyrene and adding 
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expansion agentw such as HFCs (hydrofluorocarbons), CO2 or C6H12 (Jelle, 2011). 

Both EPS and XPS are also combustible and so hazardous materials such as 

Hexanbromcyclododecan are also often added to reduce their flammability 

(Papadopoulos, 2005). Products such as styrene and other hydrocarbons can also be 

emitted during the  production process. PUR is formed by combining isocyanate with 

a polyol (an alcohol with  more than one OH- group), using HFC, CO2 or C6H12 as an 

expansion gas. Again the major downside to PUR is its poor fire performance  due to 

the emission of dangerous and toxic substances such as isocyanates and hydrogen 

cyanide (Stec and Hull, 2011). PIR offers a slight improvement on  PUR as it uses 

alternative additive s and catalysts to help improve fire performance . However both 

PUR and PIR products not only rely on the use on non-renewable resources, but 

they also have a high embodied energy and embodied CO2. As reported by  

Hammond and Jones (2008) , PUR/PIR  foams in fact have one of the highest 

embodied energy values of all insulation materi als (101.5 MJ/kg).  

Overall, polymer based materials have the advantage of offering good thermal 

properties, being resistant to rot and vermin and being available at a relatively low 

cost. However their main disadvantages are the energy intensive production 

processes and hazardous materials involved in their production. 

 

Inorganic Insulation  

Mineral based insulations include rock wool, glass wool, perlite and vermiculite, 

amongst others. Rock wool and glass wool are long established products which 

reportedly account for around 60% of all insulation products in Europe (Kiss et al., 

2013). They can be either formed into batts, rigid boards or be used as loose-fill 
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materials. Rockwool is produced by extruding fibres from molten minerals or liquid 

iron slag whil st glass wool uses recycled glass to produce the fibres. In both cases the 

fibres are usually formed into a slab using resin binders (usually formaldehyde 

based), impregnation oils and heat treatments. The thermal conductivity of mineral 

wool materials is within the  0.3 ï 0.4 W/m -K range (Cuce et al., 2014a) and they 

also have the advantage of being fire resistant or at least having limited 

combustibility depending on the binder content (Stec and Hull, 2011). Although they 

can be easily cut and adapted on site, this can result in dust formation and skin 

irritation during installation  and so protective measures are often required (Al -

Homoud, 2005) . Perlite and vermiculite, both of which are natural minerals, are 

typically used as loosefill granules (Zukowski and Haese, 2010) or an expanded 

board (Law et al., 1998).  More recently, other glass-based insulation materials such 

as cellular glass have also emerged on the market. In this case the glass is ground 

into a fine powder, heated and then foamed using a blowing agent in order to entrap 

gas bubbles within the material (Solomon and Rossetti, 1996). Again recycled glass 

can be used for this purpose and the final material has a good level of mechanical 

strength and dimensional stability compared to mineral and glass wool.  

Overall mineral based insulations offer good durability, especially i n terms of 

resistance to moisture and fungal degradation (Klamer et al., 2004) . They also 

exhibit excellent fire performance and low thermal conductivities. Although 

inorganic insulations are produced from non -renewable materials, they are generally 

produced from abundant resources and in the case of products like slag wool and 

glass wool, recycled materials can be incorporated in order to minimise their 

environmental impact. In general, inorganic insulations therefore have lower 

embodied energy values than polym er based products.  
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Natural Fibre Insulation  

The use of natural materials as insulation products is a well-known practice with 

wood fibres, plant fibres and even animal fibres having previously been used as 

insulators . Common examples include cellulose, cork, sheepôs wool, straw, hemp, 

flax and cotton, all of which offer a renewable form of thermal insulation (A Sutton 

et al., 2011). Natural materials generally involve minimal processing and therefore 

have a lower embodied energy than polymer based products. Since the raw material 

generally comes from a plant -based resource, sequestered CO2 can also be taken into 

account leading to low, and in some cases negative embodied CO2. Densley-Tingley 

et al. (2015) for example showed that when sequestered CO2 was included in a LCA 

study for wood fibre based insulation, an embodied carbon value of -142 

kgCO2eq/m 3 was achieved, offering a significantly lower value than other polymer 

and mineral based products. In some cases, waste resources are also used. For 

example, cellulose-based insulation can be manufactured using recycled newspapers 

while cotton -based products can be produced using recycled textiles. Most natural 

fibre insulations  are produced as loose batts however products like cork can be used 

as filler s or board materia ls and cellulose is often used as a sprayed insulation (Jelle, 

2011). Natural insulation materials are generally low-cost and easy to handle as well 

as being vapour permeable which makes them compatible with breathing 

constructions (Sutton et al., 2011). They also possess good hygro-thermal properties 

meaning that they are able to absorb and desorb moisture from the internal 

environment and therefore help to regulate indoor humidity levels (Korjenic et al., 

2011). On the other hand, this sensitivity to moisture can also have detrimental 

effects since prolonged exposure to high levels of humidity or indeed direct contact 

with water can increase the thermal conductivity or lead to degradation of the 

material, including attacks by bacteria and fungi (Korjenic et al., 2011). The high 
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organic content also means that natural fibre materials are combustible and require 

treatment with fire retardants, usually ammonium or borate based substances (Day 

and Wiles, 1978; Sutton et al., 2011; Lazko et al., 2013). Whil st natural fibres offer 

good thermal conductivities, usually within the 0.038 ï0.040 W/m -K range, the 

thick nesses required in order to achieve sufficient U -values are generally greater 

than for polymer based materials. Although  there are some existing products on the 

market (e.g. Thermafleece ®), the costs are still relatively high in comparison to 

polymer or m ineral based products and they therefore constitute less than 1% of the 

UK market (A Sutton et al., 2011). Overall natural fibre insulations offer the 

advantage of low embodied energy and the fact that they can be produced from 

renewable resources. They are however disadvantaged in terms of their poorer 

durability and moisture sensitivity.  

 

High Performance Insulation  

More recent innovations within the insulation market have included products such 

as Structurally Insulated Panels (SIP), Vacuum Insulation Panels (VIP), Gas-filled 

panels (GFP) and aerogels. SIPs usually consist of a core insulation material such as 

EPS or PIR sandwiched between two rigid boards, usually made from oriented 

strand board (OSB) or plywood (Yang et al., 2012). These prefabricated panels can 

be fitted together to form entire walls, floor s and roofs thereby acting as both 

structural and insulating elements. The Kingspan TEK system for example uses an 

insulation core with a thermal conductivity value of 0.023 W/m -K, meaning that the 

whole system achieves an overall U-value of 0.16 W/m2. K. SIPs also offer fast build 

times since the components can be prefabricated offsite (Hairstanes and Kermani, 

2007) . 
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VIPs are a composite system consisting of a cellular core such as fumed silica, glass 

fibre or polymer based foams, which is vacuum sealed within a layer of foil faced 

plastic (Alam et al., 2011). Although this type of system offers thermal conductivities 

below 0.004 W/ m-K, demonstrating an dramatic improvement on conventional 

insulations, this value increases over time due to the deterioration of the vacuum 

and the thermal properties can also be compromised if the material is damaged or 

punctured  (Jelle, 2011). Although  VIPs have been used for decades in appliances 

such as refrigerators (Fricke et al., 2008) , the use of VIPs in building elements is a 

much more recent concept. Nonetheless various demonstration projects have 

investigated the performance of VIPs in buildings, including external façade panels,  

internal wall insulation and prefabricated elements such  as window and door frames 

(Binz et al., 2005). Kingspan also introduced a VIP product (Optim -R® ) in 2012 

which has been used in various new build and refurbishment projects in the UK. 

Other available products include Marley Eternitôs SlimVac®  and Vacupor® by 

Porextherm . However VIPs still ha ve a relatively high cost and a longer payback 

period compared to conventional insulation  materials (Alam et al., 2011). 

Furthermore, an LCA study of fumed silica VIPs has demonstrated the high levels of 

electricity consumption  involved during manufacturing  which contribute to the 

overall embodied energy of the product (Binz et al., 2005).  

GFPs  are similar to VIPs although  in this case, rather than a vacuum, an inert gas 

with a lower conductivity than air such as argon (Ar) or krypton (Kr) is used and the 

inner core consists of a honeycomb-like structure with  a low emissivity surface 

(Jelle, 2011). The thermal conductivities reported for GFPs are higher than for VIPs  

although both systems shares the major disadvantage that they cannot be cut to fit 

onsite (Baetens et al., 2010). Another alterative form of insulation is thin reflective 

multi -foil insulation s which consist of several layers of reflecting film along with 
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foam or wadding (Tenpierik and Hasselaar, 2013). The benefit of these materials is 

that a much thinner layer of material is required compared to conventional 

insulations like mineral wool and PUR.  

Aerogels are another technology which has been explored for insulation purposes. 

An aerogel is a high porosity material usually formed by removing the liquid 

component from  the gel. This material can be formed into sheets, embedded within 

fibres to form a blanket, used as an infill material in the form of granules or used to 

form the inner -core of VIPs. The use of aerogel materials, particularly silica aerogels, 

within building applications has increased in recent years and has consequently 

been the subject of several recent review papers (Berevoescu et al., 2009; Baetens et 

al., 2011; Riffat and Qiu, 2013; Cuce et al., 2014a). Due to their excellent thermal 

properties, aerogels can be used as ósuper-insulatorsô in walls, roofs, floors and 

glazing.  The most well-known products include the Spaceloft® and Spacetherm® 

products. These composite systems consist of a silica aerogel which is embedded 

within a fibrous reinforcement system. The resulting aerogel blanket can then be 

bonded to plywood or a fireproof board. This gives the otherwise fragile aerogel 

additional durability and flexibility (Riffat and Qiu, 2013) . There  is still ongoing 

research into other methods of encapsulating aerogel materials and strategies to 

address issues such as dimensional instability, hydrophobicity and dust generation 

during installation (Carty et al., 2013).  According to the manufacturers, the 

Spaceloft® and Spacetherm® products offer thermal conductivities as low as 0.013 

W/m -K. Compared to conventional insulations, the desired U-values can usually be 

achieved using a reduced thickness of material (Cuce et al., 2014a). Consequently, 

aerogels are particularly useful in applications where space is restricted and they 

have therefore been used in several UK refurbishment projects (Baker, 2011; 

Jenkins, 2012).  
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In addition , since aerogels can also be transparent, they can also be used as filler 

materials within a glazing, allowing the building to access natural light whil st 

minimising heat losses. For example Duer and Svendsen (1998), have studied the 

use of various monolithic silica aerogel materials sandwiched between glazing panels 

whil st Reim et al. (2002)  proposed a similar system using aerogel granules, low-e 

coated glass and krypton gas, giving a heat transfer coefficient of below 0.4 W/m -K. 

