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Abstract 
 

The utilisation of bio-based materials as a construction material presents diverse and under 

researched challenges that can reduce carbon emissions and improve the hygrothermal 

performance of buildings. Within the United Kingdom (UK), the residential construction 

typology of housing is vast. Just within pre-1919 dwellings, energy costs are over 70% higher 

by comparison to the post-1990 equivalents. This thesis intends to provide tools to effectively 

optimise bio-based composites for hygrothermal conditions improvement in housing and whilst 

the composite has been optimised for UK conditions, the impacts of this thesis is versatile and 

can be applied across the world for example with other construction typologies, building 

materials and use. This research work can provide relevant information on tailoring bio-based 

materials whenever indoor hygrothermal conditions are crucial for energy efficiency and 

comfort of building users, either in the UK, Europe or across the world. 

Within the scope of this work, this thesis will aim to optimise the transport of water through 

bio-based earth mortar composites to be used in residential properties for relative humidity 

moisture management. Initially, the hygrothermal performance of 11 different bio-based and 

recycled raw materials was analysed (four different types of (Sheep and recycled) Wool 

insulation, Hemp, Wood Wool Board (WWB), Saw Mill Residue (SMR), Wood Fibre (WF), 

Straw, Insulated Cork Board (ICB) and Polyethylene terephthalate (PET). with particular focus 

on Moisture Buffering Value (MBV). The best 6 performing materials were retested and 

analysed. It was found that the differences in MBV were negligible and this value alone was 

not enough to be able to ascertained which material should be selected. 

 A new methodology of understanding the shape of the adsorption and desorption curves and 

then grouping this would give a better assessment of the material performance. Earth-lime 

mortar panels were created using locally sourced material from Liverpool (NW England) and 

the previous bio-based fibres. Performance analysis of the bio-based composites was done 

at steady and transient states for hygrothermal optimisation of the panels. Prismatic, 0.1m2 x 

0.1m2 squares and disc shaped samples were cast and samples were exposed to cyclical step 

changes in relative humidity at 75% for 8 hours and 53% for 16 hours at 23oC, in order to 

mimic a UK household occupancy. Results demonstrate that an optimised mix improved 

thermal properties if Saw Mill Residue (SMR) is added.  

Further to this, traditional, thermal method of analysis (using Thermogravimetry Analysis 

(TGA), Differential Thermogravimetry (DTG) and Differential Scanning Calorimetry (DSC)) has 

been for heritage and forensic investigation of the constituent elements of the material rather 

than a comparison with regards to their hygrothermal performance. The best performing bio-
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based composite was Mix 1 SMR with an MBV of 1.26 (g/(m2  %RH)) and Water Vapour 

Permeability (WVP) of 2.5 (x10-11) (kg.m-1.s-1.Pa-1). 

Latent heat generated in the bio-based composites was explored and analysed to consider 

the effects within a dynamic hygrothermal environment. Heat energy is released due to the 

change in state of water molecule from liquid to vapour (and vice versa) due to the latent heat 

of vapourisation and condensation. The latent heat of both raw bio-based fibres and when 

combined into an earth mortar matrix was identified, analysed and is consistently 

demonstrated even after 21 cycles of 24 hours.  After these cycles, the mix design with Wool 

2 produced the greatest sustained quantity of heat generated with samples temperature 

increase of 1.59oC during adsorption and 0.97 oC during desorption phase. 

The movement of water molecules in and out of samples was researched on a 

physicochemical basis and organic chemistry analytical techniques were utilised to gain a 

better understanding of the function and important on the hydroxyl group for hygrothermal 

performance. Utilising analytical chemistry and thermal methods of analysis for samples 

conditioned at different RH, can give a greater understanding of a building materials 

hygrothermal properties.  
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Chapter 1 – Introduction  

 

1.1. Background / Context of research 
 

The planet is in a climate crisis. As a direct response to the Kyoto Protocol coming into force 

in 1997 (and the first of its kind as a legally binding commitment to combat climate change 

between 2008-2012) (U.N., 2008), The Climate Change Act 2008 (H.M. Government, 2008)  

set a benchmark for the United Kingdom’s (UK) government to reduce carbon emissions. The 

act outlines an 80% reduction of emissions from baseline levels set in 1990 and provides a 

catalogue of 5 year budgets till 2022 - with a guaranteed reduction in emissions by at least 

26% before 2020.  

As highlighted by Giesekam, Tingley and Cotton (2018), within 2014 the construction industry 

and built environment sector as a whole emitted around 183.5 MtCO2e (Giesekam and 

Pomponi, 2017) – where around 25% can be linked to embodied emissions in construction.  

There is a clear conundrum facing the UK construction industry in terms of balancing an 

obligation to climate change in addition to meeting the requirements and demands of the 

building industry (Atkins, ICE and ITRC, 2016; Krausmann et al., 2017). In spite of the rise in 

emissions, the UK government is shows some commitment to combatting them via 

mechanisms such as Construction 2025 (H.M. Government, 2013a), Construction Strategy 

2016-2020 (H.M. Government, 2016) and industry initiatives via the launch of Environmental 

Product Decelerations (Passer et al., 2015) and Infrastructure Carbon Review (H.M. 

Government, 2013b).  Further European commitment to reducing carbon emissions and 

utilising bio waste are demonstrated by schemes such as European Union (EU) commissions 

bio-economy strategy of 2012 (European Commission, 2017) and where all member states of 

the EU aim to cut their emissions by 90% by 2050 (European Commission, 2011).  

Despite this, between 2014 and 2015 the UK’s carbon footprint actually rose by approximately 

2%  (H.M.Government, 2018). Particularly, the construction industry uses around 55% of the 

entire nations energy and over 55% of all the countries carbon dioxide emissions (Parsa and 

Farshchi, 1996).  

The EU outlined within the Energy Performance Directive in 2018 to aim to renovate current 

building stocks to nearly or zero energy buildings (Housing Europe, 2018). Whilst energy 

efficiency in buildings not only reduces the emissions to the environment on a European scale, 

it also aligns with the United Nations (U.N.) Sustainable Development Goals 11 and 13 (Di 

Foggia, 2018).  
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The buildings energy efficiency is not a standalone problem. Indoor air quality plays an 

important role in buildings performance and people’s health.  Affecting particularly low and 

middle income families in developed countries, especially more time than ever is being spent 

within buildings (World Health, 2009).  Making homes energy efficient by using bio-based 

solutions is the most effective way to combat the problem of fuel poverty and reduce energy 

bills. It is also important to understand that any solutions where a ‘one size fits all’ approach 

is not suitable nationally let along internationally (Brás, Gonçalves and Faustino, 2014; CAT, 

2018). A realistic and performance driven retrofitting tool that enable tailoring green materials 

for decarbonisation is essential to meet these targets (Kelly, 2009).  

This highlights the urgent need for more environmentally considerate construction techniques 

and materials as the imminent threat of the depletion of natural resources has never been 

greater and requires urgent attention (Amziane and Sonebi, 2016).  Addressing these is a key 

objective which has never been more imperative; the built environment must search for a more 

sustainable construction substance: giving rise to the use of bio-based building materials. A 

key benefit of these materials is their availability on a local and global scale which can provide 

a lower embodied energy solution. 

As a fundamentally hygroscopic material, bio-based building materials have the ability to 

passively regulate relative humidity (RH) (Jones and Brischke, 2017). The built environment 

will continue to look to reduce heat and cooling loads as a form of energy consumption is a 

key driver for the requirement of a passively operating RH regulator. By controlling the RH, 

within a residential property thermal comfort is maintained. The hygrothermal behaviour is 

crucial for these materials performance. As energy savings rely on building solutions rather 

than occupant awareness/engagement the utilisation of bio-based materials is inherently 

desired. These materials have other benefits such as improving indoor air quality (IAQ), where 

within the UK the NHS spends around £1.36billion per year due to indoor air polluted related 

diseases (P.H.E., 2014). A key issue associated to bio-based and recycled materials is their 

limited understanding therefore an inability to be optimised. By being able to optimise these 

bio-based and recycled materials “smart behaviour” will enable a characterisation which aims 

to contribute to their utilisation within the construction industry. 

1.2. Aim and objectives 
 

Aim 

The previous research gaps justify the study for the characterisation and optimisation of bio-

based earth mortars composites to increase buildings indoor comfort. This thesis will aim to 
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optimise the transport of water through bio-based earth mortar composites to be used in 

residential properties for relative humidity moisture management. 

Objectives  

 

• Utilise bio-based insulation materials currently available on the market in the United 

Kingdom to characterise and optimise the performance with the hygrothermal 

conditions of a residential property 

• How hysteresis implicitly affects the movement of water mechanisms within raw bio-

fibres, earth mortars and how this can be optimised 

• Use literature to develop a novel approach to understanding the fundamental biological 

and chemical reactions of bio-based materials at different relative humidity’s. 

• Consequentially, how use this novel approach to understand how this affects the 

microstructure, biological and chemical reactions within bio-fibre composites 

 

1.3. Thesis Outline 
 

Chapter 1 – Demonstrates the requirement for a moisture buffering technology within 

residential properties within the UK. This chapter also demonstrates the aims and objectives 

of this research project.  

Chapter 2 – A literature review of the current knowledge on issues with current residential 

dwellings and how hygroscopic materials can be utilised most effectively to resolve them. 

Further to this, it also explores the types of hygrothermal and thermal methods for the 

analysis of these materials.  

Chapter 3 – This chapter examines the physical and hygrothermal characteristics 10 bio-

based and 1 recycled thermoplastic polymer insulation samples, currently available on the 

market in the U.K. 

Chapter 4 - This chapter will explore the physicochemical differences between the best 

performing bio-based materials from Chapter 3 at differing relative humidity’s. By 

understanding the influence of temperature via the thermal analysis on the material 

properties using DSC, TGA, DTG, FTIR and SEM.   

Chapter 5 - Initial preliminary experimentation was completed with different mortar 

compositions. Upon initial selection, bio-fibres were incorporated into the mortars and were 

physically and hygrothermally tested to optimise mix design selection.  



22 
 

Chapter 6 – The best performing mix design from Chapter 5 were selected and the 

physicochemical difference when stabilised at different RH was analysed using DSC, TGA, 

DTG, FTIR and SEM. In addition, the temperature-dependent behaviour of these earth 

mortar composites specific heat capacity over differing service life temperatures and 

beyond was analysed. 

Chapter 7 – This chapter explores the moisture transfer mechanisms of the mortars to 

understand which hygrothermal conditions it will perform the most efficiently. Latent heat is 

explored by incorporating thermocouples into the mortar within a dynamic hygrothermal 

environment.  

Chapter 8 – a conclusion of the research, demonstrating the key findings of this thesis as 

well as future works. 

 

1.4. Dissemination  
 

Throughout this research project, this PhD thesis has disseminated 3 journal articles, 5 

conference proceedings and 5 poster presentations as follows: 

Publications in peer reviewed, international journals 

A. Romano, A. Brás, S. Grammatikos, A. Shaw and M. Riley, Dynamic behaviour of 

bio-based and recycled materials for indoor environmental comfort, June 2019, Construction 

and Building Materials, 211, 730-743. 

A. Romano, H. Mohammed, V. Torres de Sande and A Bras, Sustainable bio-based 

earth mortar with self-healing capacity. Proceedings of the Institution of Civil Engineers – 

Construction Materials, September 2020 

A. Romano, S. Grammatikos, M. Riley and A. Brás, 

Physicochemical characterisation of bio-based insulation to explain their hygrothermal 

behaviour, October 2020, Construction and Building Materials, 258, 120163-120173 

 

International Conferences 

A. Romano, A. Brás, S. Grammatikos, S. Wylie, P. Kot and A. Shaw (2018) On the 

development of self-controlled bio-based panels for building’s thermal management. 

European Conference on Composite Materials, June 2018, Athens, Greece. 

A. Romano, A. Brás, S. Grammatikos A. Shaw and M. Riley (2019) Bio-based and 

recycled materials: characterisation and hygrothermal assessment for passive relative 
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humidity management. International Conference of Bio-Based Building Materials, June 2019 

Belfast, UK 

A. Romano, A., Brás, S. Grammatikos, A. Shaw and M. Riley (2019) Bio-fibre earth 

composite mortar: a structural and hygrothermal assessment. Sustainable Construction 

Materials and Technologies, July 2019 Kingston Upon Thames, UK 

A. Romano, H. Mohammed, V. Torres and A. Brás (2019) Sustainable bio-based earth 

mortar with self-healing capacity. Sustainable Construction Materials and Technologies 

Conference, July 2019 Kingston Upon Thames, UK. 

A. Romano and A. Bras (2020) Prescriptive bio-based earth mortar composites as a 

buffer for internal thermal comfort, Annual Associated Schools of Construction International 

Conference, April 2020, Liverpool, UK. 

Poster Presentations 

European Conference on Composite Materials, June 2018, Athens, Greece. 

LJMU Faculty of Engineering and Technology Postgraduate Research Week 2018 

LJMU Doctoral Academy Conference 2018 

LJMU Research and Innovation Day 2018 

1st International Symposium on the infrastructure development - shaping the future using bio-

based solutions for structures and buildings, organised by Liverpool John Moores University, 

Liverpool (Oct 2019) 
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Chapter 2 – Literature Review 
 

This research project addresses two key problem areas presented to the construction and 

built environment sector: production of global greenhouse gases from construction materials 

and moisture regulation within residential dwellings. To understand how this research project 

can be most effective, a review of the current literature has been completed. This includes 

issues with current residential dwellings and how hygroscopic materials can be utilised most 

effectively to resolve them. Further information on specific bio-based materials are within 

Chapter 3 and bio-based earth composites within Chapter 5. 

 

2.1. Residential dwelling typology in United Kingdom (UK) 
 

The age range of residential dwelling typology within the UK is vast, with only around 17% of 

home built in the last 30 years and demonstrated within Figure 2.1 (H.M.Government, 

2019a). With variation in age comes a variation in building standards and techniques from 

those that we have today. A consequence of this is that the homes will have different heating 

requirements not only due to the nature of the construction methodology but also the 

materials used. For example, within pre-1919 dwellings, energy costs are over 70% higher 

by comparison to the post-1990 equivalents (H.M.Goverment, 2019). Considering Figure 

2.1, over 20% of the UK residential dwellings are within this category, which consequentially 

produce around double the carbon emissions.  

 

Figure 2.1. Dwelling age of properties within the UK 1 (H.M.Government, 2019a). 
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Heating and hot water for UK homes make up 25% of total energy use therefore a requirement 

of more energy to heat these older homes has a subsequent higher fuel cost. The inability to 

afford adequately heating energy a home is defined as fuel poverty (B. Boardman, 1991). 

Particularly in pre-1919 homes the likelihood of fuel poverty is double the national average, 

however fuel poverty is still a problem for many homes throughout England, Wales, Scotland 

and Northern Ireland (see Figure 2.2). 

Figure 2.2. Percentage of fuel poor households within the UK ((BEIS, 2018) (Welsh 

Government, 2018) (Scottish Government, 2019c) (Northern Ireland Housing Executive., 

2017)). 

Typical building fabrics will have different construction materials and therefore differing 

thermal affects. To illustrate this, a cross section of a building envelope for residential 

dwellings from 1920, 70s and 90s can be found in Figures 2.3 a, b and c. From these 

typologies, the insulation within these homes varies in quantity, performance and location in 

the envelope and will affect the thermal performance within the internal environment. These 

figures demonstrate that there is a need for insulation focused retrofitting tools of not only pre-

1919 but also post 1919 to pre 2010s homes. 
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2.2. Insulating residential properties 
 

Thermal insulation aids the reduction of heat losses throughout the building envelope, by 

reducing the energy demand (Hens, 2017). A moisture buffering panel with hygrothermal 

characteristics will essentially change the hygrothermal conditions of the building.  

Figure 2.4 represents the different insulation techniques for internally insulating buildings 

envelopes and associated changes to temperature, where the black line is the dew point and 

blue lines are the temperature gradient where the left hand side is the indoor temperature and 

right hand side, outdoor. The risk of condensation can be predicted by knowing the different 

type of materials that compose the envelope, the U-value, their specific water vapour 

permeability and hygrothermal properties of indoor and outdoor environments. When 

considering situation c) it is evident that a blue region is between the insulation and main 

building envelope. Due to the instant reduction of temperature at the interface between 

insulation and envelope, when cooled below dew temperature could lead to interstitial 

condensation. For more modern building construction (as seen in Figure 2.3c) a vapour barrier 

next to the indoor surface has been implemented.  

 

The benefits of a vapour barrier is that it acts as a physical barrier zone for the cold envelope 

and warmer, more humid air and reduces the likelihood of the formation of condensation. This 

is particularly important for the colder, winter months as the temperature gradient between the 

Figure 2.3a. 1920s 

Solid masonry wall. 

Figure 2.3b. 1970s 

Outer facing brick, 

50mm clear cavity, 

lightweight concrete 

inner. 

Figure 2.3c. 2010s Outer 

facing brick, 50mm clear 

cavity, 40mm insulation 

board, medium density 

inner. 
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outside climate by comparison to indoors would be much greater and likely to accelerate 

condensation production. Over a sustained period of time, this could potentially reduce the 

service life of these building components (Huijbregts et al., 2015) and energy efficiency of the 

building.

 

Figure 2.4. Risk of condensation analysis in building envelopes due to different insulation 

techniques with a) no insulation, b) external insulation and c) internal insulation (RIBuild, 

2014). 

Issues associated to current retrofitting measures are uniquely attributed to the year of 

construction. For example dwelling types that have been found to be more prone to 

overheating include 1960s-1970s and post 1990s mid and 2010 lack sufficient ventilation and 

protection from heating by the sun ((CCC), 2017). This was investigated by Hall et al., (2013) 

modelling how the utilisation of hygroscopic building materials can affect mould growth, indoor 

RH and energy demand for a UK semidetached home over the period of a year.  These models 

demonstrated that over the year the energy demand of the home differed due to seasonal 

adjustments. An increase in airtightness also increased internal RH accountable to the 

increase in moisture loading from occupant behaviour.  

 

Further issues surrounding the housing crisis within the UK are multifaceted such as to people 

living longer hence an increasing need for more housing, technological advancements 

affecting how much time is being spent indoors such as those who are ‘homeworkers’ (CCC, 

2019) this is particularly highlighted within the current COVID-19 pandemic. Other major 

problems within the UK housing system highlighted by the Hackitt Review (Hackitt, 2018). It 

outlines that there are key issues associated to the building regulations and compliance to 

them is weak so there is an indifference around the build quality.  
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Even for new build homes, in 2018 less than 1% of new build home met ‘band A’ requirements 

for Energy Performance Certification (H.M.Government, 2019b) – addressing the true scope 

of residents this project could benefit. The consequential effects of these energy inefficient 

homes create unnecessarily high utility bills, an increase in indoor air polluted related 

diseases. This demonstrates that there are limited alternatives for minor intervention 

refurbishment and retrofitting techniques – such as a moisture buffering panel.  

 

2.2.1. Sick building syndrome (SBS) and Indoor Air Quality (IAQ) 

 

An uncomfortable relative humidity and/or temperature are some of the fundamental causes 

of sick building syndrome (SBS), attributing to several long term occupant hazards such as 

upper respiratory illnesses (Chao et al., 2003). Aside from long term health issues, thermal 

comfort affects all occupants and has direct consequences in relation to health and 

productivity (Balaras et al., 2005) which is further exaggerated when succumbed to SBS 

(Wargocki et al., 2000). 

 

SBS was explored by Yu and Crump (1998) and Barreca et al. (2018) which demonstrated 

that the selection of appropriate construction materials is imperative for occupant well being. 

By considering the thermal comfort of the indoor environment, this can severely reduce the 

energy demand for residential properties. In developed and industrialised countries, 

approximately 80-90% of human behaviour is spent indoors where the indoor air quality (IAQ) 

is integral to the occupants (Al-Horr et al., 2016; Maskell et al., 2017). 

 

2.2.2. Pathogenic and household nuisances 

 

As previously mentioned, consistently RH can be a leading cause of respiratory illnesses but 

another effect this has is an increase in the release of Volatile Organic Compounds (VOCs) 

(WHO, 2009). There are many different bacterium and health effects that thrive in different RH 

(see Figure 2.5), so maintaining the optimum zone for RH to minimise those problems is a key 

parameter for the performance of a relative humidity buffering panel. 
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Figure 2.5. The optimum zone for RH against different types of house hold nuisances 

(Simonson et al., 2002). 

 

2.3. Bio-based materials 

 
Bio-based materials have good humidity buffering properties that reduce buildings energy use 

through both direct and indirect effects on heating load. The use of bio-based materials 

represent a renewable source that can be found all over world (Amziane and Sonebi, 2016).  

Their wide availability and low environmental impact enhances their applicability within 

research in the built environment (Korjenic et al., 2011). Their fundamental characteristics and 

properties will be reviewed. Bio-based materials are derived from naturally occurring sources 

and are defined within Vert et al. (2012).  

 

2.3.1. Bio-based materials to reduce carbon emissions 

 

The imminent threat of the depletion of natural resources has never been greater and requires 

urgent attention (Amziane and Sonebi, 2016). Addressing these is a key objective has never 

been more imperative and therefore the built environment must search for a more sustainable 

construction substance. 

 

The mandate to reduce carbon emissions has given rise to the use of bio-based materials as 

structural and non-structural components in construction. Bio-based materials are superior to 

conventional construction materials (such as concrete or brick) due to their relative simplicity, 
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abundance and ability to mimic and if not better the equivalent fossil fuel based materials. This 

is highlighted within Figure 2.6 where bio-based materials (green) and recycled naturally 

sourced materials (red) have a much lower primary energy consumption than their fossil fuel 

based materials (blue) counterparts therefore lowering any materials generates from biobased 

materials to have a lower embodied energy (Jones and Brischke, 2017).  

 

 

 

 

 

 

 

 

 

Figure 2.6. Primary energy consumption variation of bio-based and fossil fuel based 

materials (Jones and Brischke, 2017). 

Further fundamental benefits of bio-based building materials include their whole life 

considerations as they can be recycled (due to their biodegradability) and comparatively lower 

embodied energy to fossil fuel derived insulation products (such as polystyrene or 

polyurethane) (Joshi et al., 2004) , which furthers the contribution of these construction 

materials for a ‘closed production cycle’ where waste is eradicated (McDonough, 2002). 

Bio-based materials have also been investigated to reduce a buildings industrial footprint by 

sequestering atmospheric and embodied carbon dioxide (CO2) ((Lawrence et al., 2013; 

Cetiner and Shea, 2018). Due to their hygroscopic nature bio-based materials react passively 

yet dynamically to vary hygrothermal environmental ensuing a ‘hygric buffer’(Palumbo et al., 

2018) and a boost for indoor thermal comfort.  

 

2.3.2. Bio-based materials for improvement of occupant wellbeing   

 

Continued urbanisation and the utilisation of fossil fuels has not only contributed to global 

warming but also reduced overall air quality (Pérez-Lombard, Ortiz and Pout, 2008). Bio-based 
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building materials can contribute to the Energy/unrealised energy efficiency potential and has 

clear environmental and economic benefits (Jones and Brischke, 2017). 

 

The use of bio-based materials in buildings relies on their ability to influence the indoor air 

quality (IAQ) by controlling the RH of a room by adsorbing and desorbing water vapour 

(Darling et al., 2012). When exposed to interior surfaces bio-based products, (most noticeably 

insulation materials) contribute positively towards improving IAQ. Due to the hygroscopic 

nature of bio-based products, allows for the adsorption/ desorption of water vapour into their 

porous structure, in dynamic equilibrium with their surrounding environment, by doing so 

creating a hygric buffer. This enabled the fluctuations in the hygrothermal environment to be 

kept to a minimum thus, aiding towards improving IAQ and also reducing the energy 

requirements of air conditioning (Lawrence et al., 2013; Palumbo et al., 2018). In addition to 

bio-based products, other naturally occurring materials such as earth can also be attributed to 

these unique hygrothermal management characteristics. The quantity of moisture 

accumulated is material specific and dependent on the RH and the temperature of the 

environment (Palumbo et al., 2016) and by controlling these values it is possible to accurately 

track the adsorption/ desorption characteristics of bio-based materials.   

 

2.4. Earth as a bio-based building material 

 
Over 2.2 billion people (approximately 30% of the world’s population) live in earth based 

buildings (Costa, Rocha and Velosa, 2016). Using earth as a construction material has many 

environmental, sustainable and economic benefits (Fratini et al., 2011). As a construction 

material, earth has the ability to regulate relatively humidity within an indoor environment and 

when incorporated into a building envelope improves the whole properties hygrothermal 

performance (Janssen and Roels, 2009). Existing for thousands of years, using earth as a 

construction material is not uncommon and has been fundamental for buildings around the 

world (Minke, 2006; Emiroğlu, Yalama and Erdoğdu, 2015) .These techniques have been left 

in the past in favour for more ‘fashionable’ and fossil fuel intensive materials such as steel and 

concrete. Pacheco et al (2012) identified (in Figure 2.7) the clear embodied carbon savings 

for monolithic walls when using earth as a construction material compared to carbon intensive 

cement.  
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Figure 2.7. Embodied carbon quantities for different monolithic wall constructions (Pacheco-

Torgal and Jalali, 2012)  

However, these materials are being rescinded due to environmental pressures and more 

sustainable construction techniques are regaining importance (Aubert et al., 2015). Using 

earth as a building material is beneficial due to its low environmental impact (Chabriac et al., 

2013) and as it is such an abundant material, it provides locally sourced material reducing 

carbon emissions associated with the transportation of materials (Cagnon et al., 2014; 

Asdrubali, D'Alessandro and Schiavoni, 2015). In terms of material properties earth presents 

a high hygroscopicity in addition to a low thermal conductivity, enabling it to locally regulate 

RH (Minke, 2006; Lima, Faria and Santos Silva, 2016). The ability to use earth as a part of an 

earth mortar contributes to its use as an extremely eco efficient and sustainable building 

material (Melià et al., 2014). Earth construction can take many different forms for different 

applications which has been summarised within the literature within in Figure 2.8. (Where Wm 

= water content of manufacturing stage, WOPT = optimum water content, WP= water content at 

plastic limits and WL = water content at liquid limit) (Hamard et al., 2016). 