Jensen et al. (2004)  also demonstrated that glazing tiles produced from a monolithic 

aerogel (~15mm thickness) could achieve a centre U-value of less than 0.7 W/m-K 

whilst maintaining a solar transmittance of over 75%. These principles have since 

been developed into various commercial products, such as the Lumira®  aerogel 

system developed by Cabot. Other experimental techniques also include the use of a 

silica-aerogel film as a coating on glazing (Kim and Hyun, 2003 ; Cha et al., 2008) or 

transparent aerogels used as part of a Trombe wall system (Dowson et al., 2014). 

The latter consists of a high thermal mass wall, orientated to absorb solar gains, 

combined with a cavity and a layer of translucent aerogel insulation. This design 

allows solar radiation to heat the solid wall which then transfer s heat to the interior 

while simultaneously preventing the heat from escaping (Fri cke and Tillotson, 1997). 

More recently, the use of aerogels in insulated plasters has also been developed. 

Stahl et al. (2012) for example describes material which incorporates silica aerogel 

granules and a cement-free binder. The product , which has since been developed 

commercially , is noted to achieve a thermal conductivity value of around 0.025 

W/m -K, making it superior to existing insulated plaster systems on the market. 

Buratti et al. ( 2014) also describe a similar aerogel plaster where values as low as 

0.018ï0.020 W/m -K are achieved, depending on the volume of aerogel included. 

Other potential applications include the use of aerogel granules as lightweight 

aggregates in concrete. Gao et al. (2014) for example have shown that incorporating 
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silica aerogel granules (60% volume) can create an insulating concrete with a 

compressive strength of approximately 8 N/mm 2 and a thermal conductivity of 

0.26 W/m -K. Similar concrete materials have also been discussed by Ng et al. (2015) 

and Fickler et al. (2015).  

It should be noted that there are a few other potential  application  for aerogels within 

building s which can be found in the literature but are not related  to thermal 

insulation.  The first of these is air purification  materials where the high porosity 

and specific surface area of aerogels can be used to remove contaminants such as 

VOCs, NOx and SOx from the internal environment  (Khaleel et al., 1999;Riffat and 

Qiu, 2013). Other uses which have been studied to a lesser degree include acoustic 

insulation  products which make use of the high sound absorption of aerogels (Gibiat 

et al., 1995) and fire retardant materials where the non-combustibility of silica 

aerogels is exploited (Riffat and Qiu, 2013) .  

Overall aerogels are therefore considered as promising materials for use in buildings 

and offer a wide range of possible applications. Similar to VIPs, although several 

commercial aerogel products now exist on the market, their relatively high cost 

compared to conventional insulations still limits their widespread use (Cuce et al., 

2014a).   

 

8.1.3.  UK Context & Market Trends  

Based on 2014 figures, the building  insulation sector was estimated to have a market 

value of around £800 million in 2014 (AMA Research, 2015) and this figure is 

expected to increase in the future due to factors such as changes in building 

regulations, financial drivers and the increasing scrutiny of the whole lifecycle costs 
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of buildings. Each of these topics are therefore discussed in more detail in the 

following sections, highlighting their likely influence on the future demand for 

insulation.  

 

Regulatory Requirements  

In considering firstly the influence of regulatory requirements, with in the context of 

the UK, the appropriate selection of thermal insulation is necessary to meet the 

increasingly stringent  regulations for new buildings . Indeed the maximum  area 

weighted U-values required have been lowered with each revision of the building 

regulations. The values from the most recent building regulations for Scotland 

(Section 6) and England (Part L) are shown in Table 8-2, alongside the demands for 

the Passivhaus standard which the UK regulations are edging closer towards. 

Passivhaus is a technique developed in Germany in the 1990s which relies of high 

levels of superinsulation and air-tightness in order to mini mise overall energy 

requirements (McLeod et al., 2011). In order to meet these standards, new buildings 

are required to either incorporate  increased thicknesses of conventional insulations, 

which in turn has an effect on the amount of material required and the availa ble 

floor space, or utilise high performance materials which  can meet the required U-

values.  

In addition to the advancing standards for new buildings , it has been reported that  

75% of the domestic buildings  and 60% of the non-domestic buildings which will  

exist in the UK by 2050 will have been built prior  2010 (MacKenzie and Mackenzie, 

2010).  The building regulations have therefore also incorporated minimum U -

values for refurbishment and  conversion projects, as well as buildings other than 
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dwellings (Table 8-3). Improving the en ergy-efficiency of an existing building can 

often be achieved through retrofitting cavity wall or loft insulation . However in so-

called óhard to treatô properties, such as solid wall constructions, buildings with no 

loft -space or listed buildings, alternative methods are required  (Carty et al., 2013). A 

particular need has been identified for solid wall insulation since only 3% of these 

buildings have any form of insulation (DECC, 2013a). One option for these buildings 

is external wall insulation where the building is re -clad with a new material 

(Densley-Tingley et al., 2015). However in cases where it is necessary for the 

external appearance to be preserved, such as buildings with a listed status, this is not 

a viable option. While i nternal wall insulation offers an alternative solution, this 

technique also reduces the internal room dimensions, leading to a loss in floor space. 

It can also involve covering up existing decorative features. There is therefore a 

demand for products which can be fitted internally , with minimal impact , while also 

reducing the overall thermal  conductivity o f the building fabric .  

 Table 8-2: Area Weighted  U-values for New 
Domestic Buildings  

 Walls  

(W/m 2K)  

Floors  

(W/m 2K)  

Roofs  

(W/m 2K)  

England (2013)  0.30 0.25 0.20  
Scotland  (2015)  0.22 0.18 0.15 

Passivhaus  0.15 0.15 0.15 

 
 

 Table 8-3: Area Weighted  U-values for Conversions 
and Non -domestic Buildings  

 Walls * 

(W/m 2K)  

Floors * 

(W/m 2K)  

Roofs * 

(W/m 2K)  

Domestic 
Conversions  

0.30 0.25 0.25 

Non -domestic  
(New Build)  

0.27 0.22 0.20 

Non -domestic 
(Conversions)  

0.30 0.25 0.25 

Non -domestic 
(Refurbishment 
and extensions)  

0.25 0.20  0.15 

*Figures for Scotland 
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Financial Incentives  

Aside from regulatory requirements to increase the levels of insulation in buildings, 

there are also a number of financial incentives which are likely to increase the 

demand for insulation products. Although the initial cost of insulation generally 

comprises only 5% of the total build cost (Al -Homoud, 2005) , savings in fuel costs 

are achieved over the full operational phase of the building. Improved thermal 

insulation can therefore help to reduce operational costs over the buildingôs lifetime 

and provide the occupants with lower energy bills. Indeed, schemes like Passivhaus, 

where the reliance on mechanical heating systems is minimised,  have been shown 

to offer significant fuel  savings for the occupants (McLeod et al., 2012). Investment 

in appropriate design and specification of insulation materials can therefore be 

highly cost-efficient when considering  whole life costs, especially when the predicted 

increases in domestic energy prices are also taken into account (DECC, 2013b).  

Other financial drivers include  funding schemes such as the Energy Company 

Obligation (ECO) which places a legal obligation on energy suppliers to make energy 

efficiency improvements to domestic buildings (Rosenow et al., 2013). Government 

funding schemes such as the Warm Front  scheme in England (Critchley et al., 2007)  

and the Home Energy Effic iency Programmes for Scotland  (Scottish Government, 

2014) have also provided financial support for properties requiring energy efficiency 

upgrades. The introduction of Energy Performance Certificates (EPCs) provides a 

further motivation for ensuring good levels of insulation are installed withi n both 

new and existing buildings since prospective property buyers and tenants are 

presented with energy performance data when properties are first built, sold or 

rented (UK Government, 2007). Improving the energy efficiency may therefore also 

help to improve the overall value of the property (Fuerst et al., 2015). 
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Whole Life -Cycle Costs  

Insulation materials have an important  role to play in the life cycle costs and 

environmental impacts of building s since they contribute  to both the operational 

energy requirements and overall embodied energy. Although energy will be saved by 

incorporating insulation  due to the reduced heat losses, as demonstrated in a case 

study by Hammond and Jones (2008) , insulation can still constitute contribute to 

around 20% of the overall embodied energy value for a house in the UK.  In Europe 

the most commonly used materials are non-renewable materials such as glass and 

stone wool or petrochemical derived foams (Papadopoulos, 2005; Cuce et al., 2014a) 

and, as shown in Figure 8-2, polymer and mineral fibres in fact account for 

approximately 95% of the market in the UK.   

 
Figure 8-2: Market Share of Insulation Products in  the UK  

 
Source: Adapted from Cuce et al. (2014a) 

 

Due to the increasing importance of LCA in buildings,  it is  crucial to obtain a balance 

between the energy used to produce the material and the potential energy savings 

resulting from reduced thermal losses during  the operational phase. It is  therefore  

likely that that demand for more ecological products will inc rease in the future (Van 

Wyk et al., 2012). For example, although natural fibre insulation products currently 
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only form a small part of the UK insulation market (Sutton et al., 2011), they have 

been gaining popularity in recent years due to their low embodied energy and a 

growing desire for ónaturalô material s within  buildings. In terms of high performance 

insulations like VIPs and aerogels, although such products have witnessed positive 

trends in the last few years with major increases in the global market share (Cuce et 

al., 2014a), again in the UK these form only a minor part of the current market. 

Their high embodied energy and high capital costs also make them less favourable 

candidates when considering whole life cycle costs. 

 

8.2.  Aerogels  

8.2.1.  Early Studies and Development  

Aerogels are a porous and lightweight solid where the dispersed phase consists of a 

gas (Alemán et al., 2007). They are derived from sol-gel technology, where by a 

colloidal solution known as a sol is formed into a semi-solid material or gel (Pierre 

and Pajonk, 2002). If this gel material is then dried in a manner whereby the solvent 

is removed whilst retaining the structure or network formed by the solid component, 

it becomes an aerogel. It is important to make a distinction between an aerogel and 

a xerogel which is dried through evaporation. Xerogels experience considerable 

shrinkage during drying and do  not retain their  network structure  as shown in the 

schematic diagram in Figure 8-3. 
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Kistler ( 1931; 1932; 1934) was one of the first researchers to experiment with 

aerogels in an effort to develop an understanding of gel structures by removing the 

solvent component. In recognising that simply drying gels through evaporation 

resulted in dramatic shrinkage and hence destruction of the gel network (i.e. the 

formation of a xerogel), Kistler  began investigating alternative drying methods 

where the structure of the solid component could be preserved. Initial experiments 

were conducted with various metal oxides such silica and alumina as well as some 

organic gels, demonstrating that aerogels could be produced successfully using 

supercritical drying methods (Kistler, 1932). 

The supercritical drying technique requires both the temperature and pressure to be 

controlled and raised above the critical temperature and pressure of the solvent 

used, allowing the liquid to vaporise without fully changing phase . While in this 

supercritical state, the solvent possesses properties of both the liquid and gas phases 

meaning that surface tension is removed and the solvent can be vented off without 

destroying the structu re of the solid component. It was therefore concluded that 

aerogels could be formed from most gelling materials but that the final properties 

Figure 8-3: Aerogel Production  
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were found to vary widely depending on the starting material and its processing 

conditions. Kistler discussed the silica-based aerogels in the greatest detail as these 

were shown to exhibit relatively good mechanical properties. These particular 

aerogels were formed using sodium metasilicate (Na2SiO3) and hydrochloric acid 

(HCl) . After being soaked in alcohol to form an óalcogelô, the material was then dried 

in an autoclave at 270°C and a pressure of 10 MPa. This allows the alcohol to 

vaporise and causes the pores to fill with  air. The resulting silica aerogels were found 

to be transparent and could be produced using solids contents as low as 2%. Upon 

identifying silica aerogels as the cheapest and easiest to produce, further studies 

were conducted including an investigation of thermal properties (Kistler and 

Caldwell, 1934). Due to the limitations of the equipment used and the appearance of 

cracks and defects when preparing large monoliths, these studies were performed on 

granular forms of aerogel, with preliminary results showing that thermal 

conductivities below that of air could be achieved. It was therefore identified that 

silica aerogels could be a useful thermal insulator in appliances such as refrigerators 

or ovens. Some commercial applications were explored and óSantocelô, a milled 

aerogel product developed with Monsanto in 1950s, was used as both an insulation 

product and as a thickening agent in products such as paints and as components in 

cigarette filters (Monsanto, 1954; Zhang and Zhao, 2012). However the high 

product ion costs of silica aerogels in combination with the development of other 

competing materials, such as fumed silica, meant that this success was relatively 

short-lived (Fricke and Tillotson,  1997).  

Further commercial development of aerogels did not take place until the 1980s when 

the properties of aerogels were revisited and it was discovered that the refractive 

index of silica aerogels made them suitable components for Cherenkov radiation 

counters (Bourdinaud et al., 1976). In the following years aerogels were explored 
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further by the scientific community and the first international conference on the 

subject took place in 1985, highlighting  the unique properties of aerogels  such as 

the low density, low refractive index and low dielectric constant as well as high 

porosity and surface area (Fricke, 1985). More detailed studies regarding thermal 

transport properties, sound absorption and mechanical properties were also 

developed during this period (Fricke and Tillotson, 1997). Consequently,  new 

applications for aerogels began to emerge including use in catalysts, filters, sensors, 

optics and capacitors as well as thermal and acoustic insulation (Hr ubesh, 1998). 

One of the most publicised developments occurred during the 1990s when NASA 

began employing aerogel materials in the Stardust Missions where they were utilised 

for particle capture and the Mars Pathfinder rover where  an aerogel was used as a 

high performance thermal insulator (Jones, 2006). An example of a commercially 

available silica aerogel and its properties is provided in Table 8-4. 

Table 8-4: Silica Aerogel  

Product  
Bulk Density 

(kg/m 3) 

Thermal 
Conductivity  

(W/m -K) 
 [This image has been 

removed by the author of 
this thesis for copyright 

reasons] 
Aerogel 

Technologies 
Classic Silica Ê 

20  - 100 0.01 -0.02  

Source: http://www.buyaerogel.com/product/classic -silica-disc 

 

Aside from developing new applications, other researchers began to focus on 

alternative manufacturing techniques with the aim of both reducing costs and 

improving safety . For example new silica precursors such as tetramethoxysilane 

(TMOS) or tetraethoxylane (TEOS) were investigated as alternatives to sodium 

silicate (Wagh et al., 1999). One of the most notable developments was the 

introduction of CO 2 supercritical drying as an alternative to Kistlerôs previous 

alcohol method (Tewari et al., 1985). Liquid CO2 is not only non-flammable but al so 

http://www.buyaerogel.com/product/classic-silica-disc
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has a lower critical temperature and pressure than the alcohol. In this case, 

replacing the solvent reduces the risk of explosion associated with high temperatures 

and pressures as well as reducing the energy consumption during drying. Other 

supercritic al drying methods for aerogels such as freeze-drying have also been 

investigated (Hyun et al., 2000) . In this case, rather the solvent transforming into a 

gas from the supercritical phase, the solvent is first frozen and then dried below a 

critical temperature and pressure, so it can transition directly  from the solid to gas 

phase. A summary of these different drying methods is shown in Figure 8-4.  

 
Figure 8-4: Aerogel Drying    

 

Source: Adapted from Bisson et al. (2003) 

 

In addition to the development of new processing techniques, investigations into 

alternative types of aerogels have also been conducted. Although the majority of 

work since Kistlerôs first experiments has involved silica-based materials, other 

inorganic aerogels produced from clays (van Olphen, 1967) and transition metal 

alkoxides such as titania (Campbell et al., 1992) and zirconia (Ward and Ko, 1993) 

have also been developed but with more limit ed commercial applications. Aerogels 

prepared from organic substances such as resorcinol and formaldehyde (Pekala, 

1989; Wu et al., 2005), phenolic-furfural  (Pekala et al., 1995), melamine-
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formaldehyde (Nguyen and Dao, 1998) and polyurethanes (Rigacci et al., 2004) have 

also been studied. These organic aerogels can also be heated in an inert atmosphere 

in order to form carbon aerogels (Lu et al., 1993; Pekala et al., 1998). These 

materials have received much attention due to their electrokinet ic properties which 

make them useful in applications such as supercapacitors (Pekala et al., 1998) and 

electro-sorption (Meena et al., 2005) . Building on previous work by Kistler ( 1932) 

on the use of organic materials such as cellulose, nitrocellulose, gelatin, agar, egg 

albumin and rubber, various authors have also investing the use of aerogels 

produced from natural polymers. For example Quignard et al. (2008)  have explored 

aerogels produced from marine-derived polysaccharides such as alginate, 

carrageenan and chitosan, while Aaltonen and Jauhiainen (2009)  have investigated 

aerogels produced from wood-based materials including cellulose, lignin and xylan. 

As further discussed by García-González et al. (2011), various polysaccharide 

materials have been successfully used to create aerogels with potential uses in 

biomedical and drug delivery systems. Hatakeyama and Hatakeyama (2005) have 

also investigated a polyurethane based foam which incorporates  polysaccharides and 

lignin as additives to minimise the negative environmental impacts of the material . 

The variety of materials which can potentially be used to form aerogels is therefore 

vast and the development of hybrid aerogels further increases the range of possible 

materials. 

 

8.2.2.  Clay -polymer Aerogels  

Although having previously received less attention than silica aerogels, renewed 

interest in clay-based aerogels has occurred in recent years in an effort to counteract 

the high-cost and poor environmental performance of conventional silica aerogels. 
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Whil st the concept clay aerogels has been known for decades (Mackenzie, 1953; Call, 

1953; Norrish and Rausell-Colom, 1962; van Olphen, 1967; Lincoln and Tettenhorst, 

1971), reports regarding their brittle behaviour meant that they were initially 

considered as inferior to sili ca products. Early studies conducted by Van Olphen 

(1965;1967) described the production of aerogels from kaolinite, bento nite and illite 

clays using water as the solvent and freeze-drying as the  method of sublimation. 

Although  when used alone the kaolinite and illite clays were noted to exhibit poor 

gel forming capabilities and thus more fragile aerogels in comparison with the 

bentonite, the addition of a polyelectrolyte, in this case sodium -CMC, was found to 

substantially improve the strength characteristics of the aerogels as it acted as a 

binder for the clay particles. For the bentonite aerogels, which even without the 

addition of the polymer were found to produce relatively stable aerogels, the 

addition of CMC also helped to improve strength. Although only small scale 

specimens were produced, van Olphen (1967) highlight ed the potential uses for this 

clay-polymer composite aerogel including thermal insulation, gas -diffusion 

membranes and various adsorbent  materials. Several decades later, Ohta and 

Nakazawa (1995) also investigated the use of various organic polymers and their use 

as additives in clay based aerogels, in this case describing the materials as potential 

substitutes for polystyrene foams. Their  studies focused particularl y on agar and 

starch however other biopolymers including sodium alginate, CMC and gelatin were 

also discussed. Again the freeze-drying method was used to create aerogel 

monoliths, 19mm  in diameter and 30mm in height. Characterisation tests of the 

resulting  materials demonstrated that for clay:polymer ratios of 50:50, the agar and 

starch samples offered compressive strength values 0f 0.9 and 0.5 N/mm 2, 

respectively. The authors also highlighted that, where the agar component was above 

20%, the resulting aerogel achieved compressive strengths similar to polystyrene 
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foams (0.2 N/mm 2) but that increasing the polymer concentration also resulted in 

reduced pore sizes.   In addition to improvements in mechanical strength, other 

studies also describe the improvements in thermal stability offer ed by including clay 

particulates (Alexandre and Dubois, 2000) . 