 

 

Figure 2.8. Classification of earth based construction techniques 

These techniques and technologies are summarised as follows: 

• Mortar: applied wet, utilised to lay bricks or stones. 

• Plaster: applied wet, used to cover wall surfaces. 
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• Wattle and Daub: applied wet, non-load bearing in order to fill timber framework. 

• Cob: applied wet, load bearing monolithic/free standing wall 

• Adobe: moulded wet (at plastic limit) and dried, stacked for load-bearing/free standing 

wall 

• Rammed Earth: layers applied in a formwork for load-bearing/free standing wall 

• Compressed earth block: compacted at optimum water content and dried, stacked for 

load-bearing/free standing wall 

2.4.1 Earth affinity with water 

 

Understanding the relationship earth has with both water and temperature is imperative as 

research conducted by Padfield (1998) highlighted earth as a key material to be utilised and 

optimised for its moisture buffering properties. Not only this does earth have a high thermal 

inertia, consequentially it also reduces the heat flow fluctuations (Verbeke and Audenaert, 

2018). Since then research has demonstrated in great detail the mechanisms behind heat and 

moisture transport within earthen construction materials. The relationship that earth has with 

its thermal and water are shown in Figure 2.9.   

 

 

 

 

 

 

 

 

Figure 2.9. Moisture and thermal transfer within earth construction (where ϕ = relative 

humidity, T = temperature and psat
v = equilibrium vapour pressure) (Soudani et al., 2016). 

As a raw material earth consists of clay, silt, sand, gravel and other biofibres/construction 

waste, when combined together the interlocking of these materials will inevitably create aid 

voids. These voids create a porous network within the earth and along with the individual 

intrinsic material characteristics creates a highly porous material. To understand the 

relationship between air and water within the earths pores can be calculated volumetrically 

using the saturation ratio, Sr by the following equation (2.1) 
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𝑆𝑟 = 𝑤𝐿  
𝜌𝑑

𝜌𝑤
 (2.1) 

Where: 

𝑆𝑟 = volume of pores within the material by water 

d = dry density 

w = density of water 

wL = (
𝑚𝐿

𝑚𝑠
) where mL liquid mass and ms skeleton mass per unit of material volume 

 = porosity 

Within Figure 2.9 the phase change between liquid water and water vapour. As earth is a 

hygrothermal material, it has the ability to adsorb and desorb water vapour so within the 

materials pores an exchange of water from vapour to liquid form (and vice versa) takes place. 

This is denoted by Kelvins Law as demonstrated in Soudani et al. (2015). 

As this process of evaporation and condensation takes place, there is a variant in the capillary 

action pressure of the earthen material. Therefore the liquid water-vapour equilibrium equation 

can be denoted by equation (2.2) 

𝑃𝐺 − 𝑃𝐿 =  𝛾𝐿𝐺 𝐶𝐿𝐺 = 𝑓(𝑤𝐿) (2.2) 

Where: 

𝑃𝐺 = air pressure 

𝑃𝐿 = liquid water pressures 

𝛾𝐿𝐺= Interfacial tension of the air against liquid water 

 

𝐶𝐿𝐺= curvature of interface for pore 

𝑓(𝑤𝐿) = dependant on the porous network within the sample, liquid water content 

 

At the phase change of water; at a constant pressure the average specific heat capacity can 

be calculated in equation (2.3): 

𝜌𝐶𝑝 = (1 − 𝜙)𝜌𝑠𝐶𝑝,𝑆 +  𝜙𝑆𝑟𝜌𝐿𝐶𝑝,𝐿 + 𝜙(1 − 𝑆𝑟)(𝜌𝐴𝐶𝑝,𝐴 + 𝜌𝑉𝐶𝑝,𝑉) (2.3) 

Where: 

𝜌𝑠 = density of solid material 

𝜌𝐿= density of liquid water 
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𝜌𝐴 = air mass concentration 

𝜌𝑉 = water vapour (gas phase mass concetration) 

At constant pressure: 

𝐶𝑝,𝑆 = specific heat capacity of solid sample  

𝐶𝑝,𝐿 = specific heat capacity of liquid water 

𝐶𝑝,𝐴 = specific heat capacity of air 

𝐶𝑝,𝑉 = specific heat capacity of water vapour 

However, if there is a temperature differential between the internal and external temperature 

of the material it can be associated to latent heat (as demonstrated in Figure 2.9) which will 

be further discussed in section 2.5.2. 

 

2.4.2. Hygrothermal ability of earth  

 

Pore network and geometry have a large impact on the microstructural effect of the material 

as fully identified by Fabbri and Morel (2016). It was particularly highlighted the effect of water 

transport throughout the material and consequentially, its effect on hygrothermal performance 

of the material; particularly this is due to the chemical affinity that exists between the water 

and clay molecules (Hall and Allinson, 2009a). The ability to measure the effectiveness of how 

hygroscopic building materials function can be calculated via its Moisture Buffering Value 

(MBV) which will be further discussed within section 2.5.1.1. 

 

2.4.3. Limitations using earth  

 

Despite the environmental benefits, the use of earthern materials and construction has some 

drawbacks. These are generally associated to the exposure of buildings as earth is highly 

sensitive to deformation (Müller, Miccoli and Fontana, 2016)  due to its hydrophilic behaviour. 

Buildings respond to their exposure conditions in a variety of ways as explored in Minke 

(2013); structural cohesion deformation and cracking are associated to having direct contact 

with water (Bui et al., 2009). Examples of deformation to earthern structures are:  weathering, 

thermal expansion and shrinkage, mechanical impact and  biological susceptibility (Gomes, 

Faria and Gonçalves, 2018). These key issues affecting earth construction can be grouped 

into three main categories: structural, environmental and chemical – which have been 
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organised within Table 2.1. Due to the inherently different physical and chemical properties of 

different earth, construction typologies and environmental conditions no two earth based 

buildings may face the exact same deformative issues (Ma, 2018). This deformation can occur 

in the short, medium and long term damage mechanisms at a micro or nano scale to create 

macro-sized cracks. Further to this, in terms of their implementation as building materials there 

is no current unified standard. Despite this, within 2016 a RILEM (International Union of 

Laboratories and Experts in Construction Materials, Systems and Structures) Technical 

Committee (274-TCE) has been set up to determine “testing and characterization of earth-

based building materials and elements.  

 Table 2.1. Issues affecting degradation of earthen construction. 

 

2.5. Moisture transport in bio-based building materials 
 

2.5.1. Bio-based materials hygrothermal properties 

 

The ability of bio based materials to relate relative humidity initiates the passive control of the 

local hygrothermal environment for which they are in (McGregor et al., 2016). By adding 

insulation as a retrofitting tool, to a residential  building this also helps to reduce the heating 

energy in addition to acting as a view to reducing the demand of heating and cooling costs 

(Binici, Aksogan and Demirhan, 2016). Offsetting this energy requirement will act as a direct 

alleviation to the overall energy consumption of each home, city and overall countries efforts 

in an attempt to curb global warming. 

 

Structural Environmental Chemical 

Thermal expansion/shrinkage 

causing cracking 

Weathering (including rain and 

wind) 

Delamination/Detachment due 

to incompatibility 

Water adsorption/absorption 

Poor construction/finish quality 

Chemical attack Temperature change (Freeze 

thaw cycles) 

Crazing Biological susceptibility (both 

pathological, vegetal and 

biological growth) 

Salt crystallization 

Settlement of walls Disaggregation 

Lack of physical connections 

with building components 
Human and animal activity 

Flaking 

Blistering 
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As a fundamental basis, all materials are affected by parameters such as temperature and 

relative humidity explored in Jerman and Černý (2012). A high performing hygrothermal 

material have the ability to ‘self-regulate’ and buffer relative humidity. Bio-based insulation 

materials have hygrothermal characteristics, which make them ideal for indoor relative 

humidity buffering. Insulation materials respond to seasonal adjustments in temperature in 

relative humidity due to their specific thermophysical properties. As effective insulator 

materials, they must have thermal comfort of the occupants at the centre of their 

characteristics – to be cooling in the summer and reduce heat requirements within the winter. 

The heterogeneous nature of bio-based and evolving climatic conditions ensure that a ‘one 

size fits all’ approach is insufficient in order to maximise the 

intrinsically beneficial hygrothermal characteristics (Brás and Gomes, 2015). Therefore, the fit 

for purpose bio-based materials requires the analysis of relevant properties as presented 

below. 

 

2.5.1.1. Moisture buffering 

 

Understanding a materials ability to dynamically react to a changing hygrothermal 

environment can be calculated by finding is moisture buffering ability. Whilst it is known that 

there is a standard technique for determining this (by taking the mass of the sample within 

adsorption and desorption phases) the conditions surrounding it has come under disrepute. 

Current standards available for the MBV test are a German industrial normative DIN 18947  

(DIN, 2013),  NORDTEST Protocol  (Rode et al., 2005), International standard ISO 24353  

(ISO, 2008) and Japanese standard JIS A 1470-1 (JIS, 2002).  As outlined in McGregor et al. 

(2016) and Roels and Janssen (2006). These standards utilise step changes in RH and regular 

mass taking to measure the gain in mass during absorption and loss of mass during 

desorption. However, the differences between these standards is within the hygroscopic 

parameters and length of time required for the step changes for adsorption and desorption 

phases are demonstrated in Table 2.2. 
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Table 2.2. Moisture buffering parameters. 

Test Preconditioning 
Temperature 

(oC) 

Adsorption 

phase RH 

range (%) 

Desorption 

phase RH 

range (%) 

Time steps 

Adsorption 

(hours) 

Time 

steps 

desorption 

(hours) 

DIN 

18947:2013 
50% at 23oC 23 80 50 12 12 

NORDTEST 

Protocol 
50% at 23oC 23 75 33 8 16 

ISO 24353 

(test conditions 

dependant) 

43/63/83% at 

23oC 

23 55/75/95 30/50/70 12 12 

JIS A 1470-

1 

(test conditions 

dependant) 

43/63/83% at 

23oC 

23 55/75/95 30/50/70 12 12 

 

Table 2.2. demonstrates that NORDTEST Protocol is the only protocol to not equally split the 

adsorption and desorption periods. It could be considered that as the occupant behaviour 

within resident dwellings ensures there is a dynamic environment that cannot be classified as 

simple as two equally weight lengths of time. Within a home, relative humidity could be raised 

due to a variety of factors such as cooking, breathing and showering. Therefore, when 

considering the moisture buffering behaviour of porous materials within these environments, 

the test conditions must be a true representation of the hygrothermal environment where it will 

be implemented within. The hygrothermal conditions that the experiments are conducted 

within are not unified which makes literature comparisons extremely difficult. Table 2.2 also 

shows that the JIS and ISO standard are the same, a further comparison of the methods 

demonstrates that all the tests operate at the same isothermal conditions of 23oC. In addition, 

different building materials will have different responses to the moisture loads they are 

surrounded by. The moisture loads materials are exposed to had a great effect on the 

materials MBV performance, as explored in Lengsfeld, Holm and Krus (2007); Yang et al. 

(2012).  The  number of cycles from initial to a stabilised MBV would therefore depend on 

moisture loading as moisture content within the samples would vary the outcome to the 

hygroscopic investigation as demonstrated within Cerolini et al. (2009) and Zhang, Yoshino 

and Hasegawa (2012). This hygroscopic response of the materials is attributed to the 

governing of the samples water vapour permeability and moisture capacity (Delgado, Ramos 
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and De Freitas, 2006). These were categorised by Ge et al. (2014) Into three groups: 

Group A: High moisture capacity and low vapour permeability 

Group B: Low moisture capacity and high vapour permeability 

Group C: High moisture capacity and high vapour permeability 

This categorisation will give a better indication of the pore structure within the samples due to 

the moisture transport within it. 

When reporting the results of the tests in Table 2.2, JIS and ISO require the reporting of the 

mass within the adsorption and desorption phases and the rate of each phase but only for the 

first 4 cycles. By comparison, NORDTEST protocol requires the calculation of Moisture 

Buffering Value (MBV) (equation (2.4)). 

𝑀𝐵𝑉 =  
𝑚𝑎−𝑚𝑑

𝐴∆𝜑
 (2.4) 

Where:  

ma = Mass of sample at end of moisture adsorption stage (g)   

md = Mass of sample at end of moisture desorption stage (g)  

A = Exposed surface area of sample (m2)  

∆φ= Difference in RH between adsorption and desorption stage (%) 

 

Within NORDTEST, MBV is calculated when samples are in a quasi-steady state over 3 cycles 

where samples mass change differs by no more than 5%. Once samples have stabilised they 

are then classified by their MBV as per Figure 2.10. 

 

 

 

 

 

 

 

Figure 2.10. MBV Classification (Rode et al, 2005). 

From calculating MBV, a comparative analysis of a materials performance is a greater MBV 

denoting a better performance. The MBV of common building materials was explored within 

Rode et al. (2007) and Collet and Pretot (2012) Particular difficulty comparing MBV of different 
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materials is that due to there not being a singular, streamlined test method with specific 

parameters whilst results could be discussed, studies cannot be directly compared. 

 

It could be considered that MBV may not be a true classification tool but a factor in decision 

making of material benefits. This is as it only measures water absorption rather than 

understanding any other characteristics the sample may be affecting for example IAQ and 

reduction of VOCs (Kunkel et al., 2015). As previously mentioned, as JIS and ISO standards 

only require the first four phases which may not give a truly representative value for the 

materials as it has not reach equilibrium with its hygrothermal environment. Whilst the 

hygrothermal environment is arguably the most important variable for these tests other factors 

that can affect the moisture buffering ability include: exposed surface area and depth of 

samples, air velocity within climatic chamber and time taken to achieve the step change in 

relative humidity. 

2.5.1.2. Water Vapour Permeability  

 

This property demonstrates a porous materials ability to transfer moisture when exposed to a 

vapour pressure gradient as a nonlinear function of the equilibrium between the sample and 

environmental relative humidity. Collet et al. (2008) outline that this moisture movement is 

dependent on three factors: diffusion, effusion and liquid transfer. Values of water vapour 

permeability are calculated using wet or dry cup methods as per BS EN 12572-2016 (CEN, 

2016) EN 1015-19 (BSI, 1999d) and BS EN 15803 (BSI, 2010). Osanyintola and Simonson, 

(2006) highlighted that when combining bio-based materials into a vapour permeable wall is 

beneficial to occupant IAQ. Further to this Zhang, Yoshino and Hasegawa (2012) 

demonstrated that the vapour permeability also reduced moisture build up which could 

potentially extend the service life of a building material. The vapour resistance within a sample 

is directly related to the interconnectivity of the pores within a material (tortuosity). Outlined by 

Padfield (1998) a low vapour resistance equates to an improved dynamic moisture buffering 

capability.  

 

Another factor is that according to Zhang, Thiery and Baroghel-Bouny (2016) the diffusion of 

water within porous building materials is not only the tortuosity affects but also the remaining 

saturation within the materials microstructure. The literature has demonstrated that there is a 

significant dependency of WVP on the thickness of the sample (Vololonirina and Perrin, 2016; 

McGregor et al., 2017). 
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2.5.1.3. Sorption Isotherms 

 

By exposing and stabilising samples to regular increases in relative humidity, the sorption 

isotherm can be created. This gives an indication of the hygroscopic  and moisture storage 

capacity within the material. There are three layers of adsorption components which has been 

explored in Hill, Norton and Newman (2009a) and for this research project, within section 

2.5.3. The difference between adsorption and desorption loops can be identified as the 

hysteresis phenomenon. Although this phenomenon is not greatly understood, it can be split 

into 6 groups as per International Union of Pure and Applied Chemistry (IUPAC) classification 

loops as per Figure 2.11 ((IUPAC), 1986; Thommes et al., 2015). These shapes demonstrate 

that due to capillary condensation, larger RH tends to impact and increase the hysteresis 

within a material. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. IUPAC hysteresis loop classification (Thommes et al., 2015). 
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Further to just the raw materials, other building materials and their water sorption isotherms 

have been investigated in Karoglou et al. (2005) and Růžička and Diviš (2019). Particularly for 

common building materials, Figure 2.12 demonstrates how the adsorption capacity is affected 

by relative humidity. 

 

Figure 2.12. Isothermal adsorption curves for building materials (Minke, 2006). 

 

2.5.2. Latent Heat 

 

This is defined as the amount of heat that is required in order to facilitate a phase change in a 

material, without a change in temperature (Hawes, Feldman and Banu, 1993). The affects of 

latent heat has been relatively under researched but provides crucial information about how 

energy is exchanged within a sample. Within hygroscopic materials there is a constant 

dynamic state of vapourisation and condensing of water vapour on the surface of the material 

and as it travels through the pores of the sample. As the water changes state, latent heat is 

released; known as latent heat of condensation when water is on the surface of the material 

and adsorbed into the sample as liquid water (Rouquerol, 2014) and vice versa for latent heat 

of vapourisation. However, as this water is exchanged the latent heat that is produced during 

adsorption and desorption is not equal which can be attributed to the continual hysteresis as 

moisture is saturating throughout the sample (Callum et al., 2009). 

 

Within a residential property, there is evidence by Qin et al. (2009) demonstrated how heating 

load is affected by the latent heat exchange within a 20m2 office space. Where the interior 
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surface is covered with a hygroscopic finishing, heating energy was reduced by 6.5%. In 

addition Osanyintola and Simonson (2006) researched the effects that hygroscopic building 

materials have on latent heat exchange within a 12m2 bedroom shared by two people. The 

effectiveness of these materials resulted in around a 10% reduction in energy consumption 

due to latent heat of condensation. Holcroft and Shea (2013) demonstrated that using bio-

based composites can improve internal moisture buffering performance.  

Bio-based materials and their coating perform differently dependant on the moisture loading 

conditions. Further to this, the paper also demonstrates how latent heat can be coupled with 

moisture buffering experiment. It can be shown that due to the implementation of these 

passive materials, the greater the latent heat exchanges are, energy demand is reduced 

however further literature within specific application of building materials is lacking. 

 

2.5.3. Bio-based materials moisture transport mechanisms 

 

The fundamental mechanisms and hygrothermal ability of these materials are not fully realised 

but are loosely attributed ‘free’ hydroxyl groups within the literature (Holcroft and Shea, 2013). 

Sorption behaviour of bio-based materials was explored in section 2.5.1.3. but on a molecular 

level, a water molecule consist of at least 2 hydrogen atoms and one oxygen which are 

polar and affects material properties as it is has a spatially-unbalanced distribution of charge 

– ensuring it is permanently polarised (which is visually represented in Figure 2.13). By 

comparison, hydroxyl groups are a functional group that consist of a hydrogen atom covalently 

bonded to an oxygen atom (denoted with -OH) and a valency charge of -1. As a highly reactive 

group, it is quick to interact with other molecules and the literature suggests that these groups 

provide a site for the hydrogen bonding on the surface of natural materials. This mechanism 

and ‘likelihood’ of hydroxyl groups to interact within these bio-based materials forms the basis 

of their theoretical hygrothermal background. 

 

 

 

Figure 2.13. Dipole forces within water molecule. 

 

Research has demonstrated that as temperature and time fluctuates, the number of hydrogen 

bonds that are formed in liquid water by a molecule varies (Jorgensen and Madura, 1985). 
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The fundamental knowledge behind the hydroxyl group within a bio-based insulation material 

is incredibly important to understand the hygrothermal characteristics of these materials. The 

mechanisms and methods of diffusion of water and the way in which it moves through samples 

is important to understand as this will contribute to the hygrothermal performance of the 

material.  

Brunauer-Emmett-Teller (BET) theory on adsorption outlines three ‘zones’ of sorption in the 

isotherm curve (Rawat and Khali, 1999). Initially there is a monolayer adsorption, a multilayer 

adsorption and then capillary condensation. Within initial monolayer, adsorption is the critical 

element where water molecules initially bond with the different hydroxyl groups that exist within 

the surface layer of the material. The notion of different layers of adsorption within materials 

is also explained by Straube (2006) where the different sections for the moisture transport is 

within Figure 2.14. This Figure demonstrates than after initial adsorption of the top later, 

moisture moves through a sample to its interconnected layers and then to capillary suction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. Moisture transport within hygroscopic materials (Straube, 2006). 

 



45 
 

Another way in which moisture moves and a transport phenomena from a high relative 

humidity environment to a low relative humidity environment is explained via the Ficks Law of 

diffusion and equilibrium, on the assumption of a uniaxial direction (Célino et al., 2013). The 

issues surrounding these theories are that they apply a ‘blanket’ mechanisms for hygric 

materials and do not account for a constantly varying hygrothermal environment over a 

sustained period of time. Hydroxyl groups activities seem to be related to the hygrothermal 

behaviour of bio-based materials. However, the chemical and physical mechanisms behind 

this macro behaviour are not explicitly outlined by the scientific community which emphasise 

the need for answers.  

 

2.6. Understanding the differences between bio-based 

materials – the physicochemical impact 
 

Aside from recycled plastics, as defined in EN 16575 (CEN, 2014) bio-based materials can be 

further categorised into 2 key groups: vegetable or animal fibres, but for the purpose this 

research will be denoted as cellulosic and keratin based. It has been well understood that bio-

based materials have passive hygroscopic properties. To investigate the difference between 

these two groups of materials, a further review of their properties should be carried out. 

 

As previously mentioned, bio-based insulation samples tend to be hygroscopic and therefore 

the moisture content greatly affects the materials thermal conductivity (as explored in (Gur’ev 

and Khainer (1999) and Jerman and Černý (2012)). Investigations into the characteristics of 

natural materials (such as wool) at daily, household temperatures was explored in 

Karamanos, Hadiarakou and Papadopoulos (2008) and offers an insight into when water 

becomes trapped within the wool it limits the materials ability to act as an insulator in its 

entirety. This is due to water having a much greater thermal conductivity value than that of air, 

so when materials are saturated in comparison to their dry state acts as a poor insulator – as 

explained in D'Alessandro et al. (2018). The effect of moisture having a linear relationship with 

thermal conductivity is also explained in Troppová et al. (2015) where wood and wood-

based materials are characterised as the effects of moisture content on thermal conductivity 

value of wood-based fibre boards.   

 

Understanding these bio-based materials on a microscopic level is as imperative as the 

macroscopic understanding as it will give an insights into why they intrinsically behave in a 
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certain way. Aside from recycled plastics/hydrocarbon bio based materials can be understood 

to be cellulose or keratin based and will be analysed separately. 

 

2.6.1. Cellulose based 

 

Within these type of materials, moisture mechanisms have not received sufficient research 

attention, where it has been demonstrated that cell wall polymers within have different bonding 

sites in including hydroxyl, carboxyl and sulfonic acid groups. Jiang et al. (2019) demonstrated 

how the microstructure and chemical composition could affect specifically the performance of 

fibres and shiv from hemp and flax. It also demonstrated that different parts of the material 

(i.e. the shiv compared to the fibre of the sample plant) had a different hysteresis behaviour 

and how different sorption sites affect their sorption performance. 

 

The ‘cellulose based’ materials are manufactured from waste wood and these are utilised 

within these insulation materials as it comes from a variety of sources such as residual wood 

from industrial processes but also recycled wood (Yorulmaz and Atimtay, 2009). On a cellular 

level, the key chemical components of wood based materials rely on cellulose as the main 

strength element within the material, hemicellulose binds monocrystalline hydrophilic cellulose 

with amorphous hydrophobic lignin. Lignin is hydrophobic and its role within the material is for 

structurally support the materials whilst the carbohydrate (namely, cellulose) is 

hydrophilic. Formed by covalent bonds, cellulose maintains rigidity by transferring stress in 

order to reduce tensile stress and the formation of hydrogen bonds (Rahman, Hamdan and 

Hui, 2017). The structure of the cellulose within the material has a large and complex influence 

on the chemical reactions of this natural polymer. 

 

Naturally a complex material, wood is considered a ‘natural composite’ consisting of lignin and 

carbohydrates but due to species variation there is an element of anatomical heterogeneity 

(Tarrío-Saavedra et al., 2011). Lignin is a one of the most naturally abundant polymers and is 

located in the cell walls. By utilising thermal methods, heat flow is applied to wood-

based materials and pyrolysis products are produced which affects the thermal 

production.  As an inherently diverse natural insulation material, wood is a heterogeneous and 

anisotropic cellular material which depends on variations within both species and interspecies 

dependant (Adl-Zarrabi, 2004). In addition the location of the wood sample from within the tree 

(for example branch, trunk or roots etc.) will give differing material properties (Cancellieri, 

Cancellieri and Leoni, 2009).  
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Understanding the molecular structure of a material is crucial to optimise its behaviour. Aside 

from identifying the functional groups bond behaviour, a key benefit of utilising Fourier 

Transform Infrared Spectroscopy (FTIR) for cellulose based materials is that the transmittance 

can indicate Total Crystallinity (TCI), Intensity of Hydrogen Bonding (HBI) and Lateral Order 

Index (LOI) (Yang et al., 2017). TCI is calculated as the infrared crystallinity rate from Nelson 

and O'Connor (1964) comparing absorption bands at C-H cellulose at 1370cm-1 and C-H bond 

of cellulose at CH2 groups at 2900cm-1.  HBI considers the crystallinity of the molecule by 

examining the flexibility of the cellulose chains and the intensity of the hydrogen bonds within 

a sample (Poletto et al., 2012) by comparing the absorption bands at 3400 cm-1 and 1320 cm-

1. Finally, LOI determines the way in which the crystal lattice can variate within the crystal 

lattice (Corgié, Smith and Walker, 2011; Poletto et al., 2012) within crystalline zone at 1430cm-

1 band and amorphous zone at 898cm-1 band. Cai et al. (2011) suggests that the thermal 

stability of samples which are cellulose based are affected by the order of the crystalline. 