More recent investigations into organic -inorganic hybrid aerogels have also taken 

place and in the last 10 years there has been particular interest in clay-polymer 

aerogels as evidenced by the growing amount of literature in this area. This includes 

a series of studies involving clay aerogels that have been developed by Case Western 

Reserve University in Ohio by Schiraldi et al. (2006 ; 2010) and associated 

researchers (Bandi et al., 2005; Somlai et al., 2006; Arndt et al., 2007 ; Finlay et al., 

2007; Gawryla et al., 2008; Hostler et al., 2009 ; Johnson III et al., 2009 ; 

Pojanavaraphan et al., 2010; Alhassan et al., 2010; Johnson and Schiraldi, 2012; 

Chen et al., 2013a; Chen et al., 2013b; Yuxin Wang et al., 2013; Wang et al., 2014). 

All of the studies conducted within this research group have adopted similar 

practices to those of van Olphen (1967) whereby the composite gels are prepared by 

mixing and then dried via the freeze-drying method.  The work describes an array 

synthetic and natural polymers, as well as various surfactants, which have been 

combined with smectite clays in order to produce stable aerogels (Bandi and 

Schiraldi, 2006 ; Arndt et al. , 2007). Clay concentrations in the initial hydrogel are 

typically  between 1 ï 10%wt whilst the polymer contents range from 0 ï 15%wt.  

The use of natural polymers  in composite aerogels has received particular attention 

owing to efforts to reduce the consumption of fossil -fuel derived polymers and 

create biodegradable and non-toxic materials. Indeed studies have shown that 

coherent biopolymer -clay aerogels can be manufactured at a competitive price with 

a relatively simple production process, using more environmentally friendly 
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methods than those of silica aerogels (Dalton et al., 2010; Schiraldi et al., 2010). For 

example, Gawryla et al. (2008)  and Pojanavaraphan et al. (2010) describe the 

production of a biopolymer -clay aerogel utilising casein, a natural polymer derived 

from milk, and sodium montmorillonite clay. For these composite aerogels, density 

and compressive modulus increased with an increasing quantity of casein although a 

minimu m polymer content 5% was required to produce a sufficiently stable 

structure. Thermal conductivity tests were also conducted on a single sample giving 

a value of 0.045 W/m-K, similar to the value for foamed polystyrene (0.03 W/ m-K). 

Other biopolymer -clay hybrids studied to date include those containing alginate 

(Chen et al., 2012), chitosan (El Kadib and Bousmina, 2012), pectin (Chen et al., 

2013a), whey/alginate (Chen et al., 2013b), xanthan gum/agar (Wang et al., 2014), 

lignin and lignin/alginate (Viggiano and Schiraldi, 2014). In addition to polymer 

based additives, a number of researchers have also investigated the use of bio-based 

fibres including  silk, hemp, soy silk bamboo and ramie (Finlay et al., 2007)  as well 

as cellulose whiskers (Gawryla et al., 2009)  as another  means of improving strength.  

Aside from the polymer and/or fibres used, the type of clay and processing variables, 

such as the level of shear during mixing and freezing techniques, can result in 

varying structures. This can range from coherent aerogel monoliths to expanded 

powders and fragile foams or flakes (Somlai et al., 2006) . The smectite clay types are 

noted to be the most successful since they do not phase separate during the freeze-

drying process. This is due to the fact that the large negatively charged surface area 

of the smectite clays and the 2:1 structure facilitates exchange with cations and other 

polar molecules within the interlayer region (Somlai et al., 2006).  Coherent aerogels 

using these smectite clays and PVOH polymers have since been patented (Schiraldi 

et al., 2007) and developed into a product known as AeroClayÊ which is currently 

being marketed primarily as an environmentally friendly packaging material 
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although other potential applica tions cited include pipework insulation, pollutant 

adsorbents and cat litter pellets are also cited. Some other developments in relation 

to clay-polymer based aerogels as potential insulation materials for buildings have 

also taken place. For example, Dalton et al. (2010) describe a system where a clay-

PVOH aerogel, as developed by Schiraldi et al. (2007)  is vacuum sealed within a 

polyester and foil coated material. Here it is argued that although the clay aerogel 

has slight reduced thermal resistivity compared to silica based systems, this is 

compensated by the significantly reduced cost and improved strength. Another 

similar European research project known as ICECLAY is also currently investigating 

the use of clay-polymer aerogels using PVA and cellulose for building applications 

(ICECLAY, 2014). In this case it is again argued that using this freeze-dried product 

can cut up to half of the costs usually associated with silica aerogels.  

 

8.2.3.  Alginate aerogels  

As previously described, the gel-forming ability of alginate is one of its most useful 

and unique properties. Consequently, alginate based hydrogels have been studied 

rather extensively and developed for various applications including  structural and 

texture modifiers for food products (Burey et al., 2008)  and numerous biomedical 

uses such as gel capsules for drug delivery (Patil et al., 2012), dental impression 

materials (King et al., 2008) , wound dressings (Balakrishnan et al., 2005 ; Oh et al., 

2011), tissue engineering scaffolds (Rowley et al., 1999; Kuo and Ma, 2001; Rezende 

et al., 2007) and various forms of cell encapsulation (Lim and Sun, 1980; Thu et al., 

1996; Ashton et al., 2007; Tan and Takeuchi, 2007). Studies include both acidic 

alginate gels, which are created by lowering the pH of the alginate solution, or 

iontropic gel s which are formed using multi -valent ions (Draget et al., 2006). In the 
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former method, lowering the pH of the  alginate gel below the pKa value, which is 

usually between 3.4 and 3.7 (Draget et al., 2009), can create a stable gel if correctly 

controlled . However an abrupt decrease in pH can also result in precipitation. A 

slowly hydrolysing lactone such as D-glucono-ŭ-lactone (GDL) is therefore typically 

used during pH modification. For the i ontropic gelation method, which is the more 

commonly used technique, most studies use Ca2+ as the crosslinking ion (Funami et 

al., 2009)  but some authors have also successfully created gels using Ba2+ 

(Zimmermann et al., 2007) , St2+  and Zn2+ (Place et al., 2011), Cu2+ (Lu et al., 2006) , 

Al3+ (Nokhodchi and Tailor, 2004)  and Mg2+ (Donati et al., 2009 ; Topuz et al., 

2012). Two main types of iontropic gelation are utilised: the diffusion method and 

the internal setting method. For the diffusion method, the alginate is added drop -

wise into a multivalent crosslinking solution  leading to the rapid formation of gel 

beads or microspheres (Martinsen et al., 1989; Ashton et al., 2007;Patil et al., 2012). 

For the internal setting method, the gelation process is more controlled and 

homogenous since the crosslinking cation is gradually released using a slowly 

soluble salt and a sequestering agent (Stokke et al., 2000; Yuguchi et al., 2000;Liu et 

al., 2003;Tan and Takeuchi, 2007). As reported by Kuo and Ma (2001), this method 

has been shown to create a more uniform gel with superior mechanical properties t o 

the diffusion based methods. It should also be noted that for both methods of 

iontropic gelation, t he pH can alter the electrostatic interactions between the 

polymer chains and thereby affect the gel structure (Draget et al., 2009). 

In addition to the method of gel formation used, existing studies highlight the 

importance of the alginate variables in determining the properties of the final gel. 

For example Martinsen et al.  (1989) studied alginate hydrogel beads created from 

the CaCl2 diffusion method using alginates sourced from six different seaweed types 

and with varying molecular weights. The results showed that the strength of beads 
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increased with increasing alginate concentration, increasing G content of the 

alginate chain and increasing molecular weight for molecular weights lower than 

2.10 x 105 g/mol. Draget et al. (1998) also showed that the type of monovalent ion 

present in the initial alginate salt prior to gelation can also affect gelation kinetics 

with the potassium alginate product exhibiting a more rapid sol -gel transition and a 

higher elastic moduli than the sodium alginate. Straatmann and Borchard (2003)  

have also highlighted the importance of alginate concentration on gel strength, 

giving a minimum value of 0.5% for successful gel formation. Liu et al. (2003)  in 

measuring the gel points of alginate hydrogels prepared using the internal setting 

method also demonstrated that factors such as molecular weight, molecular weight 

distribution, the M/G ratio of the alginate and the ratio of the cro sslinking ion to the 

carboxyl groups on the alginate influence the gelation behaviour. Funami et al. 

(2009)  further describe the importance of the feeding ratio of Ca2+ to the G blocks 

giving a critical value of 0.5 (Ca2+/G)  for the formation of an egg-box gel network to 

occur. Overall, the main factors affecting the gelation kinetics and properties of 

alginate hydrogels as discussed by Draget et al. (2009)  includ e alginate variables 

such as the chemical composition and molecular weight as well as the type of 

calcium source and modulators used. This is illustrated Figure 8-5. 

 
 

Figure 8-5: Variables Affecting Gelation  

 

Source: Adapted from Draget et al. (2009)  

 
GEL  

Alginate  

Modulators  
-phosphates 

-citrate  
-EDTA 
-acids 

Ca-source  
-chloride  
-sulphate 

-carbonate 
-CaEDTA 

 



Chapter 8 ï Literature Review 

 

200  | P a g e 

Although the production of alginate based hydrogels has therefore been well studied, 

research into alginate based aerogels is much more limited. Contemporary research 

into the use of alginate-based aerogels, as per alginate hydrogels, is mainly lim ited to 

biomedical functions. For example Nussinovitch et al. (1993) discuss the potential 

use of agar and alginate aerogels as wound dressings whilst Mehli ng et al. (2009)  

considered drug delivery applications . In the former study the author conclude d that 

the alginate aerogel exhibited superior  mechanical properties than the agar based 

product whil st Mehling et al. (2009)  showed that  the alginate aerogels offered 

greater porosity, lower density and a greater surface area when compared to starch 

based aerogels. Other studies have also proposed using alginate aerogels as 

absorbents (Deze et al., 2012; Cheng et al., 2012).  

In most studies the alginate gel is first synthesised through iontropic gelation in a 

similar manner to hydrogels. In the case of the diffusion method, gel spheres are 

formed and subsequently dried to produce a granular form of aerogel (Valentin et 

al., 2005; Trens et al., 2007; Quignard et al., 2008 ; Deze et al., 2012). For the 

internal setting method, larger aerogel monoliths can be created since the gel can be 

formed in any appropriate container or mou ld. For example Nussinovitch et al. 