Therefore, the greater the LOI the more thermally stable the sample is. 

 

Outlined in the literature, wood is affected by high relative humidity as its hygrothermal and 

capillary characteristics are affected within increased environmental water vapour and takes 

this moisture into the cell wall and cavities of the wood. In turn, this affects the dimensional 

stability of utilising these materials in construction (Temiz et al., 2008) but actually boosts their 

utilisation as a hygrothermal buffer.  

 

2.6.2. Keratin based 

 

Wool consists of many different amino acids that are linked together by peptide bonds to form 

polypeptides. Within the wool formation, keratin is formed of a α-crystal and β crystal. From 

the keratin molecules, these amino acids are formed from the core elements of Carbon, 

Hydrogen and Oxygen, the fibres chemical composition are keratin proteins which contain 

Nitrogen, Sulphur, Ash (comprising of calcium, phosphorus and sodium) (McGregor, Liu and 

Wang, 2018). As an inherently complicated bio-based material, wools amorphous hygroscopic 

properties and as there is a polarity within the peptide groups of the macromolecule, salt 

linkages within the polymer (Micheal and El-Zaher, 2003; Osman and Abd El-Zaher, 2011; El-

Amoudy and Osman, 2012).   Due to intrinsically natural variations, wool insulation within this 

research is comprised of several different breeds of sheep and equally a variation in diet and 

age. Consequently, the amino acid and proteins within the wool will be heterogeneous.   
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Under normal atmospheric conditions wool contains around 15wt % absorbed moisture 

content. This relatively high moisture content within the material is a key consideration when 

investigating the hygrothermal conditions of these materials as this residual moisture may 

affect the material utilised in further experiments. Whilst the exterior of the material is 

hydrophobic, the interior is hygroscopic ensuring that the exchange of water can flow in and 

out of the sample but repels liquid water from the surface (Gibson, 2011).  As outlined in 

Palumbo (2015) bio-based materials in hygrothermal environments are considered as a 

dynamic 3 phase system where there is the solid (sample matrix), liquid where the water 

vapour adsorbs to the surface of the samples (and therefore travels through the sample as 

liquid free water) and gas where the water vapour and air within the samples pores are. These 

materials ability to act as a hygric buffer is due to the continual equilibrium between these 

three dynamic states experience and their environment.  

 

When the local hygrothermal and RH of the environment for which wool is in changes, the 

fibres exhibit a change in temperature, as the water vapour is adsorbed into the wools fibres 

it condenses and latent heat of sorption is produced as explored in Romano et al. 

(2019a) .  Even as a bio-based material, wool is naturally flame resistant due to its protein 

structure and chemical composition associated with high content of nitrogen and sulphur 

(Üreyen et al., 2018) and when set alight is easily extinguished as it generally burns slowly 

(Johnson et al., 2003) – demonstrating this material’s natural flame retardant nature 

(Forouharshad et al., 2011). 

 

2.6.3 Thermal methods for analysis for bio-based materials physicochemical 

characterisation 

 

The thermal degradation of bio-based materials has been explored by different researchers 

regarding individual cellulose and keratin based materials but there is very limited literature 

using a combination of these materials. As explained within Jerman and Černý (2012) 

highlighted the importance of  thermal energy storage or thermoregulation, an evaluation of 

thermal performance is important as thermal and hygrothermal parameters depend on both 

the temperature and moisture content of a material . By exploring the relationship between 

relative humidity and biochemical reactions within these materials it can be demonstrated how 

these bio-based materials fundamentally differentiate. Despite this, the drawbacks of using 

these materials are the inhomogeneity due to external factors that the bio-based materials 

may experience such as seasonal variations, location/climate and earth conditions etc.  
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Thermal methods enable to analyse the properties of materials as they change with 

temperature. Different methods can be used and they are distinguished from one another by 

the property which is measured as per Figure 2.15. 

 

 

Figure 2.15. Parameter and methods of thermal analysis (based on (Feist, 2015)). 

 

A key benefit of using thermal methods is that they provide quick and reliable results for the 

characteristics of materials. These include dehydroxylation which can be identified and 

denotes whereby heating a hydroxyl group is released and therefore a water molecule is 

formed (Frost and Vassallo, 1996). However a drawback of this method is that as there is such 

a natural variability of different bio-based materials, different thermal conditions in which they 

are experimented will give differing results (Bernal et al., 2017).  Due to its repeatability, 

thermal analysis is utilised as a method of characterising heterogeneous organic materials 

(Tsujiyama and Miyamori, 2000).  The importance/impact of the hydroxyl group on building 

materials properties could not be found within the literature.  
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2.6.3.1. Differential Scanning Calorimetry 

 

For Differential Scanning Calorimetry (DSC) measure the heat flow changes versus 

temperature or time. From the thermograms that are produced, endothermic reactions 

demonstrate information from the samples melting and transitioning in their phases, pyrolysis 

and evaporation whilst exothermic reactions give information on crystallisation, combustion, 

chemical reactions and decomposition (Ball, C. Mcintosh and Brindley, 1999). DSC 

thermograms consider the peak of an endothermic reaction as the melting point. Peaks whose 

area corresponds to the enthalpy involved within the process – the shape of this peak 

demonstrates if the phase change is exothermic or endothermic. A change in heat flow within 

a sample demonstrates a change in the heat capacity of the sample. This methodology uses 

only a small sample size (milligrams) and provides quick and reliable results (Tsujiyama and 

Miyamori, 2000).   

 

2.6.3.1.1. Specific Heat Capacity  

 

Specific heat capacity, Cp is the amount of thermal energy required to heat a substance by 

1oC, therefore the greater the value of Cp the larger amount of energy required to increase 

the temperature of the material under consideration (Brown, 1997). This particular thermal 

parameter is important as it manages thermal properties including thermal mass and latent 

heat.  

 

This methodology of Cp can be done so in two ways: statically and via DSC. Problems 

associated to utilising the static method is that the experiment is carries out at laboratory 

conditions. However, the benefit of utilising DSC this test ensures that a full temperature range 

within the materials service life is examined. This is particularly important for many different 

applications. Due to the wide-spread application of building materials across the world, the 

temperature range that these materials will experience is not always in line with the static 

conditions of the laboratory tests. Further to this, a continual increase in heating rate could be 

useful for fire engineering and assessing the flammability of samples. Huang et al. (2016) 

demonstrated the use of this methodology for raw Moso bamboo to calculate the Cp from 0-

25oC. A key piece of literature for calculating Cp is by Pooley et al. (2019) which explores 

common building materials which is the only piece of literature of its kind. 
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2.6.3.2. Fourier Transform Infrared Spectroscopy (FTIR) 

 

In different environments of electromagnetic radiation (EM), chemical bonds in organic 

compounds absorb at differing intensities at different frequencies causing peaks and signals 

to form a spectra. This method of spectroscopy aids the determination of chemical structure 

of bonding of functional groups, and can be split into two core sections: functional region and 

fingerprint region. For the functional region, its range is approximately 4000 – 1450 cm-

1 whereas the fingerprint region (specific for each material) is from 1450 – 600cm-1 (Rees, 

2010). The literature has demonstrated that each spectra demonstrate the functional groups 

according to the peak positions for every sample (Ferraro and Basile, 1978).  

 

2.6.3.3. Thermogravimetrical Analysis (TGA)/ Derivative thermogravimetry (DTG) 

 

Thermogravimetrical Analysis (TGA) measures mass change versus temperature or time. 

Performing thermal analysis such as TGA and derivative thermogravimetry (DTG) on these 

bio-based materials enables to develop the understanding for the way the reactions within the 

materials take place as a function of temperature and determines the thermal decomposition 

kinetic parameters (Prime et al., 2008). 

 

Temperature changes cause alterations in the physical and chemical properties of bio-based 

materials, which can reflect on their hygrothermal behaviour and influence the overall 

properties of the final product. Chemical reactions such as hydrolysis, oxidation or reduction 

may be promoted, or physical changes, such as evaporation, melting, crystallization, 

condensation, etc may occur. A better understanding of the influence of temperature on the 

properties of bio-based materials enables to optimise processing conditions and tailor the 

product quality. It is therefore important to utilise analytical techniques to monitor the changes 

that occur in bio-based materials when their temperature varies. These techniques are often 

grouped under the general heading of thermal analysis. 

 

More broadly, the thermal effects of a material are due to the re-distribution of internal energy 

within a system. This thermal response will ensure that the thermal behaviour of these 

materials will help an indicative understanding of these composites that previous research has 

neglected. Therefore, it is appropriate to ascertain some certainty for temperature-dependent 
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behaviour of these earth mortar composites over differing service life temperatures and 

beyond.  

 

2.7 Limitations of bio-based building materials 
 

2.7.1. Hysteresis phenomena  

 

The inability for a material to ineffectively adsorb and desorb at the same rate and water 

becomes ‘trapped’ within the samples, these phenomena is known as hysteresis. From the 

literature it can be understood to be two causes of hysteresis where one is outlined by Hill et 

al. (2012) and within the inter-microfibrillar matrix there is a polymer relaxation that occurs 

when hygroscopic materials experience within a sorption isotherm. Another explanation 

examined by Engelund et al. (2013) demonstrates known theories of adsorption such as the 

ink bottle effect, capillary condensation hysteresis and contact angle hysteresis to the small 

linkages between large voids of adjoining pores because of the smaller diameter entry pores. 

 

The behaviour of hysteresis was explored within Lelievre, Colinart and Glouannec (2014) 

where the optimal hygroscopic performance was reduced. In addition, the samples that are 

strongly hygroscopic will be affected the most which would demonstrate the effect of 

hysteresis more prevalently (Feng et al., 2015). These results also agree with work by Hall 

and Allinson (2009b) where there is a clear relationship linking saturation levels and an 

increase in thermal conductivity (Gourlay et al., 2017). The effect of hysteresis ultimately limits 

the functionality of the capacity to adsorb as it reaches saturation point, which limits 

functionality of the material as it will be unable to perform efficiency but is measured via 

moisture buffering value (MBV) and moisture buffering capacity (MBC). Understanding how 

hysteresis occurs but also how it affects performance is not a ‘one size fits all approach’. 

However, the literature does not explicitly outline why a material has better hygric properties 

on a molecular level in order for the hysteresis effect to be optimised. Factors affecting the 

quantity of hysteresis within a material can be dependent on the materials hygric history but 

more fundamentally, Hill, Norton and Newman (2009a) explored how the water vapour 

sorption affects different bio-based fibres. It demonstrated that hysteresis between phases of 

adsorption and desorption isothermal is specifically dependant on the bio-fibre itself.  
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2.7.2. Legislation and Building Standards 

 

The use of ‘green energy’ by countries intends to lower fossil fuel emissions and the overall 

global warming effect. To do so, protocols, regulations and the growing demand for the 

utilisation of bio-based building materials has never been greater (Liu et al., 2017; Burke and 

Stephens, 2018). Despite their low embodied energy, bio-based materials themselves have 

drawbacks due to the lack of European legislation surrounding embodied energy. Without 

sufficient regulation, the actual benefits of using such materials are much less measurable 

and classifiable (Scarlat et al., 2015). In spite of the legal pressures to reduce emissions within 

the U.K., Part L of the Building Recommendations are still yet to highlight and focus on the 

legislative significance of embodied energy and have tightened requirements for operational 

energy (Tingley and Davison, 2011). 

 

By only considering the operational energy rather than also including the embodied energy, 

any Life Cycle Assessment (LCA) of a project cannot be sufficiently calculated and the true 

carbon footprint of the project is erroneous. In comparison to large scale construction projects 

such as bridges have a much larger embodied energy in comparison to smaller scale buildings 

such as residential houses so the requirement to highlight embodied energy is going to be 

even more exaggerated for these super structures (McAlinden, 2015). In addition to building 

regulations and passed legislation various assessment tools aim to act as a method for 

defining a building’s performance (Jones and Brischke, 2017). There is currently no one, 

singular, harmonised assessment method for building performance however there are many 

European schemes that aim to do this such as: BREEAM (British Research Establishment 

Environmental Assessment Method), LEED (Leadership in Energy and Environmental 

Design), DGWB (Deutsche Gessellschaft fur Nachhaltiges Bauen) and HQE (Haute Qualité 

Environmentale). BREEAM is currently the most widely used for environmental assessment 

in the world (Crawley and Aho, 1999; BREEAM, 2008) however, a singular unified scheme 

(such as a Eurocode like assessment method) may still take a long while to come to fruition. 

As there is yet to be a singular method, the true benefits of using biobased materials cannot 

be truly demonstrated which is important to consider as this may impact their wider use within 

the construction industry at the moment.   
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2.8. Earth Composites 
 

Understanding the limitations of a material is extremely useful as it means that utilising the 

limitations in Table 2.1 can be utilised beneficially by other materials to be included, to improve 

the material properties. By combining raw bio-based materials within an earth based matrix to 

create this composite will potentially enhance the performance of the fibres. It will also improve 

the versatility of the material as a mortar panel will be much more useful than the fibres on 

their own. The ability to use earth as a part of an earth mortar contributes to its use as an 

extremely eco efficient and sustainable building material (Melià et al., 2014). In comparison to 

other (standard) mortars, an earth mortar composite is much more environmentally efficient 

as it has a lower embodied energy (Swan, Rteil and Lovegrove, 2011). The limitation outlined 

in Table 2.2 for high deformation under water adsorption/absorption (Fratini et al., 2011) will 

be utilised as a positive characteristic to enhance hygrothermal properties. 

 

2.8.1. Stabilisers 

 

To counteract this, a stabiliser must be used to further inherently improve structural strength 

and shrinkage cracking. The use of stabiliser has been notified as a requirement for improving 

the mix design of bio-based composites. Aside from organic binders such as outlined in 

Matalkah et al. (2017), Coppola et al. (2018) and Mukherjee and Achal (2015), however due 

to the lack of consistent and focused research, these have been discounted for this project. 

The main three binders utilised within construction materials are gypsum, lime and cement. 

Due to the high energy consumption of cement-based mortars, the search for a more 

environmentally conscious binder for earth mortars was required. The use of natural hydraulic 

lime has been utilised as it has many beneficial characteristics such as: a lower energy 

consumption compared to cement based mortars when created and its hygrothermal 

characteristics (as outlined by Cardoso, Eires and Camões (2013); (Iucolano, Liguori and 

Colella, 2013)). Similar to previous research, Gomes et al. (2017)) used both air-lime and 

hydraulic lime with varying weight of earth, increasing binder also increased water absorption 

coefficient. (Faria et al., 2015) investigated the behaviour of different binder content within an 

air-lime earth mortars, displaying increased thermal conductivity. 

 

These hygrothermal characteristics enable the mortar to permeate vapour transport within the 

matrix where cement would not be able to facilitate this movement. Whilst lime comes in many 

forms, to generalise, ‘limes’ are manufactured at 900-1100oC whilst their equivalent Portland 

cement is fired at 1200 to 1500oC (Naktode, Chaudhari and Waghe, 2014). This difference in 
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temperature between the materials demonstrate that the carbon dioxide (CO2) emissions are 

greater in Portland Cement due to higher energy input required to increase firing temperature. 

Further to this, whilst the lime also emits CO2 during the curing of lime mortars, CO2 is also 

partially adsorbed and therefore sequestration occurs –the net CO2 is lowered. The 

differences between using lime and cement as a stabiliser within a mortar has been explored 

by Srinivasa Murthy (2014)  

Further to the addition of earth and stabilisers, the incorporation of fibres to a mix design has 

been proven to be beneficial in terms of improving thermal characteristics by reducing thermal 

conductivity (Fabbri, Morel and Gallipoli, 2018) and improving compressive strength (Palumbo 

et al., 2016). As outlined in Laborel-Préneron et al. (2016) there are clear benefits of stabilising 

earth based samples but a balance should be struck between improving the materials 

properties versus the environmental impact. When combining the bio-fibres within an earth 

mortar matrix it creates a composite material. The creation of such composites has had a lot 

of research attention as it boosts the materials overall properties.  

 

2.8.2. Natural Hydraulic Lime (NHL) Composites 

 

Produced by heating a limestone with naturally occurring impurities and clay, NHL has been 

used for constructions purposes for thousands of years. Uniquely to NHL and unlike Portland 

cement, it has an innate water vapour permeability which gives it its unique hygrothermal 

properties (Ramamurthi and Sophia, 2016).  Utilising the A further benefit of utilising NHL is 

its burning temperature is approximately 1000-1250oC and by comparison to Portland cement 

which is 1400-1450oC (Sabbioni, Bonazza and Zappia, 2002). This difference in temperature 

means that NHL has an innate lower embodied energy before the production of any mortar 

has begun. Within this research project, the utilisation of a binder that can transport moisture 

molecules from the external environment to within the sample is crucial for boosting the 

moisture buffering potential. As a NHL, a pozzolanic admixture and hydrated lime and ability 

to continually sequester carbon dioxide during carbonation, makes it an ideal building material. 

Research conducted by Lanas, Sirera and Alvarez (2006) demonstrated that this ability of 

NHLs to utilising water vapour from its environment that when cured in different RH conditions, 

strongly enhances the tensile strength of the sample. Further to its mechanical properties, at 

different RH samples durability was also improved due to the porosity of the structure.  Di 

Bella et al. (2014) demonstrated that when combined with natural/bio-based fibres, the 

mechanical performance of NHL mortars was just as good if not surpassed by comparison to 

fossil fuel derived fibres such as polypropylene. 
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2.8.3. Influence of bio-fibres within earth mortar matrix 

 

2.8.3.1. Thermal behaviour 

 

There has been extensive literature, which demonstrates that adding bio-based materials 

reduces the thermal conductivity and optimises the insulative properties of an earth mortar 

matrix. Fundamentally, as the fibre content is increased, the mortar matrix is reduced and as 

the bio-based material replacement has a lower density it reduces the overall composites 

density and thermal conductivity. Values for the thermal conductivity of these mortar matrixes 

vary from 0.067-1.21 (W/(m.K)) ((Benmansour et al., 2014; Millogo et al., 2014; Labat, 2016; 

Mazhoud et al., 2017; Viel, Collet and Lanos, 2017). Aside from review papers, the 

characterisation of earth mortar includes either cellulose or keratin based materials. It is 

difficult to cross compare these types of composites due to the differences across the testing 

methodology and procedure.  

 

2.8.3.2. Mechanical properties 

 

Traditionally, fibres have been used as a reinforcement for earth based construction where 

straw has been used to reduce shrinkage cracks and optimised throughout the literature  

(Ghavami, Toledo Filho and Barbosa, 1999; Bouhicha, Aouissi and Kenai, 2005; Segetin, 

Jayaraman and Xu, 2007). 

 

These studies have demonstrated how the inclusion of fibres improves tensile strength but 

reduces compressive strength. As demonstrated in Table 2.2 a problem affecting the 

degradation of raw earth materials is the issue  of shrinkage (especially during drying) leading 

to cracks which is combatted by improving the matrixes plastic behaviour by incorporating bio-

based fibres which was investigated by Eid (2018). The other structural properties and how 

the earth mortar and bio-based materials interact to enhance these properties are 

demonstrated in Achenza and Fenu (2006), Galán-Marín, Rivera-Gómez and Petric (2010), 

Dove, Bradley and Patwardhan, (2016); Menasria, Perrot and Rangeard (2017) and Perrot et 

al., (2018). 

 

Other literature has also explored the use of other fibres in order to reinforce earth mortars 

with materials such as hemp (Hussain et al., 2019), hibiscus (Millogo et al., 2014), coir 

(Anggraini et al., 2015) and other raw bio-based materials as outlined in Laborel-Préneron et 



57 
 

al  (2016), Mesbah et al. (2004) and Fabbri, Morel and Gallipoli (2018). 

 

2.8.4. Fibre to Matrix Adhesion  

 

A limitation of the earth mortar and fibre interaction is the lack of bonding between the two 

materials. Due to the hygroscopic nature of the fibres, initially when combined within the 

matrix, the fibres swell with water and as they dry out a void between the fibre and matrix is 

left (see Figure 2.16). The poor adhesion between fibre and matrix, resulting in an overall 

reduction in strength characteristics (John and D. Anandjiwala, 2008). The interface between 

bio-based materials and the matrix it is surrounded in (specifically earth mortar within this 

context) is extremely important and within research conducted by Ghavami, Toledo Filho and 

Barbosa (1999) is governed by three key parameters. These are: 

1. The resistance of the earth in shear due to the surface morphology/surface roughness 

of the fibre 

2. As the earth shrinks, the compressive friction forces this creates on the surface of the 

fibre 

3. The earth’s cohesive properties 

Figure 2.16. Bio-fibre to matrix adhesion (Ghavami et al 1999). 

However it was also explored in Naaman and Najm (1991) that the compatibility with the mix 

designs will be examined outlined that there are 4 key elements which affect the compatibility 

and strength of bonds between fibres and the surrounding matrix: 1) chemical and physical 

adhesion 2) mechanical component of the bond 3) interlocking of fibre to fibre and 4) friction. 

As natural fibres degrade within specifically alkali conditions (Guo et al., 2019) this affects both 

structural and hygrothermal capability of the sample. 

 

In terms of the quality of adhesion, outlined in Alvarez and Vázquez (2006), it demonstrated 

how this can be evaluated by tensile/flexural testing but an Scanning Electron Microscope 

(SEM) image would demonstrate the morphology between the fibre and matrix. The 

improvement between this interaction has been researched and if necessary, acetylation is 

used (where alkali solutions are used to strip the initial surface layer, waxes or oils within a 
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fibre to improve the texture for adhesion) as used in Fatma et al. (2019). Other treatments that 

have been researched include the boiling of samples in water and oils (Ledhem et al., 2000; 

Merzoud, Fertikh and Habita, 2011; Achour, Ghomari and Belayachi, 2017; Fadele et al., 

2019). 

 

2.8.5. Thermal analysis 

 

The way in which ancient mortars have been analysed using chemical techniques  as outlined 

in Elsen (2006) and how different sample types and methods of preparation are explored 

Middendorf et al. (2005). Middendorrf outlines the different ways in which samples can be 

utilised in to optimise the investigation of the constituent materials. Corti et al. (2013) also 

outlines several different analytical techniques to categorise these complex mortars and 

research that has already utilised them. The utilisation of bio-based fibres in stabilised earth 

mortars has received much research attention. As outlined in B. Armel et al. (2017) the 

physicochemical properties of these materials and resultant effect on the mechanical 

properties of the final product has been the focus of little research. Further to this, the 

methodology has been traditionally used for conservation tasks and understanding heritage 

building materials but not for understanding the hygrothermal performance of construction 

materials. 

 

2.8.6. Alternatives to bio-based earth mortar composites 

 

Generally, ‘green’ insulation panels  can be realized by employing ‘Phase Changing Materials’ 

(PCMs) as outlined in Cui et al. (2015) and Baetens, Jelle and Gustavsen (2010) and bio-

based composite materials as outlined in Laborel-Préneron et al. (2016). Due to their large 

specific heat capacity, PCMs can increase thermal comfort as they have the ability to regulate 

indoor temperature (Al-Saadi and Zhai, 2013). Yet the energy required for the material to 

change phases (i.e. superheating) limits their application (Chen and Qin, 2016), enhancing 

the need to optimise bio-based composites. Bio-fibre composites can be developed using 

agro-waste which is widely available. Internal wall bio-based panels optimisation has been 

studied by other researchers (Arnaud, 2009; Pavlik et al., 2011; Latif et al., 2016; Latif et al., 

2018). However, the knowledge on the passive mechanisms and the hygroscopic 

characteristics associated to these materials is not fully realised. Further to this for their 

utilisation in the U.K, according to Mathis et al. (2019) the majority of melting temperatures 

(over 25oC) is higher than the average temperatures so would be ineffective for use within  

British climate.  
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2.9. Conclusion  
 

This literature review has aimed to understand the current typography, problems and 

requirement for a moisture buffering panel in residential properties and to understand the 

differences in bio based and earthen materials.  From this literature review, it is demonstrated 

that following research will have to ensure that the bio-fibre and earth mortar are optimised 

independently before combining the two materials together to create the composite. It is also 

clear that latent heat has a clear effect on the passive usage of these materials. 

Further to this, to the author’s understanding there is no research that demonstrates how 

relative humidity affects both cellulose and keratin fibres and also how they perform within 

earth mortar and their physicochemical properties.  From this literature review, the following 

research gaps have been found: 

 

2.9.1 Knowledge gaps in current literature  

 

• The effect of latent heat has on the hygrothermal performance of a bio-based material 

has not fully been realised. 

• The thermal stability of bio-fibres and their composites, especially within different 

relative humidities (RH) cannot be found in the literature.   

• Understanding how temperature effects the specific heat capacity (Cp) of bio-fibres 

and their composites over their service life temperature range cannot be found within 

the literature. 

• Bio-fibres and composites exhibit hygrothermal behaviour, but how their structural 

alters because of this cannot be found within the literature. 
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Chapter 3 – Characterisation of bio-fibres  
 

3.1. Introduction 

 

Within Chapter 2, it is demonstrated how bio-fibres have an innate ability to passively control 

indoor relative humidity as well as improving air quality and increase thermal comfort. To 

produce a panel that optimises the performance of these materials, it is crucial to understand 

which bio-fibres perform the most effectively and efficiently. This chapter will use laboratory 

experimentation to classify the physical (but in particular the hygrothermal and thermal) 

properties of 10 bio-based and 1 recycled thermoplastic polymer insulation samples, currently 

available on the market in the U.K. The best performing samples were selected for further 

experimentation in Chapter 4.  

3.2. Materials 
 

3.2.1. Materials Characterisation 

 

Ten samples of natural bio-based insulation materials and one thermoplastic polymer were 

analysed: four different types of (Sheep and recycled) Wool insulation, Hemp, Wood Wool 

Board (WWB), Saw Mill Residue (SMR), Wood Fibre (WF), Straw, Insulated Cork Board (ICB) 

and Polyethylene terephthalate (PET). All materials are currently available on the market 

within the U.K. (Figure 3.1a-k). For each test, samples were utilised ‘as received’ and where 

required for fibrous samples (such as wool), cut to size. For experiment, 5 measurements 

were taken. The properties of each type of bio-based material are listed in Table 3.1. 
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Table 3.1. Raw bio-fibre material characteristics. 