(1993) used calcium hydrogen 0rthophosphate (CaHPO4) and calcium carbonate 

(CaCO3) as crosslinking agents in combination with  GDL which slowed the gelation 

process by slowly hydrolysing and freeing calcium ions from the salts (Funami et al., 

2009) . Similar gelation methods were used by Mehling et al.  (2009)  and Cheng et al. 

(2012). After gelling, various drying method s can be implemented . For  example 

Valentin et al. (2005) , Quignard et al. (2008) , Robitzer et al. (2008)  and Mallepally 

et al. (2012) adopted a solvent exchange process with ethanol followed by 

supercritical drying with CO 2 whil st Nussinovitch et al. (1993) and Cheng et al. 

(2012) used water as a solvent  and then used freeze-drying to remove the liquid.  
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A number of studies have also considered the use of alginate in composite aerogel 

products where the alginate is combined with another material. For example, Ohta 

and Nakazawa (1995) described the use of sodium alginate in combination with 

montmorillonite. In this case , 10% wt. solutions of the alginate and the clay were 

prepared separately before being mixed together at various ratios to form clay-

alginate gels which are subsequently dried through freeze-drying. The reported 

results in this work are related to clay-agar aerogels and so limited details are given 

on the properties alginate product.  

The most detailed studies of alginate being used within clay aerogels are those 

previously mentioned by Chen et al. (2012), where ammonium alginate is used in 

combination with montmorillonite, and  Chen et al. (2013b) who described  alginate  

and clay/whey protein isolate aerogels. In the former study the samples tested 

included alginate only aerogels and cross-linked alginate aerogel. In the latter case, 

both CaCl2 and CaCO3/GDL were used as a Ca2+ source. Alginate-clay aerogels with 

and without a calcium crosslinking source were also studied. The authorsô concluded 

that the compressive modulus was found to increase with increasing alginate 

content and that the addition of clay led to further improvements in mechanical 

strength. The combined use of GDL with an additional calcium source was also 

found to increase the compressive modulus up to a certain concentration, beyond 

which entrapment of CO2 bubbles caused structural imperfections within the 

aerogel. The microstructure of the aerogel, observed through SEM, was also found to 

be related to the viscosity of the initial solution. High molecular weight, high 

concentrations or increased levels of crosslinking were therefore found to increase 

the hydrogel viscosity resulting in a network like morphology rather than a lamellar 

structure in the final aerogel. Both the addition of clay and calcium were also found 

to improve the thermal stability and  the clay-alginate aerogel also offered reduced 
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flammability compared to the neat alginate material. Overall the authors compared 

the mechanical properties of the aerogels to those of rigid PUR and balsa and 

described positive effects when combining the properties of the alginate and clay. 

Aside from aerogels, other hybrid materials involving alginate and various clay types 

have also been investigated including composite hydrogels (Benli et al., 2011; Oh et 

al., 2011), films (Yang et al., 2009), sorption materials (Ely et al., 2011), 

nanocomposites (Bandeira et al., 2012;Yizhe Wang et al., 2013) and drug delivery 

materials (Kaygusuz et al., 2015).  

Other non-clay based composite aerogels which incorporate alginate include silica-

alginate (Shchipunov and Karpenko, 2004) , lanthanide-alginate (F. Liu et al., 2008) ,  

starch-alginate (Martins et al., 2015)  and lignin -alginate hybrids (Quraishi  et al., 

2015). Cheng et al. (2012) also illustrated that the addition of other reinforcing 

components such as CMC and N,Nô-methylenebisacrylamide (MBA)  could be used 

to further improve the strength of the aerogels , whil st a plasma surface modification 

technique could be used to make the material hydrophobic. Barbetta et al. (2009)  

have also investigated methods for controlling the porosity of alginate aerogels 

through either high internal phase emulsion (HIPE) or high internal phase foam 

(HIPF) templating.  In other research, Horga et al. (2007)  have also shown that 

alginate aerogels can be used as precursors for transition metal oxide nanoparticles .  

It should  be noted that in most of these studies regarding alginate aerogels, alginate 

variables are not considered in detail. For example Nussinovitch et al. (1993) use a 

ólow viscosityô alginate powder (Kelgin LV, Kelco) but do not discuss its chemical 

composition. Trens et al. (2007) , Nussinovitch and Zvitov -Marabi ( 2008) , Robitzer 

et al. (2008)  and Deze et al. (2012) give details of the M/G ratio but these only range 

from 1.5 t0 1.8, giving a relatively limited range of G contents (35-40%). Mallepally 
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et al. (2012) mention  the use of two different grades of alginate but then give no 

further deta ils of their composition. The most detailed investigation regarding the 

influence of alginate variables on the final aerogel properties is that by Valentin et al. 

(2005)  where three different types of alginate with varying G contents (20%, 45% 

and 76%) and viscosities (0.2, 2 and 2 Paǈs ) are discussed. In this case the rich 

sample is noted to have a more compact structure, as revealed by SEM, however 

there is still limited investigation into the importance of the alginate variables in 

relation to the final properties of the aerogel. Although Chen et al. (2012) gives the 

most in-depth analysis regarding the characterisation of the aerogels, the main 

variables studied are the alginate concentration and the addition of other 

components such as montmorillonite and crosslinking agents. 

Overall the production of aerogel materials using either alginate alone or in 

combination with other materials has received a reasonable amount of attention in 

recent years, with the majority of studies having been published in the past decade. 

Most of the materials are however at the prototype stage and have not yet been 

developed in to commercial products and there is still limited understanding of the 

role of alginate variables in determining the properties of such aerogels. 

 

8.2.4.  Environmental Impacts  

As discussed by Dowson et al. (2012),where aerogels are to be used as a method of 

preventing heat loss in buildings, it is also important that the energy and GHG 

emissions involved in the production of aerogels do not outweigh the potential 

energy savings. Whil st some studies have calculated the operational energy and 

GHG emission reductions possible when using aerogels as insulators within 

buildings (Cuce et al., 2014b), few studies have investigated the environmental 
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impacts of the material itself. Indeed Johansson (2012) highlight ed the general lack 

of existing LCA studies for aerogel materials. Silica aerogels for example require 

various solvents like ethanol, methanol and acetone, in combination with energy 

intensive drying procedures which can significantly affect the overall environmental 

impact of the material. Typical embodied energy and embodied carbon values 

quoted for commercially available products like Spaceloft® are 53 MJ/kg and 4.2 kg 

of CO2/kg respectively. In comparison to  conventional insulation materials, silica 

aerogel blankets are therefore relatively high in embodied energy, albeit lower than 

some polymer based products as shown in Figure 8-6. They also have a greater 

embodied CO2 value than most other insulation materials. 

Figure 8-6: Embodied Energy of Insulation Products  

 

Source: G. Hammond and Jones (2008)  

 

There have therefore increasing efforts to improve the environmental impact of 

silica aerogels. Green Earth Aerogels (GEAT, 2016), for example, have developed a 

method of using rice husk ash as an alternative raw material. Svenska Aerogel AB 

have also focussed on improving the efficiency of the processing methods and have 

reportedly reduced the production costs by 90% by developing an ambient pressure 

and drying methods (Business Innovation Observatory, 2015). Again there is 

however limited quantitative data on the environmental impacts. One study by 
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Dowson et al. (2012) describes a cradle to gate LCA, comparing two different 

processing methods for silica aerogels - high temperature supercritical drying 

method (HTSCD) and low temperatur e supercritical drying method ( LTSCD). Both 

production methods reportedly offer payback periods of less than two years when 

considering their embodied energy values against their potential operational savings 

over a 15 year period, based on replacing a single ïglazed window to a translucent 

aerogel panel. The HTSCD method demonstrated a lower overall production energy 

(1824 MJ/m 2) and CO2 burden (23 kgCO2/m 2) compared to the LTSCD method 

(2728 MJ/m 2 and 120 kgCO2/m 2), mainly due to the fact that the LTSCD method 

required larger volumes of solvent. When these values are compared with the overall 

predicted energy savings of 1440 MJ per year, which are possible when these 

materials are used to improve the building fabric, it becomes apparent that the 

energy involved in manufacturing the materials outweigh s the potential energy 

savings. It should be stated however that the processing data was based on a 

laboratory scale study which does not take into account the benefits of increased 

economies of scale involved in commercial production. Final estimates based on best 

practice gave overall embodied energy values similar to that of Spaceloft®.  

Other studies regarding the use of aerogel materials for insulation purposes do not 

include embodied energy or embodied carbon values. While  the likes of Dalton et al. 

(2010) and Schiraldi  et al. (2007) , claim that clay based aerogels have 

environmental advantages over silica products and make use of more benign 

production processes, to date there is no known comprehensive LCA study which 

compares the environmental impacts of these materials. Indeed, Gawryla et al. 

(2008) acknowledged the need to conduct a ñfull carbon-utilization cycle analysisò in 

order to confir m that the use of clay and natural polymers will have environmental 

benefits. As discussed by Cuce et al. (2014a), there are also various environmental 
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hazards associated with aerogels mainly due to the production of airborne dusts 

during installation. Measures to protect  from these potential hazards would also 

need to be considered if such materials were to be used in construction.  

 

8.2.5.  Costs  

In considering the economic viability of aerogels, according to Rif fat and Qiu (2013) 

the manufacturing costs of silica based aerogels are still relatively high in 

comparison to other insulation materials. Indeed, even for silica aerogel blankets 

which are relatively well established and available commercially, costs of £24 - 

174/m 2, depending on product thickness, are reported. A recent study in the UK also 

quoted costs of around £50/m 2 for a 40mm Spacetherm® product (BRE, 2016).  

This is presented in Figure 8-7 along with some typical costs for other insulation s. 

As illustrated, the cost of  Spacetherm® is at least double the cost of any of the other 

insulation product discussed. This cost must however be weighed against the 

potential long term cost savings in relation to reduced heat losses, and the 

advantages of aerogels with regards to the minimised thicknesses required in 

achieving the desired U-values.  