Sample ID 

 

Photo 

reference 

letter 

Sample 

Thickness 

(mm) 

Density 

(kg/m3) 

 

Thermal Conductivity 

(W/m.K) 

 

Wool 1 a 65 18 0.039 

Wool 2 b 75 31 0.035 

Wool 3 c 50 45 0.04 

Wool 4 d 40 30 0.039 

Hemp e 50 25 0.04 

WWB f 15 8 0.065 

SMR g 55 50 0.038 

WF h 60 145 0.041 

Straw i 60 200 0.0397 

ICB j 65 120 0.04 

PET k 10 13 0.04 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Natural bio-based insulation materials and one thermoplastic polymer tested, 

according to the information presented in Table 3.1. 
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3.3. Methodology 

 
3.3.1 Surface Morphology 

 

Once samples were selected, the surface morphology and material characteristics were 

investigated at micro-level. This was conducted by using a Scanning Electron Microscope 

(SEM) Quanta Inspect S device. The accelerating voltage of the SEM was 20 kV, with a 

filament voltage of 2.0 – 2.3, Emission Current (EC) of ~100 and a set auto-bias to an EC of 

100. Before testing, samples had a sputter coating in gold to prevent any charging of electrons 

to the sample.   

 

3.3.2. Density 

 

To compare the effect of moisture on the samples, both the dry and saturated density of the 

materials were calculated as per should be BS EN 1015-10 (BSI, 1999c). For each type of 

material, three specimens were analysed. Density of saturated materials was determined by 

completely immersing samples in water, periodically recording weight gain until mass was 

constant and saturation point was reached.  

3.3.3. Moisture Buffering Value (MBV) 

 

The Moisture Buffering Value (MBV) is a manifestation of the ability of a material to efficiently 

adsorb and desorb moisture in a dynamic hygrothermal environment. To prepare the samples, 

all materials were cut to ensure the same exposed surface area of 0.01m2. Samples were 

exposed to cyclic step changes of RH between 75% and 53% every 8 hours and 16 hours, 

respectively, at a constant temperature of 23oC. This is in accordance with both NORDTEST 

protocol (Rode et al., 2005) and ISO 214353 (ISO, 2008) – Figure 3.2 demonstrates the step 

change in RH over a single 24 hour cycle. 
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Figure 3.2. Step change in RH within climatic chamber over a singular, 24 h cycle 

To determine the Moisture Buffering Value (MBV) the following equation was adopted 

(Equation 3.1): 

  

𝑀𝐵𝑉 =  
𝑚𝑎−𝑚𝑑

𝐴∆𝜑
          (3.1) 

 

Where:  

ma = Mass of sample at end of moisture adsorption stage (g)  

md = Mass of sample at end of moisture desorption stage (g)  

A = Exposed surface area of sample (m2)  

∆φ= Difference in RH between adsorption and desorption stage (%) 

Apart from satisfying the two test conditions, the adopted hygrothermal conditions mimic a 

residential household and the occupant’s behaviour within the U.K. Samples were placed 

horizontally within the climatic chamber and wrapped in aluminium foil tape. All samples had 

a singular exposed surface area 0.01m2 (where other surfaces were covered in aluminium foil 

tape). 

3.3.4. Thermal Conductivity  

 

Thermal conductivity values of the as-received and moisture-saturated samples were 

recorded. This was carried out by using a thermal conductivity meter (ISOMET 2114) that 

features a 60mm diameter circular contact probe (see Figure 3.3). Thermal conductivity 

measurements were conducted at laboratory conditions of 21oC and 54% RH.  
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The thermal conductivity was measured in three differing states: dry, saturated and how the 

samples dynamically react to a changing hygrothermal environment within a climatic chamber. 

When in the chamber, thermal conductivity of the samples was recorded during at time 

intervals of 0, 8 and 24 h during the absorption and desorption phases.  

 

 

 

  

 

  

Figure 3.3. Saturated bio fibre thermal conductivity reading. 

3.3.5. Temperature evolution during transient behaviour  

 

To detect the temperature changes within the samples, thermocouples were located on both 

the surface and at 50% of the depth of the sample (as per Figure 3.4a). The K type 

thermocouples and data loggers are functional at temperature ranges of -40oC to 260oC and 

-250oC to 1370oC respectively, with a maintained resolution of ±0.04oC. 

 

 

 

 

 

 

 

Figure 3.4a. Bio-based samples with thermocouples attached. 

Samples within ‘Run 1’, were exposed to 10 cycles of 24 hours, where temperature values 

were recorded in 30 sec time intervals. The selection of 10 cycles is assumed to be the 

minimum number for a representative analysis of hygrothermal behaviour of each sample.  

According to Holcroft (2016) and Padfield (1999), there appears to be an optimum zone within 

the sample for detecting temperature changes. This area is an approximately 15-16mm thick 

material zone that starts from the surface of the sample towards its core (Padfield, 1999). This 

‘optimum zone’ is hypothesised to be the active layer of the sample (McGregor et al., 2017). 

Therefore, for the next cycle of testing (‘Run 2’), samples were scanned with thermocouples 
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on both the surface and at a depth of 15mm (see Figure 3.4b), where 22 cycles represents 

the final stabilisation of samples. 

 

 

 

 

 

Figure 3.4b. (L) ‘Run 1’ thermocouples arrangement and (R) ‘Run 2’ thermocouple 

arrangement. 

3.4. Results and Discussion  
 

3.4.1. Density of the materials 

 

The density values of the samples are illustrated in Figure 3.5a and 3.5b. When comparing 

density data from both dry and saturated samples, it is evident that moisture (and particularly 

when saturated) increases significantly with density of the sample. This is attributed to voids 

or air gaps between fibres, within the bio-based material, that are filled by water molecules 

rather than free flowing air. Low density values of dry samples indicate that the material is 

permeable enough as bonding sites for water molecules are readily available.  

As can be seen in Figures 3.5a and 3.5b, it is evident that the density values of Wool 1,2,3 

and 4 exhibit a substantial increase when samples are saturated. The increase in density can 

vary to values between 1.5 to 8 times of the dry density.  It has been hypothesised by Swift 

and Smith (2001) that this could be attributed to the microscale structure of wool itself and the 

hygrothermal conditions the sample is exposed to. Swift and Smith (2001) highlighted that 

depending on the hygrothermal conditions, the lipid layers that are disordered and dynamic 

may change positions. Therefore, as a direct response of being saturated, lipid layers may 

change positions and when in contact with water may swell to as many as 7 times of their 

original size. ICB exhibited the lowest dependency on changes between dry and saturated 

states. This could be attributed to the extremely slow water adsorption of water into cork cells 

in comparison to other bio-based materials such as the wood fibres (Rosa and Fortes, 1993).  

15mm Depth 

50% Depth 
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Figure 3.5a. Bulk density variation of samples in dry and saturated states. 

 

Figure 3.5b. Difference between saturated and dry density of examined materials. 
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3.4.2. Moisture Buffering Value (MBV) 

 

The MBV of the examined samples were determined for each individual cycle. The MBV for 

10 cycles is illustrated in Figure 3.6. MBV measurements were taken manually and due to 

accessibility issues to the climatic chamber over weekends, cycles 4, 5 and 6 have been 

excluded from Figure 3.6. 

 

 

Figure 3.6. MBV variation of each sample per cycle. 

In Nordtest Protocol (Rode, 2005) test, materials must be in a quasi-steady state, 

demonstrated by a variation in mass of less than 5% for 3 consecutive cycles. Due to the 

inherently variability of bio-based and recycled materials, all samples except for ICB, Straw, 

Wool 1, Wool 4, SMR and PET are in a quasi-steady state within 10 cycles. This is 

demonstrated within Figure 3.6 as it demonstrates MBV values fluctuation over the course of 

the hygrothermal cycles. It may be postulated, that the variation between each bio-based 

sample is a result of a probable micro-capillary network formations created during water 

molecules adsorption and desorption. As this process continues, for samples that are cellulose 

based, transient micro-capillary networks are formed within cellulose and lignocellulose fibres. 

Whilst in a constant cycle of adsorption and desorption within the chamber, capillary 

condensation becomes more apparent (Hill, Norton and Newman, 2009b). Due to their 

fundamental and inherently variable characteristics, different bio-based materials stabilise at 

different rates (McGregor et al., 2016). This explains the increased scattering within the MBV 

values for the different studied samples to sample as they react to the hygrothermal 

environment. 
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In addition to MBV values, the shape of the adsorption/desorption curve has received little 

attention. The adsorption/desorption curves can be seen in Figures 3,7a and 3.7b. These 

graphs demonstrate that some sample are losing mass from the start of the experiment. This 

is potentially due to  moisture within the sample being greater than the extra hygrothermal 

environment. Water molecules will then move across this moisture gradient  and will begin to 

adsorb once samples have acclimatised.
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Figure 3.7a. Change in mass during the 7th cycle of the 10 bio-based materials and 1 recycled plastic during a 24-hour cycle. 
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Figure 3.7b. Change in mass during a 10th cycle of the 10 bio-based materials and 1 recycled plastic during a 24-hour cycle.
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From Figures 3.7a and 3.7b it is demonstrated that the moisture adsorption and desorption 

process vary for the various studied materials. The comparison of cycle 7 and cycle 10 helps 

to demonstrate the differentiation of shapes materials experience before they are in a quasi-

steady state. Figures 3.7a and 3.7b also demonstrate the natural variation and evolution 

between the different materials throughout the entirety of the experiment. By comparing the 

differences between the graphs, they show a range of shapes; this explores the variety of 

ways in which water enters (during adsorption) and exits (during desorption). Previous 

research has solely focused on the prominence of MBV but doesn’t highlight the mechanisms 

of water transport. By understanding this, it would give a greater insight into the specific 

material hygrothermal properties;  the different adsorption/desorption curves for each material 

and can be categorised into the following groups: 

‘Group 1’  

Within this group, all samples initially adsorb moisture at a high rate for a period of 8 h and 

mass is constantly increasing (see Figure 3.8a). After 8 h, samples desorb moisture in a similar 

manner. This is mirrored in the desorption stage. Samples within Group 1, exhibit clear 

adsorption/desorption phases, having a peak after 8 h of exposure, which denotes the end of 

the adsorption phase. This adsorption/desorption curve shape corresponds to an 

instantaneous reaction to differential hygrothermal conditions. This behaviour clearly 

demonstrates the hygroscopic nature of the material having the ability to manage dynamic 

moisture changes. This is evidence that the material can dynamically react to differing 

hygrothermal environments. 

 

Figure 3.8a. Adsorption and desorption curves to show the categorisation of 6 samples 

within ‘Group 1’ (Romano et al, 2018). 
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 ‘Group 2’ 

The shape of the adsorption/ desorption curves of ‘Group 2’ samples exhibit an initially high 

absorption rate (see Figure 3.8b) for the first 2 h of exposure. After that, a clear change in the 

adsorption curve rate is depicted. The materials desorb moisture in a similar manner. The 

adsorption and desorption phases in this class of materials are distinct and separated by a 

peak in after 8 h of exposure. Although, the rate reduction is an evidence of the material losing 

its ability to efficiently manage moisture. This effect indicates that the material starts saturating 

as it can no longer retain water as efficiently. In the desorption phase, the material desorbs 

moisture less efficiently demonstrating its inability to remove efficiently moisture. Moisture 

retention will eventually lead to unwanted material decomposition. 

Figure 3.8b. Adsorption and desorption curves to show the categorisation of 2 samples 

within ‘Group 2’. 

 ‘Group 3’ 

Similar to ‘Group 2’, samples in this group adsorb moisture at a high rate for the initial 2 h of 

exposure. After that, moisture adsorption slows down significantly (see Figure 3.8c). On the 

contrary to the other groups exhibiting a peak after 8 h of exposure, – most of the samples 

within this group begin to desorb before the step change in RH. The adsorption/desorption 

curve of the samples in this group reaches saturation (a plateau within their 

adsorption/desorption curve) which corresponds to the inability of the material to exchange 
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moisture. 

 

 

Figure 3.8c. Adsorption and desorption curves to show the categorisation of 3 samples 

within ‘Group 3’. 

For optimal results, materials are expected to continuously exchange moisture in a dynamic 

manner. Thus, samples of ‘Group 1’ respond efficiently to differing hygrothermal 

environments, which is of primary importance when considering panels for indoor 

environmental comfort. The shape of the adsorption/ desorption curves has been used to 

categorize the samples within Figures 3.8a - c (see Table 3.2).  

 
Table 3.2. Categorisation of materials 7th Cycle and 10th Cycle through the adsorption/ 

desorption curve. 
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Sample ID 
Group Categorisation 

7th Cycle 10th Cycle 

Wool 1 2 2 

Wool 2 2 2 

Wool 3 3 3 

Wool 4 2 2 

Hemp 2 2 

WWB 2 2 

SMR 1 2 

Wood Fibre 1 2 

Straw 2 2 

ICB 2 3 

PET 2 3 
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Table 3.2 demonstrates that during the 7th cycle, this is not always the same group number as 

the final cycle categorisation.  When differentiating between materials, the MBV may not be 

sufficient information to decipher one material from another. However, by being able to 

categorise a materials adsorption/desorption pattern, a more informed decision of the 

selection of a material will be possible based on the desired characteristics.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. MBV of each material and its rating according to NORDTEST protocol, during 

the 10th cycle within climatic chamber. 

Figure 3.9 demonstrates the classification of materials within this study employing a 

methodology outlined in Rode et al. (2005). Out of 11 samples, 6 were categorised as ‘good’; 

these bio-based materials were studied more extensively. Samples were put back into the 

chamber for 22 hygrothermal aging cycles as outlined in Romano et al. (2018). The 

categorisation of samples from their final cycle are illustrated in Table 3.3. 

Table 3.3. Mortar composites moisture buffering properties. 

Sample ID 22nd Cycle 

Group Number 

Mean MBV Value 

(g/ (m2  %RH) 

MBV Classification 

(as per(Rode et al., 2005)) 

Wool 1 1 1.88 Good 

Wool 2 1 1.23 Good 

WWB 2 Did Not Stablise - 

SMR 1 2.06 Excellent 

WF 2 1.25 Good 

Straw 2 Did Not Stablise - 

 

ID
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From the six bio-based materials that were within the chamber, only four materials stabilised 

and therefore have a MBV for comparison. SMR has the most desired grouping of all the 

materials, whilst Wool 1, Wool 2 and WF have the same categorisation. When comparing 

there MBV, Wool 1 has the highest whilst Wool 2 and WF have very similar values. As there 

is only 0.02 g/ (m2 %RH) between them, this is not a sufficient differentiation between 

materials in order to select a preferential material. Because of this, the cycle group number 

must be considered in order to make a decision between Wool 2 and WF. As previously 

mentioned, Group 1 is the most preferential group due to its efficient moisture exchange. After 

22 cycles, Wool 2 has a group classification of Group 1 rather than WF, which is in Group 2.  

3.4.3. Thermal Conductivity and SEM micrographs 

 

For an insulating material to be successful, it needs to buffer the way heat is exchanged via 

radiation, convection and conduction (Callen, 1985). By measuring thermal conductivity, this 

acts as an indication of the ability for a material to conduct heat. As aforementioned, the 

thermal conductivity of the investigated samples was analysed. Figures 3.10a – 3.10v 

demonstrate the thermal conductivity of each sample within a single 24 h hygrothermal aging 

cycle, the samples surface morphology was investigated using  SEM.
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Figure 3.10b. SEM Image of PET Figure 3.10d. SEM Image of Wool 2 
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Figure 3.10a. PET - thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10c. Wool 2 thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10e. WF thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10f. SEM Image of WF 
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Figure 3.10g. Wool 3 thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10i. Hemp thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10k. SMR thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10h. SEM image of Wool 3. Figure 3.10j. SEM image of Hemp Figure 3.10l. SEM image of SMR 
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Figure 3.10m. Wool 1 thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10o. Wool 4 thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10q. ICB thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10n. SEM image of Wool 1. Figure 3.10p. SEM image of Wool 4. Figure 3.10r. SEM image of ICB. 
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By comparing the thermal conductivity of dry and moisture-saturated samples, it could be 

concluded that the material loses its inherent insulating ability when saturated (Shea, Wall and 

Walker, 2013). The thermal conductivity measurements obtained from the 11 studied 

materials can be classified into two different groups: those that exhibited identical and non-

identical thermal conductivity values before and after hygrothermal cycling. Specifically, the 

samples that exhibited identical thermal conductivity values were: Wool 2, Wool 4, WFs, 

Hemp, PET and SMR. Whilst, the samples that revealed dissimilar thermal conductivity after 

exposure were: Wool 1, Wool 4, Straw, ICB and WWB.  

The materials that revealed identical thermal conductivity values after exposure demonstrate 

a dynamic response to external hygrothermal changes. On the contrary, materials’ inability to 

return their initial hygrothermal state (even if exposed for only hours and later remained at low 

RH for 16 h), retain water molecules within the structure, which reduces their ability to buffer 
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Figure 3.10s. WWB thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10u. Straw thermal conductivity of dry, 

saturated within a climatic chamber during a 24-hour 

cycle 

Figure 3.10t. SEM image of WWB. Figure 3.10v. SEM image of Straw. 
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moisture and function as an insulator. The latter case refers to non-hygroscopic materials as 

highlighted in Zhang et al. (2017).  

Further experimentation would be required to demonstrate the impact on measurements 

through more cycles and to understand whether the difference between 8-h peak and dry 

thermal conductivity readings. As the difference between the materials will either exaggerate 

throughout the experiment as the water molecules potentially become trapped and degrade 

/dissolve the bio-fibres or as the hygrothermal conditions change, the gap is at its largest and 

then lessens as the materials stabilises within the environment.  

Figure 3.11a and 3.11b demonstrate the difference in thermal conductivity values as density 

varies within the two different states, that of dry and moisture-saturated samples. Within Figure 

3.11a there appears to be no general trend, however within Figure 3.11b a linear trend 

demonstrates that thermal conductivity increases linearly with density increase. There are a 

few of exceptions to this, where bio-based materials exhibit an unexpected behaviour to 

hygrothermal exposure due to their heterogeneous nature (McGregor et al., 2016). 

 

Figure 3.11a. Thermal conductivity against bulk density. 
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Figure 3.11b. Thermal conductivity against saturated density. 

However, some of the outliers in Figure 3.11a (such as ICB), could be attributed to the naturally 

occurring trapped air pockets and voids between ICB granules (see Figure 3.12). As presented 

within Brás, Leal and Faria (2013) not only this, but the microstructure of ICB is similar to a 

honeycomb providing further microscopic voids within the material (demonstrated in Figure 

3.10r). Furthermore, having such a relatively low saturated thermal conductivity value exhibits 

the difficulty of water ingress to ICB cells in comparison to other materials (such as WF). So, 

although this material has inherently low thermal conductivity value, its ability to be used within 

a ‘green panel’ with hygrothermal benefits is limited due to its low hygroscopicity. 

 

 

 

 

 

 

 

Figure 3.12. ICB with naturally occurring air pockets and voids on the surface of the sample 

circled. 
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In comparison to other materials such as wool (see Figures 3.10c, 3.10g, 3.10m and 3.10o), 

the voids are within the microstructure of the material rather than just between fibres. This 

contributes to how in the dry state, ICB can have a high density but equally low thermal 

conductivity. By comparing to previously conducted studies such as Millogo et al. (2014) and 

Bouguerra et al. (1998) the results within these papers align with them. When comparing 

Figures 3.10a and 3.10b it is clear that this data also correlates to the works of (Zach et al., 

2012), where the higher the bulk density of a sample results in a more restricted air flow 

through and between the fibres of a material, leading to less convection and therefore a higher 

thermal conductivity value.  

When comparing SEM images, it is evident that samples can be divided into 2 categories, 

those that demonstrate homogenous structure (see Figure 3.10r and 3.10v) and a more 

fibrous structure (in particular Figure 3.10p). A much more fibrous material indicates a 

multitude of plains for the material water molecules have a most ‘free space’ and voids to 

potentially fill and therefore more air pockets, equating to a lower thermal conductivity value.  

Table 3.4. Bio-fibres and dry thermal conductivity values in a dry state. 

Sample Name 
Dry Thermal Conductivity 

(W/ (m.K)) 

Wool 1 0.31 

Wool 2 0.063 

Wool 3 0.43 

Wool 4 0.42 

Hemp 0.58 

WWB 0.42 

SMR 0.094 

WF 0.47 

Straw 0.47 

ICB 0.042 

PET 0.21 

 

In comparison to data produced by Thieblesson et al. (2017) where thermal conductivity 

ranges from 0.09 to 0.045 W/(m.K) for samples, the data of this study represent high thermal 

conductivity values which would render the studied materials as poor thermal insulators. 

However, when considering the thermal conductivity readings for both dry and moisture-

saturated samples, it is important to consider that these materials have been through two sets 

of experiments within a climatic chamber in addition to being kept in a laboratory for week of 

fluctuating hygrothermal conditions. Furthermore, the results displayed in Table 3.4 are much 

higher than that of the thermal conductivity values as stated by manufacturers (as per Table 
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3.1). Because of this, it is understood that samples can be affected by long exposure to 

hysteresis.  

3.4.4. Temperature evolution during transient behaviour 

 

Moisture buffering characteristics of bio-based materials renders them ideal materials for 

passive energy reduction management (Simonson, Salonvaara and Ojanen, 2004; 

Osanyintola and Simonson, 2006; Qin et al., 2011). A reduction in energy requirements can 

be attributed to the latent heat exchanges within the sample. Within this research work, due 

to the continuous adsorption and desorption of water vapour within the bio-based samples 

there is an expectant latent heat exchange inherently to the structure of the bulk sample. Here, 

latent heat is attributed to the changing state of water (Hens, 2017). During the phase change 

between liquid water molecules and water vapour, latent heat is identified, especially during 

the step change in RH values. 

Figure 3.13 demonstrates the results from the thermocouples placed both on the surface and 

within the bio-based samples. It is evident from the Figure that there has been no change in 

temperature throughout the experiment. However, there is a distinct difference between the 

internal and external temperatures of the sample meaning that there is a heat flow. 

From a dynamic perspective, Figure 3.13 demonstrate that even after shifting the 

thermocouples the materials exhibit no changes in temperature per sample throughout the 

duration of the experiment. From a static perspective, there are some detected changes in 

temperature of samples when surface is compared to the temperature in the centre. This 

directly contradicts previous research that exhibits a change in temperature at a step change 

in RH (James et al., 2010; Holcroft and Shea, 2015). When comparing the duration of 

experiments, ‘Run 1’ lasts for 10 cycles of 24 hours whilst ‘Run 2’ lasts for 22 cycles of 24 

hours. It is evident from both runs that there was a clear difference in temperature. The clear 

differentiation in temperature from within the sample to the surface and as there is no external 

heat source; the elevated temperature can only be attributed to latent heat.  

Figure 3.14 displays that there is a multitude of characteristics between the different bio-fibres. 

Due to the temperature difference and due to their being no external heat source the 

temperature differential is due to latent heat. When considering the positive and negative 

values represented in Figure 3.14, these can be attributed to the latent heat vapourisation and 

condensation for which are not equal within all materials. SMR, Wool 1 and Wool 2 have equal 

temperature differential between Run 1 and Run 2 which demonstrates the ability for the 

material to stabilise within 22 cycles. However, WWB and Straw Run 2 demonstrates a high 

value in comparison to Run 1, despite Run 2 being 22 cycles is unable to stabilise within 10 
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cycles. Comparatively, WF exhibits a sustained negative temperature difference throughout 

both runs. 

Considering the thermodynamics within the samples, generally (with exception to only WF) 

Run 1 demonstrates that the surface temperature is greater than the temperature at the centre 

of the sample (displayed as a positive value in Figure 3.14). Therefore, heat flow absorption 

into the sample is vapourised and as latent heat of vapourisation is an endothermic reaction 

and requires enthalpy to complete the process, the heat is absorbed by water to vapourise it. 

Run 2 is the converse, where the temperature at 15 mm from the surface is greater than that 

of the surface temperature so there is a heat flow release from the sample – (displayed as a 

negative value is Figure 3.14). WF demonstrates constant latent heat of condensation 

throughout both Run 1 and exaggerated particularly within Run 2. It is hypothesised that due 

to the very nature of bio-based materials being intrinsically heterogeneous this could attribute 

that WF may not stabilise until after 22 cycles. 

Figure 3.13. Temperature change on the surface and within samples throughout 2 

experimental campaigns. 
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Figure 3.14. Temperature difference between surface and internal temperature per m2 of 

bio-based insulation sample. 

3.5. Conclusion 
 

As hygrothermal conditions are an integral factor to this research, the MBV results are 

considered of primary importance. The highest MBV value in addition to lowest group number 

categorisation ensures the material is efficient and effective in terms of moisture exchange. 

Results indicate that in to select a bio-based building material, simultaneously consideration 

of MBV and the shape of the final mass change graph is necessary to demonstrate 

adsorption/desorption characteristics of the sample. It was also found that only samples from 

SMR and Wool exhibited acceptable (MBV from 1 to 2 g/ (m2 %RH)) are one of the most 

promising as materials respond dynamic response to hygrothermal changes. Only half of the 

samples (Wool 2, Wool 4, WF, Hemp, PET and SMR, Wool 1, Wool 2) have the equivalent 

efficient moisture transfer to be able to desorb the same quantity of water. ’Green panels’ 

made of bio-based materials are expected to passively control hygrothermal conditions. 
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From the initial MBV, a total of 11 materials were tested, of which 6 that were categorised as 

‘good’, were tested further: Wool 1, Wool 2, WWB, SMR, WF and Straw. After these samples 

were then retested within the climatic chamber, the MBV categorisation results for Wool 1, 

Wool 2, SMR and WF were categorised as either ‘Good’ or ‘Excellent’ (see Table 3.3). 

Considering the shape of the final cycle, WF are categorised as ‘Group 2’ rather than ‘Group 

1’, showing the other three samples as having superior characteristics. Thermal conductivity 

analysis demonstrates that on saturation, values rises of samples increase, where material 

dependant, samples cannot desorb water as efficiently as it is absorbed (as demonstrated in 

Figures 3.10a-3,10v). On a microstructural level, the properties of each bio-based insulation 

material provide an explanation of their performance. After experimentation, two categories of 

samples were created. Preferable characteristics were revealed by the sample category that 

at the end of the cyclic exposure (whist in the climatic chamber), the samples reverse back to 

their dry thermal conductivity values. 

From the SEM images taken of the bio-fibres, it is demonstrated that the more fibrous samples 

have more potential air pockets, which would give an inherently lower thermal conductivity 

value. The SEM images demonstrate the fibrous nature of the samples and diversity of surface 

characteristics of the microstructure of bio-based materials. 

This chapter also demonstrates that latent heat can be detected in addition to also being 

further analysed and the categorisation of latent of vapourisation or condensation. When 

considering the temperature evolution during transient behaviour, materials can equally 

vapourise and condense (see Figure 3.14). This efficiency are the most preferable properties 

- the bio-fibres that demonstrated this are Wool 1, Wool 2 and SMR. Each of the different bio-

fibres will have a slightly different mechanism for reacting to the hygrothermal environment 

due to the intrinsic properties and characteristics of bio-based materials. Future 

experimentation will demonstrate the combination of the bio-based fibres with other 

environmentally conscious materials in to boost their thermal properties. For Chapter 4, the 

best performing top 6 samples (W1, W2, SMR, WF, WWB and STW) will be taken forward to 

understand their thermal properties utilising thermochemical analysis techniques. 
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Chapter 4 - Physicochemical characterisation of bio-based 

insulation to explain their hygrothermal behaviour  

 

4.1. Introduction  

 

From Chapter 2 there is clearly a wide range of research on the hygrothermal properties of 

bio-based materials. Chapter 3 further explored their physical properties, but particularly their 

hygrothermal characteristics. However, a gap in the knowledge within this sector is what actual 

mechanisms are undergone by these materials and how they physically and chemically alter 

under different relative humidity’s. The challenge is to understand the movement of heat and 

moisture through a material. Temperature changes can cause alterations in the physical and 

chemical properties of bio-based materials, which reflects on their hygrothermal behaviour 

and influence the overall properties of the final product. A better understanding of the influence 

of temperature via the thermal analysis on the properties of bio-based materials enables to 

understand the behaviour and optimise the material. This chapter will explore the 

physicochemical differences between the best performing bio-fibres from Chapter 3 and 

contribute to the fundamental knowledge of these mechanisms. 

4.2. Materials 

The bio-based materials utilised within this work are that of: Saw Mill Residue (SMR), Straw 

(STW), Wood Wool Board (WWB), Wood Fibre (WF), Wool 1 (WL1) and Wool 2 (WL2) (as 

outlined in 3.2.1). 

4.3. Methods  

4.3.1. Preparation and Stabilisation of Samples  

Samples were cut to approximately 5mm size pieces and were initially dried to BS EN ISO 

12570 (ISO, 2000). Each sample was tested ‘as received’ and untreated, then conditioned 

and stabilised within a climatic chamber for 24 hours prior to testing. The hygrothermal 

conditions of 53% and 75% were selected as they are utilised in Romano et al. (2019b) and 

reflect the results of full-scale laboratory environmental conditions testing of a residential 

property. Before samples were tested, the same mass for all materials was used where each 

material was tested 5 times to ensure accurate results. 

 

4.3.2. Thermogravimetry Analysis (TGA) and Derivative Thermogravimetry (DTG) 
 

As a quantitative technique thermogravimetric analysis (TGA) measures the mass change in 

a substance, as a function of temperature. As volatile compounds are lost, mass loss is 

demonstrated where the shape appears sigmoid in nature and graphically as a ‘step’. Utilising 
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this type of thermal analysis enables a deeper understanding of the thermal stability of the bio-

based insulation materials.  

 

 

 

 

 

  

  

  

  

Figure 4.1. TA Instruments, TGA Q50. 

 

For this research a TA Instruments, TGA Q50 was used (see Figure 4.1), where samples were 

under scan conditions of 25 to 300oC at a linear rate of 20oC min-1 under 

a Nitrogen atmosphere, using a circular, platinum crucible. 

 

4.3.3. Differential Scanning Calorimetry (DSC)  

As another quantitative method of thermal analysis, DSC measures heat flow rate Q (W/g), 

differences from the samples being tested to an inert reference material as a function of the 

temperature and time taken. This enables the thermal properties such as melting/freezing 

temperature, sample specific heat capacity and the latent heat capacity of the sample to be 

measured. A Perkin Elmer DSC 7 was utilised (see Figure 4.2) with a temperature range 

of 25 to 300oC and heating conditions of 20oC/min in an oxygen free, nitrogen environment. 

 

 

 

 

 

 

 

 

 

Figure 4.2. A Perkin Elmer DSC 7. 
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4.3.4. Fourier Transform Infrared Spectroscopy (FTIR)  

This method of analysis utilises a wide spectral range simultaneously to collect an infrared 

spectrum, where each spectra demonstrates the functional groups according to the peak 

positions for every sample. Using an Agilent Technologies Cary 630 FTIR with a diamond 

crystal (see Figure 4.3), where each spectra was averaged over 128 scans and a 4000-

650cm-1 range.   

 

 

 

 

 

  

  

  

  

Figure 4.3. Agilent Technologies Cary 630 FTIR. 

 

4.3.5. Scanning Electron Microscopy (SEM)  

To understand the surface morphology of the bio-based materials, SEM was utilised as per 

the methodology for section 3.3.1 and within Figure 4.4. 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. FEI Inspect S SEM. 
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4.4. Results and Discussion 

  

4.4.1. TGA and DTG 

  

Performing thermal analysis on these bio-based materials enables to develop the 

understanding for the way the reactions within the materials take place as a function of 

temperature and determines the thermal decomposition kinetic parameters. For each sample 

results, the TGA and DTG will be presented (where DTG is the first derivative of TGA). For 

the purpose of these insulation materials to act as a hygric buffer, it is important to understand 

the reaction mechanism to heat them and how effectively bound water molecules evaporate.  

 

This is vital to know, in addition to their hygrothermal performance, to give a more 

comprehensive understanding of these materials rather than just at laboratory conditions. 

Factors affecting the maximum decomposition rate and the location of the TGA curve are the 

heating rate. Therefore, similar conditions to other works have been selected in order align 

with them. For each sample results, the TGA and DTG will be presented (where DTG is the 

first derivative of TGA).  

 

 

 

 

 

 

 

 

 

  

Figure 4.5. WWB sample on crucible before entering furnace. 

 

The TGA/DTG data for all samples can be found in Figures 4.6a to 4.6l. The objective of this 

analysis is to understand the thermal stability of the samples at different hygrothermal 

conditions (53% and 75% RH). By examining this at the specific temperatures within Table 

4.1, it will provide an adequate comparison of the material’s behaviour. Comparing the 

performance of the samples at different temperatures demonstrates the nature of the materials 

crystallinity. Due to the clear variation in mass loss between the samples, a comparison 

between temperatures of 100oC and 300oC are shown in Table 4.1, for 53% and 75% RH for 
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cellulose and keratin based materials.  Bio-based samples utilised within this research work 

are that of: Saw Mill Residue (SMR), Straw (STW), Wood Pellets (WF), Wood Wool Board 

(WWB), Wool 1 (WL1) and Wool 2 (WL2). 

 

Table 4.1. Weight loss of all samples at 100oC and 300oC. 

  

 

 

 

 

 

 

 

4.4.1.1. Cellulose based analysis regarding TGA and DTG 

 

The thermal degradation of wood-based insulation materials within this inert atmosphere is 

restricted by the proportions of constituent main components of hemicellulose, cellulose and 

lignin (Alén, Kuoppala and Oesch, 1996). The degradation of this material is a three-step 

process. Due to the wide variation in species and that the ‘waste wood’ may include different 

species of wood, the inherent differences between them the quantity and time taken for 

different mass loss of different samples will vary. 

 

For cellulose based samples, initial mass loss can be attributed to evaporation within the fibre 

from the adsorption of both intra and intermolecular reactions (Fairbridge and Ross, 1978; 

Martin et al., 2010; Liu et al., 2013). Extraction of water (by evaporation) can be demonstrated 

in cellulose samples up to 160oC (Gašparovič, Koreňová and Jelemenský, 2010). However, 

after this cellulose degradation occurs at approximately 185oC (Jabbar et al., 2016) and as 

temperatures reach approximately 220oC the total degradation of cellulose begins. This 

degradation of the cellulose marks to beginning of the degradation of the two step thermal 

degradation pathway of the fibre (Alabdulkarem et al., 2018). As temperatures increase, 

hemicellulose continues to degrade and further exposure to temperatures at approximately 

360oC begins the full degradation and charring of cellulose (Haiping et al., 2007; Ali and 

Alabdulkarem, 2017). It is evident from the Figures 4.6a to 4.6d that the degradation of these 

materials often overlaps and occurs in similar places. 

 

Sample  

 
Weight loss % at  

100oC  

 
Weight loss % at 

 300oC 

53% RH 75% RH 53% RH 75% RH 

SMR 7.129 5.155 34.112 34.699 

STW 4.403 8.846 32.731 26.176 

WF 6.565 6.268 15.033 15.278 

WWB 3.719 5.398 8.398 13.678 

W1 5.080 5.324 13.849 14.310 

W2 4.895 10.298 11.459 23.586 
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Table 4.1 demonstrates that SMR and WF, shows no significant differences between the 

temperatures at which water evaporates within the sample. However, there is a difference 

between STW and WWB for water evaporation at 100oC and 300oC. Samples have a larger 

weight loss when stabilised at 53% by comparison to those at 75%. This demonstrates that 

for these materials, a differing hygrothermal environment alters their thermal properties. When 

comparing the amount of weight lost, STW at 75% has the largest initial mass loss (in addition 

to both samples of WWB). This shows their initial highly hygric properties, affecting the mass 

loss of WWB samples but not as significantly as 75% STW. From these 4 samples, SMR and 

WF are the most thermally stable are those which have not altered, despite the dynamic 

hygrothermal environment. 

 

DTG was also used to understand the thermal stability of the cellulose based samples and 

samples experience three different steps: dehydration, active and pass pyrolysis (Fengel, 

1989). As previously mentioned, the degradation of these materials initially is absorbed water 

(dehydration), the second stage of peaks correspond to cellulose and hemicellulose (active 

pyrolysis). Hemicellulose is usually a smaller ‘shoulder peak’ to the cellulose ‘main peak’ 

(Gašparovič, Koreňová and Jelemenský, 2010). When lignin degrades, it exhibits 

(simultaneously) both active and passive pyrolysis over such a wide range of temperatures. 

Therefore it is extremely difficult to attribute what process is being observed for the curve 

within the curve (Haiping et al., 2007). The differences in temperature due to the different 

species of wood is outlined in González-Díaz and Alonso-López (2017) but is evidently a clear 

factor when considering the DTG curves in the following figures. For SMR, Figures 4.6a 

demonstrates that from 200-250oC when stabilised at 75%, the derivative peak is much more 

elongated and occurs over a shorter temperature range. By comparison to SMR at 53% this 

range is much larger and broadened demonstrating the results that in a differing hygrothermal 

environment there is a physicochemical change in SMR which will directly affect its 

hygrothermal ability. Understanding this offers fundamental knowledge for the mechanisms 

that affect these materials’ moisture buffering capability within an indoor environment. 
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Figure 4.6a. TGA (solid line) and DTG (dashed line) for SMR at 53% and 75% RH. 

 

 

Figure 4.6b. TGA (solid line) and DTG (dashed line) for WF at 53% and 75% RH. 
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Figure 4.6c. TGA (solid line) and DTG (dashed line) for STW at 53% and 75% RH. 

 

 

 

Figure 4.6d. TGA (solid line) and DTG (dashed line) for WWB at 53% and 75% RH. 
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4.4.1.2. Keratin based analysis regarding TGA and DTG 
 

TGA and DTG for W1 and W2 at 53% and 75% are demonstrated within Figures 4.6e to 6f. 

Research for the thermogravimetric analysis of wool mainly comes from the textile industry 

where it has been examined that the melting point of wool decreases with increasing moisture 

content (Cao and Bhoyro, 2001; Romano et al., 2019a) - outlined by Flory’s theory (Cao, 

1997). This is when wool encounters water molecules and interacts with the polypeptides 

when crystallites melt. Another factor affecting melting point is the stability of structures, the 

more stable the structure the higher the melting temperature as it can resist a greater amount 

of thermal degradation (Li, Hurren and Wang, 2019).  

 

Initial mass losses within sample W1 are overall lower than that of W2 and the derivative of 

W1 at both RH’s are similar. However, there is a greater increase in mass loss within 53% 

than 75% RH. By comparison, W2 has a larger peak for 75% at approximately 100oC 

associated to the moisture release within each sample. Water within samples takes 3 different 

forms: chemically bound water, loosely bound water and free water. Within a TGA curve these 

different types of water and the way in which it leaves the sample overlaps making it difficult 

to precisely identify (Rahman, Hamdan and Hui, 2017). The actual thermal and chemical 

degradation of wool molecules occurs at approximately 200oC  (Price and Horrocks, 2013). 

So, when comparing weight loss after the release of water (within Table 4.1) within the sample 

(before the chemical depletion of the molecule), it demonstrates that W1 has lost the least 

amount of mass therefore demonstrating its thermal stability. Overall it could be stated that 

due to the strong inner cross-linkages that the macromolecules have, W1 is less sensitive to 

a dynamic hygrothermal environment by comparison to W2 as outlined by concepts in Nelson 

and O'Connor (1964); Cancellieri, Cancellieri and Leoni (2009). Although this method is useful 

for investigating the behaviour of these materials, it is not a “finger print” technique and can 

only indicatively mark the ‘typical’ behaviours in order to identify a sample therefore FTIR will 

be utilised in conjunction with TGA (Haines et al., 2002). 
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Figure 4.6e. TGA (solid line) and DTG (dashed line) for W1 at 53% and 75% RH. 

. 

 

Figure 4.6f. TGA (solid line) and DTG (dashed line) for W2 at 53% and 75% RH. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0

5

10

15

20

25

30

35

40

0 50 100 150 200 250 300

D
e

ri
v
a

ti
v
e

 m
a

s
s
 o

f 
s
a

m
p

le
 (

%
)

M
a

s
s
 l
o

s
s
 o

f 
s
a

m
p

le
 (

%
)

Temperature (oC)

53% Mass Loss
75% Mass Loss
 53% Derivative
75% Derivative

0

0.1

0.2

0.3

0.4

0.5

0.6

0

5

10

15

20

25

30

35

40

0 50 100 150 200 250 300

D
e

ri
v
a

ti
v
e

 m
a

s
s
 o

f 
s
a

m
p

le
 (

%
)

M
a

s
s
 l
o

s
s
 o

f 
s
a

m
p

le
 (

%
)

Temperature (oC)

53% Mass Loss

75% Mass Loss

53% Derivative

75% Derivative



97 
 

4.4.2. DSC 

 

DSC will be utilised as a single step diagnostic tool for identifying and analysing patterns within 

phase transitions and understanding information about components within a sample (Reh, 

Kraepelin and Lamprecht, 1986). Key thermal events that a DSC curve can map are: the 

evaporation of water, denaturation and glass transition(Martí et al., 2007). This demonstrates 

that a physical transition or chemical reaction is taking place within the sample, the shape of 

the DSC curve is critical for deciphering the characteristics of the sample. The DSC 

thermograms for cellulose and keratin based samples will be analysed separately.  

 

4.4.2.1. Cellulose Based analysis with DSC 
 

The DSC thermograms for plant derived, cellulose based samples are demonstrated in 

Figures 4.7a to 4.7d. The temperatures for key phase changes to the samples can be found 

within Table 4.2. In cellulose based fibres (STW, WF, WWB, SMR) (with the exception of 

hydrogen bonding which are required for breaking and rebonding), there are no cross-linkages 

between molecules (Lewin, 2006). Between 25oC and 100oC, these hydrogen bonds are 

broken which give a greater range of freedom but less stillness and elasticity for the cellulose 

within the macromolecule (Xia et al., 2016).   

 

Table 4.2. DSC phase transition temperatures for cellulose based samples. 

Sample 

Water 

Evaporation 

Temperature 

(Teva) 

Denaturation 

Temperature 

(Td) 

SMR 
53% 131.34 239.27 

75% 131.73 260.47 

STW 
53% 89.40 - 

75% 97.47 - 

WF 
53% 131.34 - 

75% 110.34 - 

WWB 
53% 126.47 - 

75% 133.47 - 

  

Following the glass transition, the water evaporation temperature (Teva) occurs and due to the 

relationship between the water content of the fibres and water evaporation enthalpy this is an 

important link to the effect that relative humidity has on these samples. From the literature, it 
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is evident for all samples that an endothermic peak demonstrates the release of adsorbed 

water at approximately 100oC (Martin et al., 2010). This is due to the vaporisation of water that 

is both within the sample’s fibres and the interstitial spaces (Belaadi et al., 2014). When 

comparing the evaporation temperatures of the different cellulose based samples (from Table 

4.2), it is evident that there is a wide difference in the way that water is released from the 

sample. STW has a lower evaporation temperature than the ‘wooden based’ samples SMR 

and WF. On the outer layer of STW, there are epidermal cells, which  create a thing ‘waxy’ 

layer on the surface of the STW, makes water vapour penetration difficult (Pizzi and Mittal, 

2011).  

 

The denaturation temperature (Td) is the temperature at which materials lose their quaternary, 

tertiary and secondary structure. For SMR there is shift in the gradient of the heat flow, this 

step demonstrates an endothermic peak at 239.27oC for 53% and 260.47oC for 75% stabilised 

sample. This difference is substantial enough in order to suggest that there is a change within 

the SMR molecule when stabilised at differing RH. It is evident from Table 4.2 that within this 

research work, the DSC was ran to 300oC and for STW and WF this temperature is not 

sufficient for denaturation to occur, implying that they are thermally the most stable out of all 

cellulose based samples. At further alleviated temperatures, (approximately 330-360oC) 

cellulose based samples experience the degradation, dehydration and therefore the 

depolymerisation of cellulose (Fairbridge and Ross, 1978; Shafizadeh and Bradbury, 1979) 

leading it to char (Rahman, Hamdan and Hui, 2017).  

 

  

 

 

  

  

 

 

 

 

Figure 4.7a. SMR DSC thermogram. 
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Figure 4.7b. WF DSC thermogram. 

 

 

Figure 4.7c. STW DSC thermogram. 

 

 

Figure 4.7d. WWB DSC thermogram. 
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4.4.2.2. Keratin Based analysis with DSC 
 

For keratin-based materials, their thermograms are shown within Figures 4.7e and 4.7f. Key 

information for the different phases that the samples experienced are provided in Table 4.3. 

Glass transition is the first noted characteristic of this curve is between 40-60oC but overlaps 

with the initial water evaporation within the sample and therefore is difficult to analyse. Further 

to this, as a second order transition, glass transition occurs due to a relaxation of chain 

sections located within the amorphous part of the polymer (Osman and Abd El-Zaher, 2011). 

Due to the fibrous nature of the wool, it can be difficult to accurately measure glass transition 

via DSC in comparison with cellulose based samples which were discussed earlier (Marti et 

al., 2007).  

 

Table 4.3. DSC phase transition temperatures for keratin based samples. 

Sample 
Water Evaporation 

Temperature (Teva) (
oC) 

Denaturation 

Temperature (Td) (oC) 

Wool 

1 

53% 124.60 256.94 

75% 89.60 253.60 

Wool 

2 

53% 121.53 256.27 

75% 107.87 256.00 

 

More broadly, thermal analysis within Table 4.3 demonstrates that from approximately 25-

100oC there is no degradation in the molecular chain due to there being no clear thermal 

events. As previously described water bonded to the fibre will evaporate from 30-150oC (Xia 

et al., 2016). Table 4.3 shows that the water denaturation temperature is greater when 

samples are stabilised at higher RH’s. It could be suggested that samples stabilised at a higher 

RH are less sensitive to temperature changes as the cross linkages within the inner 

macromolecules are stronger. When considering W1 and W2, as the evaporation temperature 

increases (Teva) the interaction between the specific fibre and water molecules are stronger. 

When the wool based fibres adsorb more moisture, the interactions become more consistent 

and stronger.  

 

Within Figure 4.7e and 4.7f it is evident that there is a secondary, small abrupt endotherm at 

approximately 250oC. This can be associated to the inner α-crystal within the wool molecule 

spilling and decomposing (Cao and Bhoyro, 2001; Hsieh et al., 2004). Once the α-crystal has 
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decomposed, if temperatures continue to rise further decomposition of β-keratin structure 

would be demonstrated (Xu et al., 2007).  

 

Denaturation of the sample can be exhibited within the samples at approximately 250oC (Marti 

et al., 2007; Zargarkazemi et al., 2014). Despite the difference in RH both W1 and W2 have 

very similar denaturation temperatures, suggesting that the RH has no effect on this property 

of the material. This could indicate that keratin based samples do not experience a change in 

permanent chemical characteristics (when stabilised at different RH). After the denaturation 

temperature, the different components of the wool sample are decomposing (Cao, 1999). 

Although this experimentation was from 25oC to 300oC, the literature explains 

how further increased temperatures would have exhibited the thermal breakage of 

intermolecular bonds and main chain degradation of the wool macromolecule (Wl, 2003) and 

further structural degradation up to 600oC.  

 

 

Figure 4.7e. Wool 1 DSC thermogram. 
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Figure 4.7f. Wool 2 DSC thermogram. 

 

4.4.3 FTIR  

 This investigational technique enables to examine the molecular structure of the materials 

and to determine the chemical compositions via the demonstration of specific bonds as 

peaks or bands within a spectra. Within this experimentation, it will mainly focus on the 

functional group region of each spectra. 

 

4.4.3.1. Cellulose Based analysis with FTIR 

 

The 4 different cellulose based samples spectra can be found in Figures 4.9a to 4.9d. Within 

their core structure, all the bio-based materials within this research work have hydroxyl groups 

which hydrogen bond with water in to exhibit their hygrothermal characteristics. The 

fundamental mechanisms behind the way in which they do this has not been fully 

researched however, the assignment of bonds for each of the cellulose based samples can 

be found in Table 4.5. 

 

As highlighted in Maskell et al. (2015), FTIR highlights the ability of materials to adsorb water 

as a measure of the absorption of hydroxyl groups.  Both inter- and intra- hydrogen bonds 

formed within the cellulose to water of each bio-fibre has demonstrated big differences on 

hydroxyl reactivity solubility and physical properties as outlined by Fan, Dai and Huang 

(2012).  All samples exhibit OH- stretching vibrations and sample have a larger adsorption 

band when stabilised at 75% by comparison to those at 53% (Maréchal and Chanzy, 2000). 

The broadening of hydroxyl groups is due to the inter and intra hydrogen bonding taking place 
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within the molecule (Abdel-Kareem and Elnagar, 2005).The hydrogen bond network in 

cellulose is observed by Garside and Wyeth (2003) and despite the transmittance being 

relatively low,  a weak ‘hump’ at approximately 1640cm-1 indicates carbon to carbon 

vibrations. However, as indicated by Xia et al. (2016), this is masked by water adsorption at 

the same frequency. At this point for all cellulose based insulation materials, the hydroxyl 

groups are stretching and at higher relative humidity, this gain in water molecules increases 

the length of cellulose molecules and reduces intermolecular hydrogen bonding.  Due to the 

location of these (-OH) groups within the cellulose their affinity to water is high.  

   

When comparing all four samples to one another, there is a whole spectral difference in all 

samples which demonstrates how the spectra is affected by a difference in relative humidity 

and therefore water within the sample. For the cellulosic materials, there is a broadened 

absorption peak around 3000cm-1 when the materials are conditioned at a higher relative 

humidity. This adsorption peak can be associated to the inter and intramolecular hydrogen 

bonding as well as free/bound water within the material and free hydroxyls within the cellulose 

of the macromolecule.  

 

Figures 4.9a - 4.9d show that there are different sections of the spectra that are greatly 

affected by relatively humidity by comparison to others. SMR, WF and STW all experience 

differences in adsorption intensities between 2935-2900cm-1 assigned to the CH bond 

stretching, which is in line with Célino et al. (2014) and demonstrates that this bond is affected 

by a differentiation in local hygrothermal environment.   

 

In addition to this, from the works completed by Carter and Kibler (1978), this work further 

supports that water molecules may coexist within each sample within both adsorption and 

desorption. Water exists in samples as ‘free’ and ‘bound’ water where free and bound water 

is exhibited at around 3000cm-1 whilst free water is exclusively found at approximately 

1630cm-1. These molecules bind to not only hydroxyl sites but also carboxyl function and the 

free water can diffuse into the porous bio-based fibres.  

 

For SMR the transmittance is quite low and there are no major, strong bands within the 

material. However, there is a clear differentiation between the two different RH’s for the same 

sample. Similarly to SMR, WF demonstrates that it is very affected in the hydroxyl region and 

this band is now much greater at 75% than 53% stabilisation. STW and WWB show that whilst 

the hydroxyl groups are affected, the rest of the molecule is not as affected by its hygrothermal 

conditions in the same way that SMR and WF are. Table 4.4 demonstrates Total Crystallinity 
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(TCI), Intensity of Hydrogen Bonding (HBI) and Lateral Order Index (LOI) for the 4 cellulose-

based samples.