Figure 8-7: Typical Costs for Insulation Products  

 
Source: BRE (2016) 
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One of the major contributors to the cost of aerogels relates to processing and the 

energy used during manufacture (Riffat and Qiu, 2013) . Indeed the energy costs 

alone can reportedly contribute to around 30% of the total production costs (Carlson 

et al., 1995). For instance, the supercritical drying methods required, which typically 

involve long periods of high temperature and pressure drying, are both dangerous 

and expensive compared to the processing techniques involved for conventional 

insulation materials (Herrmann et al., 1995). It has therefore been argued that the 

development of drying techniques performed in ambient conditions may help to 

reduce costs and various studies have explored these cheaper and safer methods 

(Tewari et al., 1985; Smith et al., 1992; Wei et al., 2007). Supercritical drying 

through vacuum freeze-drying , as previously described, has also been proposed as 

another alternative, lower cost drying method (Schiraldi et al., 2007; Su et al., 2012). 

However, since aerogels are still a developing technology, many of these processing 

techniques are still being investigated and developed for larger scale production.  

In addition to processing factors, the raw mat erials used in the product will also 

influence the total cost. According to Carlson et al. (1995), in silica based aerogels 

the sodium silicate precursor can form approximately 40% of the total aerogel 

production costs. In the case of alternative aerogel materials, such as clay-based 

products, Dalton et al. (2010) provided estimated production costs, reporting that 

the aforementioned ñAeroclayò product could be produced at a significantly lower 

cost than both a pure silica aerogel and a commercially available silica aerogel 

blanket. This would suggest that their proposed method of using clay and natural 

polymers, as an alternative to silica, as well as the use of freeze-drying as opposed to 

CO2 supercritical helps to reduce costs. Therefore, although the high costs of aerogel 

insulations still hinder their widespread use, strategies to reduce their processing 

costs and make use of lower cost raw materials, will likely make aerogels more 
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affordable in the future and hence increase the commercial viability of using such 

material s in bulk applications like building insulation.  

Overall it has been reported that positive market trends  and increased demand for 

aerogels will likely reduce future costs with Cuce et al. (2014a) suggesting that by 

2050 the price of aerogel materials will be less than £500/m 3. It has also been 

predicted that a wider range of potential markets will emerge.  The global aerogel 

market is currently around £200 million and an estimated 10,680 metric tons of 

aerogel was sold in 2014 alone, most of which was used in the oil and gas industry   

although other sectors such as aerospace, construction and healthcare  are also 

included (Technavio, 2015).  According to a recent report, building insulation 

applications in particular a re noted to be important in the future for aerogel 

development (Business Innovation Observatory, 2015). 

 

8.3.  Summary  

In summarising the findings of the Part II literature review, the re is a market for 

new insulation products which offer good thermal performance, comparable to that 

of PUR/PIR  and silica aerogels, but which are less damaging to the environment 

and efficient to produce in both cost and energy terms. Existing studies indicate that 

alginate-based aerogels are one such material that offers a high porosity and low 

bulk density as well as being produced from a renewable resource. It is therefore 

possible that if an economically viable form of production can be developed for 

manufactur ing an alginate aerogel then this could be a viable option for developing 

alginate-based insulation products. In existing studies relating to  alginate aerogels, 

the alginate is often combined with other materials such as clay minerals and 
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calcium crosslinking agents in order to improve the mechanical properties and 

create coherent composite aerogels. The specific properties reported in existing 

studies however vary quite considerably depending on the preparation techniques 

used and the form of aerogel are being studied (i.e. bead vs monoliths of various 

sizes). The characterisation tests performed also differ with some authors focusing 

on porosity characteristic s while others are more concerned with mechanical 

properties. Shrinkage, thermal decomposition, water absorption and flammability 

tests are only conducted in a few studies. BET surface areas range between 150 ï 

590 m2/g  whil st bulk density ranges from  40 ï 170 kg/ m3 but direct comparison 

between the results of existing studies is difficult due to the different methodologies 

and materials being tested. Furthermore, although most studies involving alginate 

hydrogels  discuss the importance of the type of alginate used on the gelation 

mechanisms and hence the gel structure and strength, few of the aerogel studies 

discuss the alginate properties in great detail. Indeed while most of the hydrogel 

studies include at least two different alginate types within the experimental 

methodology, most of the aerogel studies investigate only one alginate type and 

therefore do not consider potential alginate variables such as viscosity and M/G 

ratio. This again makes comparison between existing studies difficult. There has 

therefore been no comprehensive study to date which discusses the role of alginate 

variables (source, M/G ratio, viscosity and concentration) on the structural and 

mechanical properties of alginate-clay aerogels. 
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9.  EXPERIMENTAL METHOD S (PART II)  

Following the findings of the literature review, the ambition of Part II was to identify 

whether aerogel specimens prepared using alginate and clay would be suitable as a 

building insulation product and whether they offer any advantages over existing 

materials such as a silica aerogels. As per Part I, one of the key objectives was to 

investigate the role of the alginate source and identify the optimum type s of alginate 

and most appropriate mix ratios  required  to produce the final aerogel product. It 

was also proposed that different clay types would be studied in order to determine 

their impact on the properties of the composite and their interaction with the 

different alginate types. The final  objective was to assess the commercial viability of 

the alginate aerogel in comparison with other similar products.  

Key questions  

Q1: What impact  do alginate variable s (e.g. concentration, viscosity, composition) 
have upon the physical properties of a composite alginate -clay aerogel?  

Q2: What impact do other variables (e.g. clay type, pH) have upon the physical 
properties of a composite alginate -clay aerogel?  

Q3: Are the specimens produced suitable for use as a building insulation material?  

 

Scope and Limitations  

The study was designed only to test 5 alginate products supplied by MBL and one 

commercial product. Other potential alginate sources were not investigated at this 

stage since these 6 products alone provided arrange of different  polymer 

composition s. Given that the objective was to assess how these variations in 

composition influenced the aerogel properties, a standard preparation method was 
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used meaning that process variables (e.g. freezing and drying methods) were not 

considered at this stage. In order to focus on interactions between the alginate and 

clay components, the use of other additives (e.g. fibres or sequestering agents) was 

also excluded.  As initia l prototypes, the samples were also produced as small-scale 

monoliths rather than large scale insulation panels which would require industrial 

scale equipment and greater quantities of alginate. 

 

9.1.  Materials  

Alginate  

The alginate products used in Part II were identical to those used in Part I including 

two Laminaria Hyperborea  (LH) stem products (PR22 and PR24), one LH frond 

product (PR32) and one Ascophyllum  (AN) product  (PR52). The previously 

described commercial product (AC) was also used for comparison.   

Clay  

For the initial batches of aerogels, a bentonite clay (B) as described in Chapter 3 was 

used. In later studies, clay variables were investigated by modifying the bentonite, 

either through pH adjustment (AB) or by saturating with ionic solution to pro duce a 

homo-ionic calcium bentonite (CB). A kaolinite clay (K ) was also used for 

comparison. The different clay types are summarised in Table 9-1. 

 Table 9-1: Summary of Clay Types  

 
Bentonite  

pH modified 
Bentonite  

Calcium Bentonite  Kaolinite  

Preparation  Unmod. 
pH adjusted 

with HCl  

3 x washes with CaCl2 
Rinse with DI water  

Oven-drying  
Unmod. 

Abbreviation  B AB  CB K  
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9.2.  Testing Programme  

The testing programme for Part II is illustrated in  Figure 9-1. As per Part I, the 

properties of the alginate and clay materials were firstly characterised through a 

series of rheology based tests. Aerogel prototypes were then prepared at a variety of 

mix ratios. Observations were made regarding the workability of the wet mixtures 

and the occurrence of any defects in the dry samples. The prototypes were then 

tested in relation to their compressive strength and microstructure . An assessment 

of the commercial feasibil ity of the aerogel products, including an environmental 

assessment and cost analysis, was also conducted.  

Figure 9-1: PART II Testing Programme  

 

 
 

Phase 1: 
Rheology Tests  

 

Phase 2 ïAerogels:  
Initial Assessment  

Phase 3 ï 
Aerogels: Upscale   

Analysis  
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Feasibility   
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Variable 2 
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9.2.1.  Phase 1 ï Rheology Tests  

As per Part I, rheology tests were performed as a preliminary investigation of the 

interactions between the clay and the different alginate products. Changes in the 

flow behaviour and viscoelastic properties of the clay-alginate mixtures were 

observed by comparing flow curves and creep deformation  behaviour. Colloidal 

stability was also investigated by measuring the ȃ-potential of each sample. Again 

the role of other potential  variables such as the polymer dosage, pH and calcium 

content was also investigated. An additional XRD study was also included in order to 

further explore  nano-scale interactions  between the polymers and the clay. 

 

9.2.1.1.  Flow Behaviour  

Viscosity is a measure of a fluidôs resistance to flow. As discussed in Chapter 3, 

rheometers can be used to obtain flow curves which plot shear rate (‎ against shear 

stress (†. From this curve, it is also possible to determine other parameters by 

fitting the resulting plot to known rheological models. In this case, flow curves for 

the alginate-clay mixtures were obtained using a Brookfield R/S Rheometer (CC45) 

with  an integrated water bath (25°C) as shown in Figure 9-2. The curves were then 

analysed in more detail and fitted to the Hershel -Bulkley model shown in Equation 

15, allowing values for the consistency index (k), flow index (n) and yield stress (†0) 

to be determined.  

† = † 0 +CȂn 

Equation 15 

The consistency index (C) represents the average viscosity of the fluid while the yield 

stress (†0) is the stress required to disrupt the materials internal structure and 



Chapter 9 ï Experimental Methods (Part II)  

 

214 | P a g e 

induce flow. The flow index (n) provides a measure of the degree of shear-thickening 

or thinning.  The degree of thixotrophy, which is the decrease of viscosity caused by 

applying a shear stress or strain followed by a gradual recovery upon removal of the 

stress or strain (Barnes, 1997), was also determined by observing the hysteresis 

between the upward and downward shear rate ramp. 

Figure 9-2: Rheometer Set -up  

 
 

9.2.1.2.  Viscoelastic  Behaviour  

In addition to viscosity and flow behaviour, dynamic measurements which record 

viscoelastic behaviour at low levels of stress can also be performed. One method of 

measuring this viscoelastic response is a creep recovery test which can be performed 

using a rotational rheometer. This involves measuring the time dependent 

deformation of the material at low shear stress, whereby the internal structure of the 

material is flexed without being completely destroyed. This technique has been used 

in other studies which analyse polymer-clay interactions (Durán et al., 2000 ; 

Benchabane and Bekkour, 2006). For this study a constant shear stress († was 

applied to the material  using a Brookfield R/S Rheometer  for a given time (t). This 

was followed by a relaxation period where the load was removed. The shear creep 

Water Heater 

Rheometer Connection 
to Rheo3000 
software 

Water Jacket 
Attachment  
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compliance (J(t)) was then be derived from measured deformation (Ȃ) using 

Equation 16 (Durán et al., 2000) . 

ὐὸ  
‎ὸ

†
   

Equation 16 

Depending on the profile of the curve obtained, each sample was then categorised as 

either a linear elastic solid, a linear viscous fluid, a viscoelastic solid or a viscoelastic 

fluid. Depictions of thes e characteristic behaviours are illustrated in Figure 9-3.  

 Figure 9-3: Creep behaviour models  
 Linear elastic 

solid  
Linear Viscous 

Fluid  
Viscoelastic 

solid  
Viscoel astic fluid  

 
    

 

9.2.1.3.  Colloidal Stability  

The interaction between clays and polymers can be observed by measuring the 

stability and electro -kinetic properties of the particles within a liquid medium. 

However, unlike the soil slurries discussed in Part I  where a wide range of particle 

sizes are present and the settling of the larger particles is usually visible to the naked 

eye, clay systems usually exhibit colloidal behaviour whereby the microscopic 

particles may remain suspended. A colloidal system is an intermediary of a solution 

and a suspension where the individual particles are larger than molecules but small 

enough to remain dispersed in the continuous phase.  In a stable colloid the 

individual colloidal particles r emain suspended in the solvent since the magnitude of 
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the electrostatic repulsion between the particles is sufficient to  keep them apart and 

well dispersed within the fluid. This is known as the DVLO theory as named after 

Derjaguin and Landau (1941) and Verwey and Overbeek (1955). This theory states 

that where there is a high ȃ-potential , and therefore a high level of electrostatic 

repulsion, the particles will likely be repelled from each other. This creates a highly 

dispersed, stable suspension with a low viscosity. On the other hand, an unstable 

system is one where the electrostatic repulsion is lower than Van der Waals 

attractive forces meaning that the particles will aggregate to form larger particles or 

óflocsô. In some cases these óflocsô will settle creating a phase separated mixture with  

a clear solid-liquid interface. Where particles are strongly aggregated, forming a 

continuous network of particles ( i.e. gel) rather than flocs, the system again becomes 

stable. A schematic of these different behaviours is illustrated in  Figure 9-4.  

Figure 9-4: Properties of colloidal suspensions  

 

 

Source: Adapted from Fairhurst (2013)  

 

 [This image has been removed by the author of 

this thesis for copyright reasons] 
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As discussed in Part I, polymers can be added to clay systems in order to modify 

their electric -kinetic prope rties and induce either stabilisation, flocculation or 

aggregation (Tiraferri and Borkovec, 2015) . Since ȃ-potential  values describe the 

magnitude of the electrostatic repulsion  between particles, they provide an 

important measu re of stability within a colloidal clay system . Existing studies 

therefore often correlate the electro-kinetic properties of clays with rheological 

observations (Van Olphen, 1964; Miano and Rabaioli, 1994; Durán et al., 2000) . 

However, as discussed by Tiraferri and Borkovec ( 2015), there is general lack of 

studies regarding colloidal particles and polymers of the same charge, as is the case 

for clays and alginate.  For this study dynamic light scattering (DLS) was used to 

provide information on the ȃ -potential of the different clay -alginate mixtures.  All 

measurements were made using a Malvern Zetasizer, ZSP (Malvern Instruments 

Limited, UK). A He-Laser with a wavelength of 633 nm and a detector angle of 173° 

was used for all experiments and a constant temperature of 25°C was adopted. All 

samples were prepared at the required clay: alginate ratio using Milli -Q ultrapure 

water and then centrifuged at 4500pm for 30 mins as per the methods of Ķĸ­i et al. 

(2006) . The prepared samples were slightly turbid with no sign of sediment 

formation. Control samples of ultrapure  water and various concentrations of clay 

and alginate were also prepared for comparison. Disposable capillary cuvettes were 

used for each sample and all results calculated as an average of 3 measurements.  

 

9.2.1.4.  X -ray Diffraction  

In addition to clay mineral identification , as described in Chapter 3, XRD can also be 

used to investigate changes in the d-spacings of the crystal structure  and provid e 

useful information about interactions between clay and organic polymers. Polymer-
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clay adsorption can occur either as a separated phase, where adsorption take place 

only at the clay surface , or as an intercalated or exfoliated structure where the 

polymer is able to penetrate the galleries of the layered silicate. The two latter cases 

are referred to as ónano-compositesô rather than ómicro-compositesô due to the nano-

scale interactions taking place. A schematic of these structures is shown in Figure 

9-5. For this study, in order to investigate any changes in the crystalline structure of 

clay minerals upon the addition of polymers,  XRD of selected samples was 

performed using a the methods described in Chapter 3. In this case however, a 

known concentration of alginate was mixed with the clay prior to mounting.  

 

 

 

Figure 9-5: Schematic of clay -polymer composites  

 

Source: Adapted from Galimberti (2012)  

 

9.2.2.  Phase 2 ï Aerogel Specimens: Initial Assessment  

Layered Silicate           Polymer   

+ 

Separated Phase              Exfoliated     Intercalated           Intercalated & Flocculated  

Micro -composite             Nano -composite  
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Following the preliminary tests (Phase 1), the next stage was to produce prototype 

aerogel specimens. The clay-alginate aerogels were created using methods similar to 

that of Schiraldi et al. (2010) whereby separate 10 wt% solutions of the alginate and 

clay were firstly prepared with  DI water. These were then mixed at the desired 

alginate: clay ratio using a handheld mixer, in serted into 2mL cryogenic vials and 

allowed to gel for 24 hours. Flash freezing was then conducted using iso-pentane 

and liquid nitrogen followed by a minimum of 24 hours drying in a Scanvac CoolSafe 

110-4 PRO 4lt freeze dryer at a temperature of -80°C. After drying, the specimens 

were removed from the dryer, weighed and stored in sealed vials until further 

testing. Where required, the monoliths were trimmed with a scalpel and lightly 

sanded to produce cylindrical samples as shown in Figure 9-6.  

Figure 9-6: Stages of the Aerogel Production Process  
Hydrogels  Aerogels  Cut Monoliths  

   

 

9.2.2.1.  Visual Observations  

Initial observations were made regarding the homogeneity of the prepared 

specimens based on the visibility of any cracks/defects or voids. Samples which 

appeared to be relatively homogenous were labelled ógoodô whilst those with some 

visible voids and defects were labelled as ómoderateô. óPoorô samples were those 

where several defects and macroscopic voids were apparent in all specimens. The 

stability of the specimens was also assessed with samples which could easily be 

removed from the vial as one piece labelled as ómonolithsô whilst those samples 

which were unstable and collapsed upon removal were labelled as ópowdersô.  
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9.2.2.2.  Dimensions, mass and bulk density  

Once removed from the freeze-dryer each aerogel monolith was also weighed and its 

dimensions measured using digital calipers. The unit mass (m), recorded to 3 

decimal places and unit volume ( V), calculated from the measured dimensions, were 

then used to calculate the bulk density (ȍ) in kg/ m3 using Equation 1 (Chapter 5). 

These measurements were then repeated following storage in ambient conditions for 

72 hours and directly before compressive strength testing. Measurements were 

calculated as an average of 3-5 specimens. 

 

9.2.2.3.  Compressive Strength  

The mechanical strength of the specimens was investigated based on the procedures 

outlined in BS EN 826(BSI, 2013b) and as described in other similar studies by 

Nussinovitch et al. (1993), Chen et al. (2012) and Martins et al. ( 2015). Testing was 

conducted on cylindrical specimens with a diameter of ~8mm and cut using a 

scalpel to a height of ~15mm. The surfaces of the two parallel faces were also gently 

sanded to create a smooth surface. An Instron 5969 universal testing machine was 

then used to apply a compressive force (F) to the material using a displacement rate 

of 5 mm/min  (Figure 9-7).  

Figure 9-7: Compressive Strength Test Set -Up  
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The compressive strength (ů) of the specimens was then calculated from the initial 

cross-sectional area of the specimen (A) and the maximum force (Fm) using 

Equation 6 (Chapter 5). In this case Fm was taken either as the yield point or at the 

10% strain value for samples where no visible yield point was observed. Results were 

then calculated as the mean value of at least 3 test samples calculated to the nearest 

0.1 N/mm 2. The compression modulus of elasticity (E) was also calculated from the 

initial linear gradient of the stress -strain plot . 

 

9.2.2.4.  Microstructure  

SEM analysis was carried out in order to generate magnified images of the aerogel 

microstructure s. The method was similar to that used in Part I  although in this case 

much smaller samples were analysed (9mm diameter x 5mm height ) and a higher 

resolution Field Emission SEM microscope (HITACHI SU -6600) was used. Cross-

sections were cut from the  bottom third of the  cylindrical monoliths, in order to 

expose the internal part of the aerogel, and then sputter coated in gold. Similar 

techniques are used by Ohta and Nakazawa (1995) and Longo et al. (2013). 

~15 mm 

Applied Load  

 SPECIMEN  
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9.2.3.  Phase 2 ï Aerogel Specimens: Upscalin g 

In order to upscale from the prototype samples prepared using 2mL vials, a single 

large scale sample was also prepared using an 8 x 8 x 4cm steel mould. The initial 

gel material was prepared in the same manner as the small scale specimens. Flash 

freezing was performed in a large polystyrene container however the specimen was 

immersed in the liquid nitrogen for a longer duration than the previous samples 

(approximately 5 minutes).  The specimen was then freeze-dried for 24 hours which 

was found to be a sufficient drying duration.  

 

9.2.4.  Phase 3 ï Aerogel Specimens: Commercial Feasibility  

In considering the commercial feasibility of using an alginate-clay aerogel as a 

building insulation material, aspects such as cost, environmental impact and market 

competition were investigated. The methods used were the same as those described 

in Part 1 (Chapter 5). 