105 
 

 

Table 4.4. Total Crystallinity Idex (TCI), Hydrogen Bonding Index (HBI) and Lateral Order Index (LOI) for 4 cellulose based samples. 

Sample 

ID 

TCI HBI LOI 

I1370 I2900 I1370/ I2900 I3400 I1320 I3400/ I1320 I1430 I898 I1430/I898 

53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 53% 75% 

SMR 92.09 86.83 90.64 85.18 1.02 1.02 94.02 85.63 92.27 87.13 1.02 0.98 91.50 85.06 88.23 82.09 1.04 1.04 

WF 92.96 89.87 94.85 92.15 0.98 0.98 93.62 87.83 92.98 90.25 1.01 0.97 93.64 90.81 90.17 86.07 1.04 1.06 

WWB 91.55 79.12 99.17 97.56 0.92 0.81 98.03 95.67 95.67 89.17 1.02 1.07 89.94 77.20 97.07 91.75 0.93 0.84 

STW 74.96 77.76 79.28 81.65 0.95 0.95 80.88 76.94 77.50 79.24 1.04 0.97 79.04 81.28 67.24 65.78 1.18 1.24 
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Figure 4.8. Total Crystallinity Index (TCI), Intensity of hydrogen bonding (HBI) and Lateral 

Order Index (LOI) for cellulose based samples. 

 

When comparing the results from Table 4.4 and Figure 4.8, SMR has the highest TCI at both 

RH (1.016 for 53% and 1.019 for 75% RH) by comparison to the WWB with the lowest (0.923 

for 53% and 0.811 for 75%).  By comparison to Yang (2017) (where TCI ranges from 0.46- 

0.58) the values for TCI within Figure 4.8 are considerably greater. As the literature suggests, 

a great value of TCI indicated more crystalline material in the cellulose.  However, as TCI 

decreases HBI increases and for all samples except for WWB, at 75% RH reduces the HBI. 

At 53% RH it is notable that all bio-based insulation samples have extremely similar HBI 

values. The LOI is particularly high in STW at both RH suggesting the molecule has a larger 

variation of the crystal lattice. Cai et al. (2011) suggests that the thermal stability of samples 

which are cellulose based are affected by the order of the crystalline. Therefore, from Figure 

4.8 it can be suggested that due to having the largest total crystallinity index, SMR is the most 

thermally stable bio-insulation sample.  
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Figure 4.9a. SMR FTIR spectra. 

 

Figure 4.9b. WF FTIR spectra. 
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Figure 4.9c. STW FTIR spectra. 

 

Figure 4.9d. WWB FTIR spectra. 
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Table 4.5. FTIR analysis of cellulose based samples and associated assignment of bonds at 53% and 75% RH. 

SMR position of band 

(cm-1) 

WF position of band 

(cm-1) 

STW position of band 

(cm-1) 

WWB position of band 

(cm-1) Assignment for bond 

53% 75% 53% 75% 53% 75% 53% 75% 

3270.739 3272.603 3335.967 3335.967 3280.057 3276.33 3408.65 3410.514 

(OH) stretching vibration due to intermolecular 

hydrogen bonded and free groups (Owen and 

Thomas, 1989; KONDO, 1997; Hinterstoisser 

and Salmén, 1999; Dai and Fan, 2010) and 

stretching vibration of cellulose and lignin of the 

fibre (Brígida et al., 2010) 

(Schwanninger et al., 2004) 

2912.915 2914.778   2847.686 2849.55   

CH symmetrical stretching due to hemicellulose 

and cellulose components (Wojciechowska, 

Włochowicz and Wesełucha-Birczyńska, 1999) 

  2920.369 2920.369 2916.642 2918.506   

Stretching vibrations of V(C=O) ester of 

cellulose and hemicellulose (Morshed, Alam 

and Daniels, 2010) and free hydroxyl group 

(Rana et al., 2010) 

      1401.479 1399.615 

C-O bond elongation of hemicellulose and 

cellulose (Hori and Sugiyama, 2003; Popescu 

et al., 2007; El Hajam et al., 2019) 
 

1025.018 1025.018 1021.291 1023.154 1021.291 1026.882 
872.1971 872.1971 

P(-CH-) bending vibration in cellulose (Garside 

and Wyeth, 2003) 
 

    987.7445 987.7445  
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4.4.3.2. Keratin Based analysis with FTIR 

 

The spectra for WL1 and WL2 can be found in Figures 4.9e and 4.9f (respectively) and 

assignment of bonds is demonstrated within Table 4.6. Within FTIR, the main characteristic 

bands appear between 1000 and 1700 cm-1 including: Amide I and Amide II (Church, Corino 

and Woodhead, 1997; Wojciechowska, Włochowicz and Wesełucha-Birczyńska, 

1999). Amide I and Amide 2 are characteristic within the wool protein and the shape of this 

band is associated to the quantity and nature of hydrogen bonds within the molecule. Bands 

around 2900 and 1400 cm-1  represent CH2 bonds and 2800 cm-1  is due to CH bonds 

(Wojciechowska, Włochowicz and Wesełucha-Birczyńska, 1999) but due to Amide II forms a 

stretching vibration of C=O at approximately 1620-40cm-1 (Vasconcelos, Freddi and Cavaco-

Paulo, 2009). 

 

Due to inter and intra-hydrogen bonding, when placed in differing hygrothermal environments 

the hydroxyl group will fluctuate so becomes imperative to measure. The nature of these 

hydrogen bonds that are occurring will give a variety in the quantity and strength that the 

intermolecular interactions have. This varies greatly within the samples and causes the 

hydroxyl band to be broad (by comparison), when intermolecular reactions are weaker and 

therefore there is ‘less’ of a chemical environment for reactions to take place, bands are 

smaller and narrower. A bigger peak intensity from one sample to another (with the same peak 

position) demonstrates that there is more quantity of that specific type of bond. Any shifting or 

movement of the peak demonstrates an interaction has occurred. Further to this, if the band 

shape has changed (e.g. has broadened) displays interactions have occurred which is 

generally attributed to hydrogen bonding.  For samples stabilised at 75%, their 

OH- absorption peak becomes bigger and broader indicating water gain, reducing the 

restraints of the hydroxyl group movement (Xia et al., 2016). This is examined within W1 much 

more evidently than in W2 where in W1 the band has increased by comparison to the sample 

stabilised at 53%. 
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Figure 4.9e. W1 FTIR spectra. 

 

 

Figure 4.9f. W2 FTIR spectra. 
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Table 4.6. FTIR analysis of keratin-based samples and associated assignment of bonds at 

53% and 75% RH. 

W1 position of 

band (cm-1) 
 

W2 position of band 

(cm-1) Assignment of Bond 
 

53% 75% 53% 75% 

3265.148 3276.33 3263.284 3274.466 Presence of hydroxyl groups (-OH) 

1626.983 1626.983 1636.301 1634.438 
Stretching vibrations of C=O (Amide 1) (Liu X. et al., 

2008 and Pelton and McLean, 2000) 

1507.708 1507.708 1524.481 1522.618 
Bending deformation peak of C-N-H (Amide II) 

(Gallagher, 2005) 

1237.376 1239.34 1222.567 1239.34 Carbonyl oxygen C-O (Gallagher, 2005) 

 

Regularity of the molecular chain (ROM) within these molecules can be calculated by utilising 

the intensity of the band at 1240cm-1 and 1450cm-1 (Li, Hurren and Wang, 2019). These results 

are displayed in Table 4.7 and Figure 4.10. The lower the ROM value is, the more disorder 

there is within the molecule (Huson, Church and Heintze, 2001). W1 and W2 generally have 

very similar ROM values, however W2 generally has a lower value and is only slightly affected 

by the differing hygrothermal environment. By comparison, W1 is initially more ordered than 

W2 but after being conditioned at 75% becomes more disordered.  

 

Table 4.7. ROM of keratin based molecules at 53% and 75%. 

Sample ID 
I1240 I 1450 I1240/ I 1450 

53% 75% 53% 75% 53% 75% 

W1 80.84 82.56 86.54 90.01 0.93 0.92 

W2 84.27 81.40 91.71 88.68 0.92 0.92 
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Figure 4.10. Regularity of the molecular chain (ROM) for keratin-based samples. 

 

4.4.4 SEM  

  

Providing three-dimensional, high resolution imagery of samples, SEM is important as it 

allows the user to understand morphological, topographical and physical properties of the 

materials. Table 4.8 presents all insulation materials stabilised at 53% and 75%. It is evident 

that all samples have a complex surface morphology. For W1 and W2 it is evident from 

Langley and Kennedy (1981) that the individual strands of fibre demonstrate even size and 

scale length. When considering the each strands surface texture, wool has an 

irregular, ‘naturally crimped’ surface morphology  (Yao et al., 2008). This fibrous morphology 

and irregular pattern on multiple planes by which these fibres intertwined with each other, 

makes this material suitable for good adhesion within a matrix (i.e. a mortar or grout).  When 

considering SMR, WF, WWB and STW there is no clear and obvious optical differentiation 

between those stabilised at 53% and 75%.  

 

Table 4.8. SEM Images of samples stabilised at 53% and 75% taken at 1000 and 

magnification. 

Sample 

ID 
53% 75% 

0.905

0.910

0.915

0.920

0.925

0.930

0.935

0.940

53% 75%

I1240/ I 1450

W1 W2
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4.5. Conclusion   

This research work has demonstrated multiple different thermochemical methods in order to 

detect differences between 6 different bio-based insulation samples, stabilised at 53% and 

75%. Consisting of two fundamentally differing structures, the samples were divided into 

cellulose (SMR, STW, WWB, and WF) and keratin (W1 and W2) based materials. 

 

• Using TGA, it was demonstrated that in a dynamic hygrothermal environment SMR 

and WF are the most hygrothermally stable and for keratin-based materials W1 is the 

most stable. 

• DSC demonstrated that whilst STW and WF did not reach their denaturation 

temperature within this experimentation SMR and WWB temperature remained the 

same, despite their different stabilisation RH. Whereas wool based materials 

demonstrated little differentiation between the two samples.  

• In terms of FTIR for cellulose based materials, when comparing spectra and 

absorbance’s at different frequencies shows the overall crystallinity index. This 

indicates that SMR has the highest thermal stability for cellulose based samples. For 

the keratin-based samples when conditioned at 75%, W2 has the more ordered 

structure but W1 is affected more in terms of hydroxyl absorbance from the spectra.  

• When comparing using SEM to compare samples, despite having a greater 

understanding of their surface morphology, there are not significant and obvious 

differences between samples conditioned at different RH.  

 

It is evident from this experimentation that the differences between bio-based samples 

conditioned at different RH fundamentally affects their physical properties and interactions 

but is difficult to generally quantify due to their heterogeneous nature. In terms of cellulose 

based materials, SMR has demonstrated that it is the most thermally stable and due to 

being little differentiation between the samples except for in TGA – W1 demonstrates the 

most thermally stable characteristics. 
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Chapter 5 - Bio-Based Earth Mortar  
 

5.1. Introduction  
 

Within the literature in Chapter 2 it outlines that by combining bio-fibres within an earth mortar 

matrix it can boost the properties of both materials. Chapter 2 also outlined how the addition 

of bio-fibres into an earth mortar can reduce cracking and improve moisture buffer properties, 

so the addition proactively problem solves the materials issues. From understanding the bio-

fibre physical properties in Chapter 3 and the physicochemical and thermal properties in 

Chapter 4, this chapter will outline, investigate and identify the most suitable mix design for 

the best performing bio-based materials. 

Initially, some preliminary experimentation were completed to focus the scope of the research 

into mix designs. The materials used and testing methodology that will be utilised to select the 

best performing mix designs will be outlined in the preliminary experimentation. These 

experiments were initially selected to give a general understanding of the materials typical 

behaviour before the addition of bio-fibres. Further testing procedures to analyse the 

performance of the composites will be outlined within the main experimentation section. 

5.2. Initial Mix Design Selection 
 

To fully realise the bio-fibre earth mortar composite, an initial set of experimentation will ensure 

that the performance of the panel is optimised. Before creating the mortar mix, the constituent 

materials are presented in section 5.2.1. 

5.2.1. Materials 

 

The sand that has been used within this project was supplied by a national builders merchant 

where its particle grain size distribution is demonstrated in Figure 5.1. 

5.2.1.1. Binders 

5.2.1.1.1. Earth 

 

For this study, the earth was collected from a construction site in central Liverpool (North-West 

England) from a depth between 1.5-2m. Due to an abundance of construction waste materials, 

the earth was sieved at 2mm to disregard any large pieces of aggregate and to ensure the 

creation of a homogenous material. The earth was characterised in accordance with EN 1015-

1 (BSI, 1999a) and its grain size distribution is displayed for both earth and sand in Figure 5.1. 
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Figure 5.1. Dry grain size distribution of earth and sand. 

 

XRD Analysis for earth characterisation 

The earth was dried (as per BS EN ISO 12570 (ISO, 2000))  and after being passed through 

a 2mm sieve, the fine fractions were placed into a Rigaku Miniflex (see Figure 5.2), at a 

scanning speed of 2 degrees per minute in continuous scan mode from 5o to 65o. With Cu-K 

α x-ray radiation at a voltage of 30kV and a current of 15mA. This device produced a qualitative 

analysis of the material, where peak patterns were matched to identify the minerals. This was 

conducted to understand what type of crystalline components are within the earth. The 

methodology was used as technique that can rapidly analyse the material to give a better 

understanding of the sample. Figure 5.3 demonstrates that the main mineralogical 

constituents in the earth are Calcite, Dolomite and Quartz. It could be suggested that due to 

the earth being sourced from a construction site, calcite and quartz could be attributed to the 

intrusion of these materials in the raw earth. Another potential explanation of such levels of 

calcite could be due to the abundance of Carboniferous and Triassic rocks within the 

geological profile of Liverpool (Aitkenhead. N. et al., 2002; Rawlins et al., 2012). 
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Figure 5.2. XRD Rigaku Miniflex. 

 

 

Figure 5.3. Diffractogram of earth samples. 

5.2.1.1.2. Lime 

 

In terms of using binders, there is limited literature to correlate the hygrothermal properties of 

earth-lime composites, so its characterisation is restricted. Despite being relatively less so 

than cement, lime is still an energy intensive binder, the use of lime is ideally limited to as 

smaller quantity (without compromising on material performance) as possible in order to 

reduce the carbon footprint of each mix design. By reducing the amount of lime used within 

this research chapter, it also reduces the embodied energy of the overall produced panel. This 

research utilises Natural Hydraulic Lime (NHL) supplied from a national builders merchant 

(Tarmac Limite NHL 3.5) where the requirements are defined within EN 459-1  (CEN, 2015). 

Further to this, the dry bulk densities (as per BSI (2017)) for lime, sand and earth can be found 

within Table 5.1.  

 

 

C = Calcite 

D = Dolomite 

Q = Quartz 



120 
 

Table 5.1. Dry Bulk Density of mix design components. 

Binder Dry Bulk Density (kg/m3) 

Earth (after passing 2mm sieve) 2527 

NHL 940 

Sand 1593 

 

5.2.2. Mix Design 

 

Based upon the literature in Chapter 2, the mix designs selected within this preliminary 

experimentation can be found within Table 5.2. However, the water content and therefore the 

consistence should be set to calibrate the viscosity of each mix design. 

Table 5.2. Mix design proportions (by mass). 

Mix Design Lime Earth Sand 

NHL1 1 0 7.7 

NHL2 1 0.1 8.6 

EM0.3 1 0.3 10.3 

EM7 1 7.7 0 

EM5 1 0.05 8.15 

EM2 0 2 6.5 

NHL3 0.5 0.25 9.95 

 

5.2.3. Formulation  

 

Each mix design (as outlined in Table 5.2) was formulated as per EN 1015-2 (CEN, 1999a) 

where all dry ingredients (including bio-fibres) are mixed to homogenise (and reduce 

agglutination) before adding water. Before mixing (and due to the fibrous nature of samples) 

bio-fibres were pulled apart to ensure that the mix is as consistent as possible. Both prismatic 

(40mm x 40mm x 160mm) and MBV square (100mm x 100mm x 35mm) were cast. 

5.2.4. Curing 

 

Throughout their curing, samples were covered with plastic sheeting to maintain hygrothermal 

conditions. After 14 days of curing, samples were demoulded and elevated to ensure that all 

surfaces of the sample can dry and then left to cure for a further 14 days (28 days total curing 

time). Samples were cured in laboratory of environmental conditions of approximately 21oC 
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and 54% Relative Humidity (RH). Cast samples for both prismatic and MBV squares can be 

seen in Figure 5.4. 

 

 

 

 

 

 

 

Figure 5.4. Casting of (L) prismatic and (R) MBV square samples. 

 

5.2.5. Methodology 

 

5.2.5.1. Consistence 

 

The optimisation of the flow capacity of the mortars was carried out by using a flow table test 

as per EN 1015-3 (BSI, 1999b), where both mix designs were calibrated to a 180mm 

consistence. This was completed by gradually adding 10ml of water to determine the optimum 

water content. The dimension was selected due to the hygroscopic nature of the bio-fibres 

that when they are included into the mix design would reduce the consistency to around 

155mm ±5mm. To ensure all samples had the same consistency, bio-fibres were added 

incrementally to the mix design until a spread value of 150mm was achieved. 

5.2.5.2. Compressive and Tensile Strength 

 

As a measure of the prismatic samples structural strength, compressive and flexural strength 

was measured in accordance with EN 1015-11(CEN, 1999b) using a Tinius Olsen H25KS as 

per Figure 5.5. 
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Figure 5.5. (L) Compressive and (R) tensile strength equipment.  

5.2.5.3. Capillary Action 

 

To demonstrate the capacity of a material to absorb in the short and medium term, prismatic 

samples were partially submerged in accordance with EN 1015-18: 2002 (CEN, 2002).  

5.2.5.4. Moisture Buffering Value (MBV)  

 

To adequately assess the ability of a material to adsorb and desorb water vapour from a local 

hygrothermal environment, a combination of NORDTEST protocol (Rode et al., 2005) and ISO 

21453 (ISO, 2008) was used. Samples were wrapped in aluminium tape, laid horizontally with 

an exposed surface area of 0.01m2. After an initial stabilisation period of 24 hours in conditions 

of 23oC at 60% RH samples were exposed to a cyclical step change in RH of 75% for 8 hours 

and 53% for 16 hours (as per Figure 5.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Step change in RH within climatic chamber over a singular, 24 h cycle.  
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These hygrothermal condition are those of measured conditions in full scale laboratories at 

LJMU, for residential properties within the UK. The Moisture Buffering Value (MBV) was 

calculated as per Equation 5.1. 

𝑀𝐵𝑉 =  
𝑚𝑎−𝑚𝑑

𝐴∆𝜑
  (5.1) 

Where:  

ma = Mass of sample at end of moisture adsorption stage (g)   

md = Mass of sample at end of moisture desorption stage (g)  

A = Exposed surface area of sample (m2)  

∆φ= Difference in RH between adsorption and desorption stage (%) 

 

5.2.6. Results and Discussion 

 

5.2.6.1. Consistence 

 

After incrementally adding water to the mix design, the resulting consistence value that falls 

within the limits set out in section 5.2.5.1. is presented in Table 5.3.  

Table 5.3. Quantity of water added to mix designs. 

Mix Design 
Quantity of 

water added 
(ml) 

Consistence (mm) 

D1 D2 Average 

NHL1 180 181 182 181.5 

NHL2 240 186 184 185 

EM0.3 270 183 181 182 

EM7 300 181 183 182 

EM5 210 184 183 183.5 

EM2 240 185 181 183 

NHL3 320 183 185 183 

 

Figures 5.7 presents an image of the consistence test being carried out. From Table 5.3 there 

is a large range in quantities of water added – which varies by 140ml from the minimum (NHL1) 

having 180ml added and the maximum (NHL3) requiring 320ml. It could be suggested that as 

NHL3 has the largest amount of sand, the specific surface area of the mix design is larger and 

therefore requires more water to penetrate and fully incorporated into the mix. 
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Figure 5.7. Flow test of plain earth mortar. 

 

5.2.6.2. Compressive and Tensile Strength 

 

By testing both the compressive and tensile strength it will help to give an understanding of 

the panels structural properties - displayed in Figure 5.8. Compressive strength varies from 

0.51 to 0.79 MPa and tensile flexural strength from 0.18 to 0.34 MPa. Aside from NHL1 (at 

0.79 MPa) (but with no earth contents), EM0.3 has the best compressive strength (0.67MPa). 

When considering the tensile strength, EM7 (0.31 MPa) and NHL2 have the greatest values 

(0.29 MPa). Samples were cured and tested after 28 days. As the mix design incorporated 

natural hydraulic lime as a stabiliser, it is currently acting as a filler rather than a structural 

component of the mix. As 28 days is insufficient time for the process of carbonation to occur, 

this will directly affect not only structural properties but also the porosity, capillary action and 

thermal conductivity of the sample. Further experimentation, with longer curing period of the 

mix designs would give a better indication of the long term structural strength. 
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Figure 5.8. Compressive and Tensile Strength of initial 7 mix designs. 

 

 

 

 

5.2.6.3. Capillary Action  

 

As highlighted in Chapter 2, a key disadvantage of using earth within construction materials is 

due to it being highly sensitive to water causing deformation. To understand the transport of 

water throughout the sample via capillary action, results can be shown in Figure 5.9.  
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Figure 5.9. Capillary action of mix designs. 

Understanding the sorption capabilities of the mortar in both the short and medium term is 

important to consider so Figure 5.9 should be analysed in two stages. When the mortars are 

initially added into the water, the initial sorption is high. Within this period, NHL1 has the lowest 

adsorption but EM0.3 has the largest. When comparing all of the different mix designs, mixes 

NHL2, NHL3, EM2 and EM7 all have a similar initial adsorption quantities. However, when 

considering the medium term constant adsorption of water within these samples it is not as 

clustered in comparison to the initial adsorption. Figure 5.9 demonstrates that EM0.3 has the 

highest adsorption (23.2kg/m2) whilst EM5 has the lowest (17.1kg/m2). 
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5.2.6.4. Moisture Buffering Value (MBV) 

 

The utilisation of this experiment helps to understand how in a dynamic hygrothermal 

environment, the exchange of water vapour within the sample between adsorption and 

desorption phases. Samples were placed inside a climatic chamber which is shown in Figure 

5.10.  After stabilising within the climatic chamber, the MBV of samples can be found in Table 

5.4. The MBV characteristic is important to understand as when the bio-fibres are added to 

the mix design, they will enhance the performance. Therefore, it is important at this stage to 

select the best performing mix designs for further experimentation. Table 5.4 shows that all 7 

mix designs have a ‘good’ classification (Rode et al., 2005) and range from 1.024-1.368 g/(m2 

·%RH). The highest MBV is from EM0.3 (1.363 g/(m2 ·%RH)) and lowest NHL1 (1.024 g/(m2 

·%RH)), this mix design has no earth within the mix design so can be considered a control 

sample. From the seven mix designs, the top three performing mixes are EM0.3,EM7, and 

EM2 have the best MBV values. 

 

 

 

 

 

 

 

  

 

Figure 5.10. Earth mortar samples within climatic chamber 

It is of note that these MBV values are not as high as the literature in Chapter 2. It was also 

outlined within Chapter 2 that the utilisation of lime as a binder has many benefits. However, 

as mentioned in section 5.2.6.2., this addressed the structurally associated issues, the use of 

lime acting as a filler at 28 days will affect MBV. It could be suggested that a reduced 

carbonation may also contribute to a reduction in MBV but carbonation effect is probably 

irrelevant during the first 28 days. 
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Table 5.4. MBV values for initial mix design samples. 

Sample ID 

Average 
Moisture 

Buffering Value 
(g/(m2 ·%RH)) 

NORDTEST 
Classification 
(as per (Rode 
et al., 2005) 

NHL1 1.02 Good 

NHL2 1.26 Good 

EM0.3 1.36 Good 

EM7 1.29 Good 

EM5 1.12 Good 

EM2 1.27 Good 

NHL3 1.26 Good 

 

 

5.2.7. Initial Mix Design Conclusion 

 

Overall, to select the best two performing mix designs, a combination of the analysis for all 

experiments within this section should be considered. As the panel will be non-load bearing, 

the low strength values from Figure 5.6 can be accepted. Another main focus of this research 

project is to contribute to an overall reduction in carbon emissions for residential properties by 

creating a moisture buffering panel. Therefore, if two materials have a comparably similar 

performance, a slight compromise of performance offsets a reduction in the embodied energy 

and costs of using more materials.   

Based upon this and their performance throughout the experiments within this preliminary 

experimentation, NHL2 and EM0.3 have been chosen within this experimentation and have 

been renumbered in Table 5.5. 

Table 5.5. Renumbered Mix Design Proportions 

Original  
Mix ID 

New 
Mix ID 

Lime Earth Sand 
Lime/Water 

Ratio 

NHL2 1 1 0.1 8.6 2.4 

EM0.3 2 1 0.3 10.3 2.7 

 

From the preliminary experimentation, an initial 7 mix designs, the best two performing mix 

designs were selected for further experimentation. To understand their physical and 

hygrothermal properties, these two mix designs will have best performing bio-fibres from 
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Chapter 4 incorporate within them. This will be incrementally added within each mortar to meet 

a fixed consistence value of 150-160mm.  

5.3. Further Experimentation of Best Performing Mix 

Designs 
 

5.3.1. Materials  

 

For these materials, all of the same mix design constituent parts were exactly the same as 

those outlined in section 5.2.1. 

5.3.1.1. Bio-Fibres 

 

Three different types of bio-based materials were used within this chapter (the selection of 

these bio-fibres was based on the results from investigation to bio-fibres in Chapters 3 and 4) 

these are: Wool 1 (W1), Wool 2(W2) and Saw Mill Residue (SMR) (images of these bio-fibres 

are in Figure 5.11). The material properties of these bio-fibres can be found within Table 5.6. 