 

9.3.  Statistical Significance  

As discussed for Chapter 5, the statistical significance was investigated through 

ANOVA and Post-hoc Tukey tests. Again this was performed in order to compare the 

mean values for properties such as bulk density and compressive strength. In this 

case the aim was to determine any statistical significant difference s in relation to 

variables like alginate type, alginate dosage or other clay variables.  



Chapter 10 ï Results and Discussion 

 

223  | P a g e 

10.  RESULTS  AND DISCUSSION  

10.1.  Phase 1 ï Rheology Tests  

10.1.1.  Flow Behaviour  - Variable 1: Alginate Type & Dosage  

The flow curves generated for each of the alginates types at clay:alginate ratios of 

5:0, 5:0.25, 5:0.5 and 5:1 are illustrated in Figure 10-1 to Figure 10-5. The samples 

are each labelled based on the mix ratio  (e.g. C5A0.5 = 5% clay with a 0.5% dosage of 

the relevant alginate). As per results by Benli et al. (2011), the relationship between 

shear rate and shear stress showed non-linear behaviour.  There was also a visible 

shift from near Newtonian behaviour, as observed for the clay only sample, to 

pseudo-plastic behaviour upon the addition of alginate . These results are similar 

those observed by Pongjanyakul and Puttipipatkhachorn ( 2007) . In all cases the 

gradient of the curve, and hence viscosity, is increased with increasing quantity of 

alginate. This observed increase in viscosity can be caused by either by the increased 

polymer concentratio n or by interaction between the polymer and the clay particles 

(Tunç and Duman, 2008) .  

As shown in Figure 10-6 the type of alginate also has a visible influence on the 

rheological behaviour. Whilst PR24, PR52 and PR22 exhibit relatively similar 

behaviours at the 0.5% dosage, AC is much more viscous as evidenced by the steeper 

gradient of the flow curve. Indeed for AC the 5:1 is too viscous to be measured at 

shear rates above 500/s. On the other hand, PR32 is much less viscous and exhibits 

behaviour closer to that of a Newtonian fluid . 
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Figure 10-1: Flow Curve (AC)  

 

Figure 10-2:  Flow Curve (PR22)  Figure 10-3:  Flow Curve (PR24)  

  
Figure 10-4:  Flow Curve (PR32)  Figure 10-5:  Flow Curve (PR52)  
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Although the highest viscosity alginate (AC) also has one of the lowest G contents, 

suggesting that the alginate composition is of less importance than the overall chain 

length in increasing the viscosity of the clay-alginate mixture, the high G content 

product (PR24) demonstrates a greater degree of thixotrophy than the other 

samples. This implies that this high G cont ent sample takes longer to recover its 

initial viscosity after shearing.  This is possibly due to the formation of cross-links at 

G sites which are broken up during shearing. PR24 (5:0.5) also exhibited the largest 

yield stress (5.8 Pa) while the majority of other samples had values of less than 1 Pa.  

Figure 10-6: Variable 1 ï Flow Curves   

 

 
 

10.1.2.  Flow Behaviour  - Variable 2: pH  

The flow curves for samples prepared at different pH levels, ranging from pH 3 to 

pH 9, are shown in Figure 10-7 to Figure 10-12.  For the control samples (Figure 

10-7), it would appear that pH only begins to affect the rheological behaviour below 

pH 4. This can be explained by the point of zero charge (PZC) which occurs at pH 2 

ï 3 for bentonite clay. This demonstrates that even without the alginate, the 

viscosity of the clay can be increased, albeit moderately, through pH modification.  
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For AC, the flow curves for the 5:0.5 (clay: alginate) samples as shown in Figure 10-8 

are fairly similar between pH 7 and 9 although at pH 8 the behaviour is more 

thixotropic. At pH 5, viscosity increases dramatically and the greatest degree of 

thixotrophy  can also be observed as indicated by the difference between the upward 

and downward shear rate ramp (indicated by arrows). High yield stresses are also 

observed between pH 4 and 6. Indeed the pH 4 mix  is too viscous to be studied at 

shear rates above 800/s. This increase in viscosity and shear strength is indicative of 

reduced electrostatic repulsion and increased bonding. However below pH 4, the 

flow curve changes rather dramatically resulting in a reduction in viscosity. This is 

likely due to the fact that in strongly acidic conditions , where the H+ ions are added 

directly , the alginate may form a precipitate, thereby reducing viscosity.  

For the MBL alginates, the flow curves generated for  the 5:0.5 (clay: alginate) 

samples are shown in Figure 10-9 to Figure 10-12. In the case of PR22 (Figure 10-9), 

the flow curves for pH 8 and 9 are relatively similar but the gradient of the slope 

then increases with decreasing pH. Again the degree of thixotrophy also becomes 

greater in acidic conditions. This observation is particularly dramatic for pH 4 & 5 

Figure 10-7: Variable 2 - Flow Curves (Control ï 5:0)  
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highlighting that , in these conditions, the intermolecular bonds are broken up at 

high shears and do not recover fully during the downward ramp. As per the 

observations for AC, at pH 3 the viscosity is dramatically reduced. For PR24 (Figure 

10-10), again reducing the natural pH of the sample (pH 9) to pH 7 -8 leads to an 

increase in viscosity. In acidic conditions the viscosity increases even further with 

pH 4 & 5 displaying the highest viscosities and greatest degree of thixotrophy . Yield 

stresses also appear to develop for PR24 when the pH is sufficiently acidic, with the 

greatest yield stress observed for pH 5. Below pH 4 there is again a dramatic 

decrease in viscosity. For samples PR32 and PR52, pH modification appears to have 

less of an effect since all samples exhibit  similar behaviour.  

According to McHugh ( 1987), alginate viscosity should not be dramatically affected 

over a pH range of 5 -11. The results from this study indeed show that the most  

dramatic changes  occur at  pH 4-5, similar to results by Auhim and Hassan (2013). 

Below pH 5, the increased concentration in H+ ions leads to protonation  of the 

carboxyl groups (i.e. transformation  from COO- to ïCOOH). This in turn reduc es 

the negative charge of the alginate and reduces electrostatic repulsion between the 

polymer chains. A reduction in pH will also alter the surface charge of the clay 

particles where the pH is reduced below the PZC. In this case, the combined effects 

of the reduced negative charges on the anionic groups of the polymer and the surface 

of the clay particles would likely lead to increased attraction between the two 

components. This would result in an increased viscosity and the formation of a gel 

network, as observed for the samples in this study. 
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Figure 10-8 : Flow Curves (AC ï 5:0.5)  

 
Figure 10-9: Flow Curves (PR22)  Figure 10-10: Flow Curves (PR24)  

  
Figure 10-11: Flow Curves (PR32)  Figure 10-12: Flow Curves (PR52)  
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10.1.3.  Flow Behaviour - Variable 3: Clay Ty pe 

For Variable 3, the flow behaviour of samples prepared using different clay types 

was also studied. Comparisons were made between a natural bentonite, as used for 

Variable 1 & 2, a calcium saturated bentonite and a kaolinite clay. Figure 10-13 

illustrate s the different flow curves produced for each of the clays, prior to the 

addition of any alginate. As shown, the kaolinite and Ca-bentonite samples exhibit 

similar rheological behaviours. Both of these clays are shear-thickening and they 

have a lower viscosity than the natural bentonite sample. This is consistent with 

results by Abu-Jdayil (2011) where a Ca-bentonite sample was found to be less 

viscous and less thixotropic than a Na-bentonite sample. 

In comparing the different clays with each of the alginate types, for AC the highest 

viscosity is observed for the Ca-bentonite sample (Figure 10-14). Therefore although 

the addition of calcium ions red uces the viscosity of the clay only sample, when the 

alginate is included the addition of calcium leads to an increase in viscosity 

suggesting that Ca2+ crosslinking is taking place.  

 
 
 

Figure 10-13: Flow Curv es (Control Samples)  
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Similar behaviours are observed for PR22 and PR24 (Figure 10-15 and Figure 10-16) 

whereby increases in viscosity and thixotrophy are observed for the Ca-Bentonite 

samples. The increases are however less dramatic for PR32 and PR52 (Figure 10-17 

and Figure 10-18). For the kaolinite sample, although the control sample exhibited 

similar flow behaviour to the Ca-B samples, the addition of all of the alginate types 

leads to a more modest increase in viscosity. This suggests that the more dramatic 

change in behaviour for the Ca-bentonite samples is likely due to clay-polymer 

interactions rather than polymer -polymer interactions.   

Figure 10-14: Flow Curves (AC ï 5:0.5)  

 

Figure 10-15:  Flow Curves (PR22)  Figure 10-16:  Flow Curves (PR24)  
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10.1.4.  Viscoelastic Behaviour  ïVariable 1: Alginate Type & Dosage  

The viscoelastic behaviours of the samples, prepared using different alginate types 

and different mix ratios , are illustrated in Figure 10-19 to Figure 10-23. The creep 

curves demonstrate that, for all samples, the magnitude of the measured 

deformation decreases upon the addition of alginate. In all cases the samples behave 

as linear viscous fluid s but the decrease in the gradient during the first 60s is more 

dramatic for the high viscosity polymers (AC, PR24, PR22) compared to the clay 

only samples (C5A0). 

Figure 10-17:  Flow Curves (PR32)  Figure 10-18:  Flow Curves (PR52)  

  

Figure 10-19: Creep Curve (AC)  
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10.1.5.  Viscoelastic Behaviour - Variable 2: pH  

The creep curves for samples prepared at different pH levels are also shown in 

Figure 10-24 to Figure 10-28. In this case the results show that reducing the pH also 

increases the materials resistance to deformation. With the exception PR32, there is 

also a visible shift from linear viscous fluid behaviour to either a viscoelastic fluid or 

viscoelastic solid (AC ï pH 5) upon the reduction of pH. This marks the transition to 

a gel-like structure. The increasing resistance to deformation with decreasing pH 

demonstrates that the strength of the structure is improved in acidic conditions due 

to increase interactions (either polymer -polymer or clay polymer).  

Figure 10-20 : Creep Curves (PR22)  Figure 10-21: Creep Curves (PR24)  

  
Figure 10-22 : Creep Curves (PR32)  Figure 10-23 : Creep Curves (PR52)  
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