 

 

 

 

 

Figure 5.11. (L) SMR (Centre) W1 (R) W2 

 

Table 5.6. Material properties of bio-fibres. 

Bio-Fibre 
Dry Bulk Density 

(kg/m3) 

W1 59 

W2 72 

SMR 173 

 

5.3.2. Methodology 

 

The following methodologies were completed as per the experiment outlined in section 5.2.5. 

Consistence 

Compressive and Tensile Strength  

Capillary Action 
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Moisture Buffering Value 

 

The following experiments utilised new equipment for this section as outlined below: 

5.3.2.1. Surface Morphology and elemental analysis 

 

After 28 days of curing SEM was utilised to explore the surface morphology of samples as 

outlined in section 5.2.4. Simultaneously, energy dispersive spectrometry (EDX) was also 

utilised to give a greater insight into the elemental composition of the composites.  

5.3.2.2. Dry Bulk Density 

 

Using callipers to an accuracy of 0.01mm dimensional readings were taken of prismatic 

samples to determine bulk dry density and carried out in line with EN 1015-6 (BSI, 1999c). 

 

5.3.2.3. Open Porosity 

 

As a method of calculating the void space within the sample, open porosity gives an indication 

of how much water a substance can retain. Circular samples of diameter (40mm) were cast, 

and the test method was performed as per EN 1936:2006(CEN, 2007). 

 

5.3.2.4. Thermal Conductivity  

 

Assessing a materials’ ability to act as an insulator and specific heat capacity was measured 

using an ISOMET 2114 with a 60mm diameter circular contact probe with a range of 0.04-2.0 

W/(m.K) (as per Figure 5.12) within laboratory conditions of approximately 21oC and 54% RH.   
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Figure 5.12. Thermal conductivity equipment for samples.  

 

5.4. Results and Discussion 
 

5.4.1. Surface Morphology and elemental analysis 

 

After curing, fractions were taken from prismatic samples before being inspected under SEM 

and elemental. The images taken from the samples can be found in Table 5.7. Simultaneously, 

energy dispersive spectrometry was carried out on the samples where the results are 

demonstrated in Table 5.8. 

Table 5.7. SEM Images for mixes 1 and 2. 

Bio-
Fibre 

SEM Image 

M1 M2 

PL 
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WL1 

  

SMR 

  
 
 

W2 

  

 

As outlined within section 3.4.3., the different bio-fibres have unique surface morphologies, 

particularly as their base constituent materials of cellulose and keratin are so fundamentally 

different. Table 5.7 demonstrates that within M1 PL there seems to appear lighter 

coloured/white particles, which have been identified as lime. Comparing this to M2 PL it could 

potentially be an explanation that M1 PL has had more carbonation, the consequences of this 

would be enhanced structural and hygrothermal performance. The images of WL 1 for both 

mix designs demonstrate a multitude of fibres surface morphology, especially in comparison 

to WL 2. M2 WL 1 shows that there is generally a better surface cohesion of the earth mortar 

matrix to the fibres than M1 WL1. When evaluating WL2 for both mix designs, the mortar 

matrix is much more similar than that of WL 1. 
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Table 5.8. Elemental composition of the composites.  

Sample ID 
Element Percentage (%) 

O Mg Al Si K Ca Fe S 

1 

PL 72.26 0.59 3.06 16.18 1.98 5.52 0.41 - 

W1 82.27 - 1.55 10.25 0.35 5.08 0.5 - 

SMR 90.22 0.97 1.21 2.33 0.21 4.75 0.31 - 

W2 82.81 1.38 1.15 4.97 0.37 7.54 0.48 1.29 

2 

PL 70.49 0.94 3.07 20.9 0.72 3.18 0.8 - 

W1 80.86 - 1.46 3.53 0.76 10.91 0.91 1.58 

SMR 87.03 1.3 1.6 3.67 1.06 4.39 0.95 - 

W2 87.97 0.9 1.52 4.27 0.53 4.81 - - 

 

5.3.2. Consistence 

 

As mentioned in section 5.2.2.1. the initial consistence without any bio-fibres was 180-190mm 

however from the literature in Chapter 2 to have a good workability, with bio-fibres the mortar 

should have a spread value of 150-160mm. Due to the varying hygroscopicity of bio-fibres (as 

explored in McGregor et al. (2016)) despite having the same basic mix design, differing bio-

fibres required differing percentages to have the same flow table value. Building on the initial 

consistency values from section 5.2.5.1, fibres were incrementally added into the mix design 

until the consistence value was achieved. The results for this can be found in Table 5.9. When 

incorporating the bio-fibres into the mix designs it was initially particularly difficult to disperse 

the fibres evenly and consistently – especially with the wool based materials having such long 

and thing fibres. To ensure that these were dispersed as evenly as possible throughout the 

wet mix all fibres were pulled apart from another to reduce aggulation. Before mixing, all dry 

ingredients were initially combined before adding any water to ensure that the bio-fibres were 

distributed throughout the mortar. 

Table 5.9. Consistence values of mix designs. 

 
Mix 

Design 
ID 

Quantity of 
Water 

Added (ml) 

Quantity of bio-fibres 
added (by mass of 

dry ingredients) (%) 

Quantity of 
bio-fibre 
added (g) 

Consistence (mm) 

D1 D2 Average 

1 

PL 

240 

0 0 180 182 181 

W1 0.5 4.85 149 154 152 

W2 0.5 4.85 149 153 151 

SMR 1 9.7 149 152 151 

2 

PL 

270 

0 0 179 183 181 

W1 0.25 5.8 148 151 150 

W2 0.5 5.8 151 150 151 

SMR 0.5 11.6 154 151 153 

 



134 
 

Utilising this quantity of bio-fibres, the final mix design quantities each mix can be found in 

Table 5.10. 

Table 5.10. Mix design quantities (by weight). 

 

5.4.3. Dry Bulk Density 

 

The dry bulk density results for both mix designs are demonstrated within Figure 5.13. For M1 

dry bulk density values range from 14010 – 1707 kg/m3 and 1575-1615 kg/m3 for MD2. By 

utilising the dimensional characteristics of each sample, it is clear from Figure 5.13 that the 

addition of bio-fibres reduces the dry bulk density for all samples from both mix designs. This 

is due to the fibres having a lower density than the PL mortar, which would usually occupy the 

same space as the fibres - these findings are in line with experimentation by Gomes, Faria 

and Gonçalves (2018). M1 SMR has the lowest overall density (1409.747 kg/m3) and is 

therefore the most lightweight and by comparison to M1 PL, a 17.44% reduction in dry bulk 

density. In contrast to earlier findings for M1, although M2 demonstrates a drop in dry bulk 

Mix Design 

ID 
Lime Earth Sand Lime/Water 

Bio-fibres 

Sample ID Lime/Biofibre 

1 1 0.1 8.6 2.4 

PL - 

W1 0.0243 

W2 0.0485 

SMR 0.0243 

2 

 

1 

 

 

0.3 

 

 

 

10.3 

 

 

 

2.7 

 

 

PL - 

W1 0.0145 

W2 0.029 

SMR 0.029 
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density it is not as extreme. Despite the addition of bio-fibres, for M2 dry bulk density remains 

relatively similar. 

Figure 5.13. Dry Bulk Density of earth mortar samples. 

5.4.4. Compressive and Tensile Strength 

 

Data in Figure 5.14 presents the compressive and tensile strength values for the bio-earth 

mortar composites. With the exception of M2 W1, all samples with bio-fibres across both earth 

mortars performed better than that of their respective plain mix. Comparing both mix designs, 

M1 performed better and had greater compressive and tensile strength values than that of 

their M2 counterparts. The mix design with the highest compressive strength value was M1 

W2 (0.517 MPa) and M1 SMR (0.507 MPa). By comparison, the addition of W2 fibres to M1 

compared to M1 PL increases compressive strength by 79.31%. In terms of tensile strength, 

M2 W2 has the highest value (0.400 MPa) but this value is also higher than its compressive 

strength (0.330 MPa). This could be associated with wool fibres being able to resist tensile 

forces by being able to disperse the loading through the fibres before deformation (by 

comparison to the PL mix). However, the initial swelling of fibres due to water in the mix design 

and consequential drying has left air voids and reduces compressive strength.  
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For all other mix designs, the resulting compressive and tensile strength due to addition of 

fibres to the matrix is evidence that this interaction promotes ‘toughness’ within the sample. 

Despite an improvement in general strength, it is evident from Figure 5.14 that the values of 

these structural tests are not particularly high and would limit the dimensions of this 

hygrothermal buffering panel however as it is intended for it to be an indoor, non-structural 

panel a high strength capability is not a limiting factor of this design. In addition, the  flexural 

results presented within Figure 5.14 are only slightly lower than that of the results 

demonstrated within (Grilo et al., 2014). 

Figure 5.14. Compressive and tensile strength of all mix designs. 

There are also several different factors that could be affecting the structural strength of these 

samples. One could be that as there being natural hydraulic lime included into the mix design 

and the testing date of the samples is only 28 days, the lime may only be acting as a filler. It 

could be understood that the strength indicated within Figure 5.14 may not be the mix designs 

fully realised strength capacity. With prolonged exposure and a sufficient length of time for 

carbonation to occur in air drying conditions, it is hypothesised that these mix designs will all 

experience higher compressive and tensile strength values.  
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Figure 5.15. Samples after tensile strength testing, hair line fractures circled. 

After each tensile strength test was completed and failure had been achieved within the 

sample, upon visual inspection there was only a hairline crack of the prisms. An image of this 

is demonstrated within Figure 5.15. Due to the incorporation of the bio-fibres within the mix, 

samples were held together by the bio-fibres and therefore these fibres would act as a hinge 

between them. As explored in Raj et al. (2017) when bio-fibres are included in the mix, during 

the tensile flexural strength testing there are 2 key points of failure. Firstly, it is that of the 

mortar but then secondly the bio-fibres “reinforce” the mortar to create a secondary failure 

point. Another limitation of utilising bio-fibres is controlling the dispersion of fibres throughout 

the matrix. As bio-fibres have hygroscopic characteristics, they are prone to forming 

agglomerates during mixing, making the uniformity of mixtures difficult (John and D. 

Anandjiwala, 2008).  

5.4.5. Open Porosity 

 

As a measure of the ratio of the quantity of open spaces which have the ability to be filled with 

a fluid within a materials microstructure to the whole volume of the sample, open porosity gives 

an indication of the earth based construction durability and resistance to deform. The results 

for open porosity can be found within Figure 5.16. Except for M1 PL compared to M1 W1, the 

addition of fibres increase porosity in all samples.  
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Figure 5.16. Open porosity for samples. 

 

As previously mentioned, the incorporation of lime into both mix designs and the cure time for 

these samples being only 28 days dictates that the lime is currently acting as a filler rather 

than a key structural element of the mix. As the carbonation process is yet to occur within the 

mix, it has been evidenced the effect of carbonation on cement based mortars lowers the open 

porosity, this has been explored in Lawrence et al. (2007) and this process will also occur in 

earth based mortars. As a consequence of this, the open porosity values outlined in Figure 

5.16 may reduce after a longer cure length where carbonation has taken place.  

As porosity increases dry bulk density tends to decrease. Demonstrated within Figure 5.17, it 

is evident that dry bulk density has a moderately inversely proportional relationship (where 

Pearson Correlation Coefficient (PCC) r = -0.65) with open porosity. This relationship between 

porosity and dry bulk density and other material characteristics follows other research as 

explored in Bouguerra et al. (1998) and Laborel-Préneron et al. (2016). 
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Figure 5.17. Relationship between open porosity and dry bulk density for samples. 

 

Understanding Figure 5.17 enables the establishment of a relationship between bulk density 

and open porosity due to incorporation of bio-fibres within the mix design and the resulting 

microstructure of the mortar. Figure 5.18 forms a relationship between compressive strength 

and open porosity. As outlined within section 2.8.3., when a bio-fibre is incorporated into a mix 

design this reduces the homogeneity of the samples microstructure. When initially mixed, 

fibres swell due to the free water within the mix design and during curing as this free water 

dries, the fibre shrinks and a void is created. These air voids create cavities within the matrix, 

reducing the compressive strength. However, Figure 5.18 shows that an increase of porosity 

does not necessarily decreases the compressive strength (it is detected a strong positive 

correlation where for PCC, the value of R is 0.78). A potential explanation for this could be 

that by comparison to the fibres explored within the literature, the interfacial bonding between 

the matrix and fibres are enhanced. This is particularly prevalent in Figure 5.18 for M1 W2 and 

M1 SMR. 
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Figure 5.18. Relationship between porosity and compressive strength of samples. 

5.4.6. Capillary Action 

 

A key disadvantage of using earth based construction is its high deformation with exposure to 

water (as highlighted in Table 2.1). Figure 5.19 demonstrates the capillary action curve for all 

samples. During the initial absorption, water is rapidly absorbed which understood to be due 

to the control of capillary pores (Neithalath, 2006). As the water travels through the capillary 

pores, the rapid adsorption ends and water rises through to the top of capillary pores and 

water absorption is constant. During this phase, water transitions out of the capillary pores 

and into the gel pores due to diffusion (Zhao et al., 2014 and Yang, 2019).  
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Figure 5.19. Capillary action curve for earth mortar samples. 

 

From Figure 5.19, the capillary coefficient can be calculated, outlining (as a function of time) 

how far the water travels/is up taken within the sample results, this can be found in Table 5.11. 

This is derived by investigating the gradient of the initial rapid absorption phase for each 

sample. From this Table 5.11 it can be shown that for M1, SMR (2.376 m/s0.5) had the lowest 

capillary coefficient but PL, W1 and W2 all have a very similar values (2.646,2.654 and 2.638 

m/s0.5 retrospectively). By comparison, M2 has a much greater range of values. M2 PL has a 

substantially larger capillary coefficient value (2.809 m/s0.5) than the other bio-fibres within the 

same mix design as seen in Table 5.11. 

As the aim of this research project is to create a panel which will remain indoors, the low 

durability of earthen construction, the long-term adsorption and its effect on service life must 

be considered. Concerning a mix design with bio-fibres, for Mix 1, SMR had the lowest initial 

water adsorption and sustained water adsorption within the plateau region. For Mix 2, W1, had 

the smallest initial and constant water adsorption (plateau region). All M1 samples have a 

greater initial and sustained water adsorption in comparison to M2. This demonstrates that in 

terms of initial and sustained water adsorption, M1 W1 has the most preferable characteristics. 

By comparison to the investigation by Santarelli et al. (2014) these values are significantly 
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lower however due to the other mechanical properties demonstrate a higher performing mortar 

mix. 

Table 5.11. Capillary coefficient for mix designs. 

Sample ID Capillary coefficient (m/s0.5) 

 
Mix 1 

PL 2.646 

W1 2.654 

SMR 2.376 

W2 2.638 

 
Mix 2 

PL 2.809 

W1 2.006 

SMR 2.140 

W2 2.277 

 

5.4.7. MBV 

 

To evaluate the hygrothermal behaviour of these mix designs, MBV was selected as an 

appropriate way to understand the samples effectiveness for exchanging water molecules for 

22 cycles of 24 hours. Samples were placed horizontally within a climatic chamber as per 

Figure 5.20.  

 

 

 

 

  

  

  

  

 

 

 

Figure 5.20. Samples within climatic chamber. 

 

The MBV for each cycle was calculated and is displayed within Figure 5.21. It is evident that 

initially all samples have a fluctuating MBV especially when comparing M1 and M2. MBV 

measurements were all taken manually and due to accessibility to the climatic chamber over 

weekends, some cycles have been omitted from Figure 5.21. This figure also demonstrates 
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an MBV fluctuation over all the cycles that the water transport within each sample varies. The 

stabilised MBV values for the mix designs can be found in Table 5.12.  

 

 
Figure 5.21. Average MBV per cycle for each mix design 

 

Table 5.12. Stabilised Average MBV for samples. 

 

 

 

 

 

 

 

 

  

 

By comparison to the MBV results from Chapter 3 when encapsulated within an earth mortar, 

MBV values are lower than those of just the plain bio-fibre samples. After 22 cycles all the mix 

designs were classified via the NORDTEST protocol within Figure 5.22. Another factor that 

could affect the MBV values is that pore accessibility can be limited due to the crystal growth 

within the carbonation of the lime (McGregor et al., 2014). The resulting consequence of this 
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would be the potential to affect the rate of moisture adsorption. However, the samples with the 

best MBV after 22 cycles was M1 SMR and M1 W2.  

 

Figure 5.22. MBV classification of samples according to (Rode et al., 2005). 

 

When considering Table 5.12, there is a variation in the stabilised MBV of the samples which 

could be explained due to there being a smaller amount of water within mix design that after 

28 days of curing has still not fully evaporated. Another explanation for the rationale of the 

materials behaviour would be that due to there being less ‘bonded’ water within the mix design. 

Further to this, the densities for M2 (as side from M2 PL) are higher than that of its M1 

counterpart. Therefore, the fibres will have swelled a lot less and therefore the ‘gap’ between 

the interfacial bonding site will be smaller by comparison to M1 which has a lot more water 

within the mix. 

Although the stabilised MBV has been analysed, as outlined in section 3.4.2 the MBV itself is 

not enough of a differentiation between samples that have similar or the same MBV. 

Therefore, by having the same exposed surface area within the sample, the mass change 

graph per m2 can be utilised to demonstrate the mass variation for each cycle. The mass 

change graph for cycle 1, 14,15 and 22 (respectively) are presented within Figures 5.23 to 

5.26. Initially, Figure 5.23 demonstrates that adsorption and desorption is continuous over the 

first cycle, with peak adsorption values all being at the end of the adsorption phase where M1 

W2 had the largest increase in mass (and therefore held the biggest quantity of water) 

(22.67g/m2). 
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Figure 5.23. Adsorption/Desorption graph for all earth mortar samples after 1, 24 hour cycle. 

Figure 5.24. Adsorption/Desorption graph for all earth mortar samples after 14, 24 hour 

cycles. 
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After 14, 24 hour cycles it is evident that all mix designs have not remained at their original 

mass. All samples have increased in mass, this is sufficient evidence to suggest that as the 

samples have adsorbed in high RH, they are unable to desorb the same quantity of water in 

low RH periods. This water has become ‘trapped’ and is retained within the sample, an efficient 

exchange of water molecules within the sample is integral for this panel to function as a RH 

regulator.  

Despite this behaviour of ‘trapping’ water molecules, Figure 5.24 also demonstrates all 

samples are still able to adsorb and desorb via clear increases in mass within 8 hours of 

adsorption and high RH (75%) and then lose mass during 16 hours of desorption and low RH 

(53%). Whilst the samples examined are still hygrothermally functional, the efficiency at which 

the water molecules are exchanged has reduced. Figure 5.24 shows that samples such as 

M1 SMR and M2 SMR can adsorb water at a much higher rate in comparison to the other 

samples. It is evident that M1 SMR has progressively increased in mass over the length of the 

experiment thus far but is able to return to the approximate same mass as at the beginning of 

the cycle. M2 W2 demonstrates that at the end of cycle it is beginning to lose mass in doing 

this demonstrates that the water molecules ‘trapped’ within the sample are now dissolving the 

fibres and the sample is now beginning to decompose.     

 

Figure 5.25. Adsorption/Desorption graph for all earth mortar samples after 15, 24 hour 

cycles. 
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Similar to Figure 5.24, Figure 5.25 demonstrates the vast range of the changes in mass 

throughout the 15th cycle of 24 hours. When comparing M1 W1 to M1 W2 there is initially a 

high adsorption level, however during the desorption phase the samples are not able to 

sufficiently lose the water molecules they originally gained. Much like that of Figure 5.24, 

Figure 5.25 shows that M1 SMR has a clear high adsorption and are able to desorb to the 

approximate same mass as the start of the cycle. When comparing M1 PL and M2 PL it is 

evident that both samples are able to initially adsorb but during desorption phase M1 PL is 

able to reduce to its original mass but has a much lower original adsorption. 

When considering the evolution and change in mass of the samples from the first cycle (Figure 

5.23) to the final, 22nd cycle (Figure 5.26) the mass adsorbed over a 24 hour period has 

increased. Further to this, it is clear that there is a substantial amount of ‘trapped’ water 

molecules within the sample that from the previous cycle the initial gain in mass is above 0. 

Further to this, the rate at desorption after 8 hours decreases after 22 cycles, demonstrating 

the reduction in the capacity for a effective moisture exchange mechanism. 

Figure 5.26. Adsorption/Desorption graph for all earth mortar samples after 22, 24 hour 

cycles. 
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5.4.8. Thermal Conductivity  

 

Understanding the way heat is exchanged within the sample is important as thermal 

conductivity investigates the conduction of head. At laboratory conditions, the thermal 

conductivity of samples is demonstrated within Table 5.13. 

Table 5.13. Thermal Conductivity values for samples. 

Sample ID 

Thermal 

Conductivity, λ  

(W/(m.K)) 

Mix 1 

PL 0.203 

W1 0.183 

SMR 0.179 

W2 0.189 

Mix 2 

PL 0.203 

W1 0.191 

SMR 0.189 

W2 0.192 

 

From Table 5.13 the range of thermal conductivity is from 0.1786 to 0.2026 W/m.K. Where 

M1.SMR has the lowest reading (0.1786 W/m.K) and M2 PL has the largest thermal 

conductivity but M1 PL is negligibly similar (0.2026 and 0.2025 W/m.K respectively).The 

literature within Chapter 2 has evidenced that there is a clear relationship with the addition of 

fibres to an earth matrix which results in a reduction in thermal conductivity. This is because 

the fibre within the earth mortar matrix has a lower thermal conductivity value than if it was 

just the mortar itself.  

As highlighted within Chapter 3, section 3.4.3. and within the literature of Chapter 2 there is a 

relationship between density and thermal conductivity. This is due to the air voids within a 

matrix having a lower density than if they were filled with the material, which lowers the thermal 

conductivity as heat cannot travel as easily through it. For the bio-fibre earth mortar 

composites this has been explored by comparing dry bulk density and thermal conductivity 

within Figure 5.27. It is clear from Figure 5.27 that there is a very strong correlation (PCC, R 

= 0.91) between the dry bulk density and thermal conductivity for samples within this research.  
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Figure 5.27. Relationship between dry bulk density and thermal conductivity of samples. 

By investigating the composites thermal conductivity, the thermal resistivity can also be easily 

calculated. The r value of a material demonstrates the resistance of the sample to all types of 

heat flow and is calculated as per equation (5.2).  

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦, 𝑅 =  
𝐼

λ
 (5.2) 

Where: 

R = Resistivity of element, ‘r value’ (m2.K/W) 

I = thickness of material (m) 

λ = thermal conductivity (W/m.K) 

Further to this, the r value (thermal resistivity) can also be used to calculate ‘u-values’ of these 

samples, when used in the BRE exemplar houses in the LJMU campus.  

  

 

 

 

 

 

 

 

1200

1300

1400

1500

1600

1700

1800

0.175 0.18 0.185 0.19 0.195 0.2 0.205

D
ry

 B
u

lk
 D

e
n

s
it
y
 (

k
g

/m
3
)

Thermal Conductivity ((W/m.K))

M1.PL M1.W1

M1.SMR M1.W2

M2.PL M2.W1

M2.SMR M2.W2



150 
 

Table 5.14. Calculated r for samples. 

Sample ID 

R value, m2.K/W (at 

0.035m thickness of 

samples) 

Mix 1 

PL 0.173 

W1 0.191 

SMR 0.196 

W2 0.182 

Mix 2 

PL 0.173 

W1 0.183 

SMR 0.184 

W2 0.182 

 

5.5. Conclusion 
 

The optimisation of both mix design and different bio-fibres executed within this paper will 

enable the next step towards an indoor, passive RH regulating panel to be brought to fruition. 

Capillary action demonstrates that M1 has a larger capillary coefficient values, however in 

terms of plateau regions, M1 generally has the larger water absorption. Bulk density is reduced 

by approximately 30% by comparison to M1 PL mix and due to the relationship between open 

porosity and dry bulk density as demonstrated within this chapter M1 SMR has the most 

desirable features. With the lowest thermal conductivity, M1 SMR (0.1786 W/m.K) was also 

able to remain hygrothermally effective after over 22, 24 hour cycles by comparison to the 

other mix designs. M1 SMR had the best MBV value (1.26 g/(m2  %RH)) this mix design will 

be selected as the best performing to continue with the creation of the RH buffering panel. 
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Chapter 6 - Physicochemical characterisation of bio-earth 

mortar composites to explain their hygrothermal behaviour  

 

6.1. Introduction  
 

Chapter 4 demonstrated that according to the RH of bio-based fibres samples, their chemical 

properties change which was investigated by comparing to their MBV performance. Following 

this, Chapter 5 demonstrated that when comparing the performance of these bio-fibres 

combined within an earth mortar matrix this also alters their physical and hygrothermal 

properties differ. Out of the mix designs investigated, Mix 1 had most desirable characteristics. 

To incorporate the works of Chapter 4 and 5, this chapter will investigate the physicochemical 

effects of these bio-earth mortar composites, in order to provide a greater insight into their 

chemical and hygrothermal characteristics.  

 

This analysis is required due to the inadequate research attention that has been given to the 

influence of earth and bio-fibres at a micro level to the thermal performance of mortars. There 

is limited knowledge on the thermal degradation of mortars, where the majority of the situations 

tested are related to the behaviour of ancient mortars (Ramacciotti et al., 2018).  Thermal 

analysis are well established methods of investigation. However, there is still no official 

standard or regulation for this methodology in this specific context.  

 

More broadly, the thermal effects of a material are due to the re-distribution of internal energy 

within a system. Understanding the thermal response will minimise the knowledge gap and 

ensure that the thermal behaviour of these materials will effectively contribute to the 

hygrothermal optimisation of these composites. Therefore, it is appropriate to ascertain some 

certainty for temperature-dependent behaviour of these earth mortar composites over 

differing service life temperatures and beyond. The physicochemical characteristics of Mix 1 

(the best performing mix design) earth mortar, must be explored to understand the difference 

in these composites at different RH, the nature of adhesive bonds and how this affects their 

hygrothermal behaviour. 

 

6.2. Materials 
 

The mix design and bio-fibres used within this chapter are those outlined in Mix Design 1 

within Chapter 5 and tested after 28 days of curing. Due to the nature of the testing equipment, 

prismatic samples (160mm x 40mm x 40mm) would have been too large for the machinery, 
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consequently samples were crushed and ground. For these experiments, the results are 

based on fine fractions of the mortar upon grinding. Understandably, grinding the composite 

mortars may affect the material properties and may not be truly accurate of the results. 

However, the results shown will give a representative indication of the material characteristics. 

6.3. Methods  
 

The following methodologies were completed as per the experiment outlined in 5.3. 

 

Fourier Transform Infrared Spectroscopy (FTIR)  

 

The following experiments have different procedures as outlined below: 

 

6.3.1. Thermogravimetry Analysis (TGA) and Derivative Thermogravimetry (DTG) 

 

Despite having the same linear heating rate as within section 4.3.2. (20oC min-1 under 

a Nitrogen atmosphere, using a circular, platinum crucible), the heating range is from 25-

700oC. This increase in range is to incorporate the difference in material properties of the 

composite in comparison to the raw bio-based fibre. 

6.3.2. Differential Scanning Calorimetry (DSC)  

 

The same equipment and heating rate were used as within section 4.3.3  (25 to 300oC and 

heating conditions of 20oC/min) a comparison of the effect RH has on the earth mortars 

material properties. Whilst still using the Perkin Elmer DSC 7, specific heat capacity (Cp) was 

also calculated at a range of 5-50oC and at a heating rate of 3oC min-1.  This range of 

temperatures was selected as this is what the material would experience throughout its service 

life and help to give a much broader understanding of the materials performance within 

dynamic working conditions. This compares to standard testing of specific heat capacity at a 

static temperature, usually in laboratory conditions.  

Samples were initially dried as per BS EN ISO 12570 (ISO, 2000), then stabilised at 53% for 

24 hours in a climatic chamber at 23oC. After this test run was complete, the samples were 

dried then stabilised at 75% for 24 hours at the same isothermal conditions for testing 

(conditions as per Huang et al. (2016). The specific heat capacity of bio-earth mortar 

composites (𝑐𝑝
𝑠𝑝) (kJ.kg-1.K-1))was calculated as per ISO 11357-4 (ISO, 2014), using α-

alumina (synthetic sapphire) as a known, standardised material using Equation 6.1. 

𝑐𝑝
𝑠𝑝 =  𝑐𝑝

𝑐𝑎𝑙  × 
𝑚𝑐𝑎𝑙(𝑃𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑟𝑢𝑛−𝑃𝑏𝑙𝑎𝑛𝑘 𝑟𝑢𝑛) 

𝑚𝑠𝑝(𝑃𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑢𝑛−𝑃𝑏𝑙𝑎𝑛𝑘 𝑟𝑢𝑛)
 (6.1) 
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Where: 

𝑐𝑝
𝑠𝑝

 = Specific Heat Capacity of sample (kJ.kg-1.K-1) 

𝑐𝑝
𝑐𝑎𝑙 = Specific Heat Capacity of calibration material (J/(K kg)) 

𝑚𝑐𝑎𝑙 = mass of calibration material (g) 

𝑃𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑟𝑢𝑛 = Heat flow rate of sample (W/g) 

𝑃𝑏𝑙𝑎𝑛𝑘 𝑟𝑢𝑛  = Heat flow rate of blank/empty crucible (W/g) 

𝑚𝑠𝑝 = mass of sample (g) 

𝑃𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑢𝑛 = Heat flow rate of calibration material (W/g) 

6.4. Results and Discussion 
 

6.4.1. Thermogravimetry Analysis (TGA) and Derivative Thermogravimetry (DTG) 

 

TGA and DTG have been used within this chapter as a method of determining the rate of 

weight loss within the sample. For this chapter, the utilisation of TGA/DTG is to understand 

the thermal stability of the bio-earth mortar composites at 53% and 75% of RH. The 

experimental set up for these methods is demonstrated within Figure 6.1.  

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Image of bio-earth mortar composite entering furnace. 

 

It has been outlined by several authors that the different ranges of temperatures where weight 

loss occurs within the mortars indicate the release of specific molecules within the samples 

Platinum crucible  

Sample 

Furnace 
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(Bakolas et al., 1998; Paama et al., 1998 and Frankeová and Slížková, 2016). These are in 

the following groups: 

• 25-120oC adsorbed / hygroscopic water begins to evaporate 

• 120-200oC  

• 200-600oC chemically bound water release and depolymerisation begins 

• >600oC loss of carbon dioxide (CO2) due to decomposition of carbonates 

Chemically bound water refers to any compound that has been hydrated. This variation in 

potential identification of compounds over such a large temperature range adds complexity for 

distinguishing each specific compound. As outlined in Ellis (2000), the environmental 

conditions that the mortars have been in will affect the shape and peaks exhibited in Figures 

6.2a-d.  

Where the samples have lost mass, the percentage of weight loss per temperature range are 

demonstrated in Table 6.1. In addition to the weight loss, by using the ratio of >600 oC and 

200-600 oC it will enable an understanding of the natural hydraulic lime binder within the 

material by comparison to the chemically bound water. This could help to give an 

understanding of the quantity of bound water within the sample and its ability not only to 

adsorb, but also to bind with the sample.  

Table 6.1 also indicates that for the majority of samples, their mass loss is predominantly split 

over 200-600oC and over 600oC. By comparison to the PL (plain) sample, all mix designs with 

bio-fibres have a much larger percentage of weight loss within 200-600oC range. Weight loss 

within 200-600 oC range is associated with chemically bound water and denotes that there are 

more hydraulic compounds being released, which occur from the presence of organic matter. 

The amount of weight loss for bio-fibre samples is approximately double that of the PL sample, 

demonstrating the relevant effect of bio-fibres to thermal stability for within this region. 

When comparing the quantity of weight loss under 120oC, all samples except for SMR have a 

reduced value when stabilised at 75%. For most of the samples, when stabilised at a higher 

RH the weight loss of adsorbed/hygroscopic water is not as easily evaporated. However, SMR 

initially presents more water evaporation than any other sample in particular at 75%. When 

comparing the rest of the weight loss across the test it experiences a larger loss in 200-600 

oC and >600 oC range. Both stabilised PL samples have the lowest weight loss between 200-

600oC, but highest values over 600oC. Within the range of 200-600oC denotes chemically 

bound water within hydraulic compounds, where clay minerals within the composite contribute 

to the pozzolan (He, Osbaeck and Makovicky, 1995 and Tomassetti et al., 2015). Similarly to 

this research, Karatasios et al. (2012) outlines the differences in thermal properties of 
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materials cured at different humid conditions. Likewise, to Karatasios et al (2012) results, 

Figure 6.2d demonstrates that despite there are some differences between the curves, these 

are not significant. 

Further to the thermal analysis of water within the sample, the thermal degradation of the other 

constituent elements within the mortars are important to understand other constituent 

elements. From the literature Ellis (2000), the oxidation of organic materials at approximately 

490oC. All samples except PL (Figure 6.2a) exhibit a curve in this region. A limitation of this 

experiment is the temperature range as there may be further reactions taking place after this 

value. For example, a wider temperature range will give the CO2 peak (which could be over 

700oC) (Moropoulou, Bakolas and Bisbikou, 1995). This methodology is used when 

investigating and analysing the type of binder used in historic mortars. Due to this being known 

at the point of casting, a wider range for this experiment isn’t required. In addition the values 

obtained will give a clear enough indication of the material properties. 

As a component of the mix design, utilising natural hydraulic lime as a binder will have an 

important influence on the nanostructure of each sample. Within the structure of the 

composite, there is a reaction between the Ca(OH)2 in an aqueous medium and the 

atmospheric CO2 which then forms CaCO3. Under thermal analysis, formed of Ca(OH)2 

dehydration is detected between 400 and 520oC (Moropoulou, Bakolas and Bisbikou, 1995). 

In addition, the composites were analysed after 28 days of curing.  Whilst the lime will 

eventually boast structural benefits after only 28 days the carbonation process has not yet 

peaked. As previously mentioned in Chapter 5 (and how this affects structural properties), the 

lime was acting as a filler. Despite this, there will still be a thermal analytical information for 

how the different bio-fibres interact within the composite (Oates, 2007; Ševčík et al., 2015).   

Table 6.1. Overall weight loss percentages for earth based mortar composites. 

Sample ID 

Weight loss per temperature range (%) 

<120oC 
120-200 

oC 
200-600 

oC 
>600 oC 

>600oC /200-
600 oC 
 ratio 

 
Mix 1  

 

PL 
53% 11.27 5.47 36.95 46.31 1.23 

75% 11.12 15.20 37.65 35.99 0.96 

W1 
53% 11.61 3.17 60.46 24.76 0.41 

75% 3.19 3.06 66.54 27.20 0.41 

SMR 
53% 7.34 2.15 70.50 20.01 0.28 

75% 10.66 2.74 60.52 26.07 0.43 

W2 
53% 6.49 2.77 61.73 29.01 0.47 

75% 3.34 2.59 64.77 29.3 0.45 
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A comparison for the weight loss of each sample helps to understand the thermal stability of 

the material. This comparison can be made as each material experienced the same isothermal 

conditions. W2 at 75% lost the most mass throughout the duration of the experiment. 

Compared to the other mix designs, PL at both 53% and 75% had a significantly less weight 

loss which is demonstrated by a shallow, consistent mass loss curve. 

The amount of CO2 released by the degradation of carbonates is at approximately 600oC, from 

classification proposed by Moropoulou, Bakolas and Anagnostopoulou (2005). From the 

samples within Table 6.1, these samples are in accordance with the research by Moropoulou 

et al (2005), demonstrating their reliability. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2a. TGA (solid line) and DTG (dashed line) for Mix 1 PL at 53% and 75% RH. 
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Figure 6.2b. TGA (solid line) and DTG (dashed line) for Mix 1 WL1 at 53% and 75% RH. 

 

 

Figure 6.2c. TGA (solid line) and DTG (dashed line) for Mix 1 SMR at 53% and 75% RH. 
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Figure 6.2d. TGA (solid line) and DTG (dashed line) for Mix 1 W2 at 53% and 75% RH. 
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point, the two lines converge and difference in heat flow is greatly reduced (for example at 

275oC is 6.22 W/g). 

Table 6.2. DSC phase transitions temperatures for bio-earth mortar composites. 

Sample ID 
Water Evaporation 

Temperature (Teva) (
oC) 

Transition 

Temperature (Tt) (
oC) 

Denaturation 

Temperature (Td) (
oC) 

PL 
53% 86.44 190.53 - 

75% 85.97 190.34 - 

W1 
53% 85.43 176.93 - 

75% 125.93 177.80 - 

SMR 
53% 96.20 - 227.00 

75% 96.20 - 227.00 

W2 
53% 81.66 198.4 254.93 

75% 86.13 178.01 254.93 

 

By comparison, Figure 6.3b initially has a similar heat flow (for example at 50oC the difference 

in heat flow is 3.63 W/g) but with 75% RH sample having a larger heat flow. As temperature 

increases, heat flow continues to rise the difference between the samples continually rises. At 

approximately 85.43oC the 53% sample experiences a transition in the gradient of the line. 

From an initially steep incline to a flatter, slower increase in heat flow with temperature (for 

example at 275oC difference in heat flow is 20.01 W/g). This is also experienced for the 75% 

sample, but this change in gradient occurs at a much higher temperature of 125.94oC. In 

general, the heat flow within Figure 6.3b is larger than that of Figure 6.3a which can be 

assumed to be because of the addition of bio-fibres. Similar to Figure 6.3a, there is a point 

within Figure 6.3b where the trend line majorly transitions, for 53% is 176.93 oC and 75% 

177.80 oC; as these points are so similar they can be considered the same temperature. Figure 

3a demonstrates that there is an endothermic peak at 282.2 oC and 253.2 oC for 53% and 

75% retrospectively. In comparison to Chapter 5, Figure 6.3b also shows the same 

endothermic peak at 253.2oC. Therefore, within Figure 6.3b the small abrupt endotherm can 

be assigned to the inner α-crystal within the wool molecule spilling and decomposing – the 

denaturation of wool. 

Interestingly, Figure 6.3c differs again to the thermograms in Figures 6.3a and 6.3b due to 

both RHs demonstrating an almost identical curve. Initially, samples have some differentiation 

where the 75% RH sample has a slightly elevated heat flow by comparison to 53% RH 

stabilised sample. This curve also features two ‘transition points’, this curve alters in gradient 
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at 96.20oC and 227.00oC. When comparing Figure 6.3c to Figure 6.4a (the earth mortar 

composite is similar to the 53% RH curve. 

Initially like Figure 6.3a, Figure 6.3d has a consistently differing heat flow between the two 

stabilised samples. At 50oC the difference in heat flow between 53% and 75% samples is 

33.39 W/g. In comparison to the other mix designs, the difference in heat flow is nearly 

consistent for the entire experiment as at 275oC heat flow is 53.506 W/g. For both stabilisation 

curves, there are 3 points where the curve changes gradient for 53%: 81.66  oC and 198.4 oC 

and for 75% 86.13 oC and 178.01 oC. 75%. Within Figure 6.3d there is a small, endothermic 

peak for both stabilisation curves.  At 53% stabilisation this peak is observed as a peak with a 

shoulder curve at 254.93 oC and 262 oC but 75% only displays a singular peak at 255.93oC. 

By comparison to Figure 6.4a, Figure 6.3d there is an established different between the two 

curves at both RHs.  

 
 
 
 
 
 
 

Figure 6.3a. Mix 1 PL DSC thermogram. 
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Figure 6.3b. Mix 1 W1 DSC thermogram. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.3c. M1 SMR DSC thermogram. 
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Figure 6.3d. M1 W2 DSC thermogram. 

 

6.4.2.1. Specific Heat Capacity 
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W2 has the largest. When stabilised at 75%, PL still has the smallest value but SMR has the 

largest Cp value. 

 

Figure 6.4a. Specific heat capacity for Mix design 1 from 5-50oC at 53% RH. 

 

Figure 6.4b. Specific heat capacity for Mix design 1 from 5-50oC at 75% RH. 
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From Figure 6.5 it is clear that when stabilised at a higher relative humidity, only 2 of bio-fibre 

earth composites have a higher Cp. Out of all 4 mixes, SMR has the greatest Cp values at 

75% (1.141kJ/kg.K) (see Table 6.3). A greater Cp value represents that this composite is 

affected the least by temperature change. There is also a difference between the value of Cp 

which is demonstrated in Table 6.4.  When comparing the 4 mixes, SMR has the largest 

difference in Cp where W2 is the least affected by the stabilisation RH.  

 

Figure 6.5. Average specific heat capacity, Cp of samples at 53% and 75% RH at 20oC. 

 

Table 6.3. Specific heat capacity Cp values for samples at 20oC. 

Specific Heat 
Capacity, Cp 
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PL 0.707 0.771 0.741 0.792 0.902 0.847 

W1 0.960 1.161 1.045 0.921 0.940 0.932 
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0.0

0.2

0.4

0.6

0.8

1.0

1.2

PL WL1 SMR W2

S
p

e
c
if
ic

 H
e

a
t 
C

a
p

a
c
it
y
, 
C

p
 

(k
J
/k

g
.K

) 

Sample ID

53% 75%



165 
 

Table 6.4. Difference in Cp values for 53% and 75% stabilised samples at 20oC. 

Sample ID 

Difference in 

Cp at 20oC 

(kJ/kg.K) 

PL 0.106 

W1 0.113 

SMR 0.127 

W2 0.026 

 

Deliski (2011) outlines that for porous materials, the specific capacity (Cp.ps) is the sum of the 

specific heat capacity of the dry porous material (Cp.d), specific heat capacity of the free water 

(Cp.fw) and specific heat capacity of bound water (Cp.bw) as outlined in Equation (6.2) 

Cp.ps = Cp.d + C p.fw + C p.bw (6.2) 

Where: 

Cp.ps = Specific heat capacity of a porous material (kJ/kg.K) 

Cp.d = Specific heat capacity of a dried porous material (kJ/kg.K) 

C p.fw = Specific heat capacity of free water (kJ/kg.K) 

C p.bw = Specific heat capacity of bound water (kJ/kg.K) 

It could be proposed that the higher the stabilisation RH, the higher the value of Cp due to the 

environment that the materials are stabilised in has a larger quantity of water vapour. However, 

the results demonstrated in Figure 6.5 show that this is not always the case. Due to the 

samples only being stabilised for 24 hours, the ratio of bound and free water that the material 

has within its structure could differ. Therefore for some materials’, for example W1 and W2, 

when stabilised at a 75% RH presents a lower Cp when compared to stabilisation at 53% RH. 

It could be hypothesised that this is due to the materials ability to readily accept water 

molecules. So, the same material could have more ‘free water’ within the capillary pores of 

the material and upon heating is easier to release these water molecules. By comparison, 

composites such as PL and SMR when stabilised at a higher RH present a larger Cp. 

Indicating that this material can not only initially adsorb water molecules but also bind to the 

samples chemical structure. Compared to Huang (2016) the values within Figure 6.5 

demonstrate that at 20oC, the mortar has a lower Cp than the raw bamboo samples within the 

paper. 
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From a practical perspective and in the context of buildings, the storage capacity of a 

composite is related to the specific heat capacity and the volume of the materials used in a 

building envelope. Nevertheless, the storage capacity of the envelope is also related to the 

composition of the walls and the technological solutions. 

Utilising this equation to understand the earth mortar composites is interesting as due to their 

stabilisation RHs it is inevitable that the quantity of free water and bound water would differ. 

Further research would be interesting to quantify the affect the specific heat capacity of free 

and bound water has on the bio-earth mortar composites. For an initial understanding of the 

role water has within the sample can be identified by using FTIR which will be explored in 

section 6.4.3. 

Utilising this method also helps to give a broader understanding of the materials potential 

performance in differing climate conditions. Therefore, this would enable a ‘prescription’ of the 

material rather than simply selecting the ‘overall’ best performing material. Understanding the 

material properties via DSC has many benefits over other hygrothermal methods such as 

Moisture Buffering Value (MBV) not only for the speed of the test but also the multifaceted 

results per thermogram. 

 

6.4.3. Fourier Transform Infrared Spectroscopy (FTIR)  

 

This methodology of analytics spectroscopy will enable the identification of organic materials 

but adsorption and transmittance of infrared radiation. Figure 6.6 demonstrates how the bio-

earth composite samples were tested. 

 

 

 

 

 

  

 

Figure 6.6. FTIR equipment analysing a bio-earth mortar composite sample. 

Figures 6.7a to 6.7d demonstrate the spectra’s for the mix designs stabilised at 53 and 75% 

RH. The assignment for bonds that have been detected within these spectras have been 

collected and are demonstrated within Table 6.5.
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Table 6.5. FTIR analysis of earth mortar composites and associated assignment of bonds at 53% and 75% RH. 

Mix 1 

Assignment for bond PL position of band 

(cm-1) 

W1 position of band 

(cm-1) 

SMR position of band 

(cm-1) 

W2 position of band 

(cm-1) 

53% 75% 53% 75% 53% 75% 53% 75% 

3606.20 3650.93 3641.61 3641.61 3641.61 3636.01 3641.61 3639/75 Stretching and bending O-H (hydroxyl) group 

(Rampazzi et al., 2016) 

(Man, Haque and Chen, 2019) 

(Ammari et al., 2018) 

  3388.15 3384.42 3416.11 3311.74 3401.70 3401.20 

  2961.37 2950.19     
C-H bond stretching and bending (Rampazzi et 

al., 2016) 

  2329.59 2320.27 2320.27 2320.27 2322.99 2324.00 
Carbon Dioxide (CO2) (Millogo, Hajjaji and 

Ouedraogo, 2008) 

1763.03 1763.03 1712.71 1710.85 1414.52 1407.07 1418.25 1407.07 
Vibration bands of calcite (CaCO3) (Ammari et 

al., 2018) 

    1634.44 1626.98 1643.78 1643.75 
Stretching absorbances  of C=O and C-O 

bonds (Rampazzi et al., 2016) 
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On initial inspection, Figures 6.7a and 6.7b do not appear to have much differentiation when 

considering the two stabilisation RHs. Especially when comparing the differences between the 

spectra’s as observed in these figures with comparison to Chapter 4 Figures 4.9a (SMR), 4.9e 

(W1) and 4.9f (W2). However, to understand the discreet changes, a magnified image of the 

spectra is displayed just beneath the measured values in Figures 6.7a - 6.7d.  

As carbonates are formed within the earth mortar, it could be suggested that this is due to the 

bio-physical chemical conditions of the earth. As natural hydraulic lime has been utilised as a 

binder in the mix design (in addition to water and sand) it facilitates the formation of calcite. 

Calcite sets quickly within the mortar matrix and it has the ability to agglomerate to inert 

materials such as quartz (Millogo et al., 2008). Other materials found within lime rich mix 

designs is carbon dioxide as it is extensively dissolved (Millogo and Morel, 2012). The release 

of this molecule is outlined in TGA/DTG experimentation. 

To understand the differences between the bands, it is important to understand what they 

represent. Affecting the intensity of the absorbency bands can be associated to a dipole 

moment and/or the quantity of bond. To analyse the Figures within this thesis it is understood 

that the lower the transmittance (and therefore greater the absorbance) the “stronger” and/or 

quantity of bonds there are. The major peak for the hydroxyl (O-H) group within each 

composite is clearly visible through all Figures 6.7a to 6.7d. By understanding how the key 

bands which are associated for hydroxyl bands observes the hydroxyl reactivity. For PL, 

Figure 6.7a at 3606.20cm-1 and 3650.93 cm-1 (for 53% RH and 75% RH retrospectively) 

demonstrates that there is no differentiation between the band width and transmittance. 

However, for the rest of spectra there is a clear, sustained difference between the two different 

stabilised samples. 

By contrast, W1 in Figure 6.7b shows a peak for hydroxyl group at 3641.61 cm-1 for both 53 

and 75% which fall at difference percentages of transmittances. The samples stabilised at 

75% have a lower transmittance and therefore a greater amount/intensity of hydroxyl bonds. 

Although they vary in transmittance, the form of the peak is exactly the same. This effect is 

directly comparable to W2.  

When considering the peaks within SMR, it is clear that there is a difference in the 

transmittance and also the shape of the peak. At 53% stabilisation it is observed a shallow 

peak. However, 75% shows a much broader peak with a larger transmittance value. 

Considering all of the other mix designs, in this hydroxyl region, there is a clear change in the 

chemical arrangement of SMR. Due to the lack of research in this area it is difficult to 

understand if the difference in the hydroxyl group can be attributed to ‘free’ or ‘bound’ water.  
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The difference between the hydroxyl peak values for W2 is 0.17% whereas W1 is 0.12% and 

PL is 0.09%. In contrast, SMR has a difference of 0.8%. Even when there are no bio-fibres 

within the composite there is still a slight difference in the hydroxyl group stability within the 

compound. Due to the repeated sampling and averaging of 128 scans for each samples it can 

be emphasised that these numbers are representative of the materials. Therefore, out of all 4 

mix designs it can be concluded that in terms of their FTIR spectra, when exposed to a differing 

hygrothermal environment, SMR has the largest impact on the hydroxyl stability of the mortar 

composite. 

 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 6.7a. M1 PL FTIR spectra. 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 6.7b. M1 W1 FTIR spectra. 
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Figure 6.7c. M1 SMR FTIR spectra. 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 6.7d. M1 W2 FTIR spectra. 

 

6.5. Conclusion 
 

This chapter presents both thermo-chemical and chemical spectra for 4 different bio-fibre earth 

mortar composites, W1, W2 and SMR in addition to a PL as a constant. These samples were 

stabilised in a climatic chamber at 53% and 75% RH. Temperature changes can cause 

alterations in the physical and chemical properties of bio-based materials, which reflects on 

their hygrothermal behaviour and influence the overall properties of the final product, including 

the ability to storage energy.  
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The use of TGA/DTG enables the thermal stability of materials to be analysed. Within mortars 

the weight loss at different temperatures can be aligned to the bonding nature of water within 

the matrix. PL had the least overall weight loss, but this can be attributed to the lack of organic 

materials. However, of the bio-fibres W1 has the smallest weight loss. DSC was utilised in two 

different capacities; firstly to understand the heat flow and temperatures of key transition 

phases. These different mix designs exhibit three different reactions to both a rise in 

temperature and stabilisation percentage. SMR has the lowest denaturation temperature but 

remains unaffected by RH stabilisation. In terms of water evaporation temperature, W2 has 

the lowest value (81.88oC at 53% and 86.13oC). 

Secondly, DSC was used to calculate the Specific Heat Capacity, Cp which demonstrated that 

Cp increases with temperature. When stabilised at different RH, the difference in Cp also 

varies and affects the composites differently. These differences could potentially be attributed 

to the materials ability to readily accept water molecules. It also demonstrates the differences 

of the samples adsorption and absorption of water in differing hygrothermal environments. 

SMR has the largest Cp for 75% at 20oC was 1.141 kJ/kg.K. 

The use of FTIR, this demonstrates a difference between both stabilisation RHs, it is not as 

significant as just the bio-fibres as explored in Chapter 4. Despite this, there is still a difference 

in transmission in addition to a change in the main hydroxyl group peak for SMR. This indicates 

SMR has the largest impact on the hydroxyl stability of the mortar composite. 

Overall, these experiments have shown that much like just the bio-fibres, these bio-fibre 

composite mortars demonstrate that when stabilised at different RH fundamentally affects 

their properties.  
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Chapter 7 – Dynamic moisture movement within bio-earth 

composites  
 

7.1. Introduction  
 

The hygrothermal behaviour of earth mortars was outlined in Chapter 5 and consequentially, 

how this affects its chemical structure was explored in Chapter 6. However, the mechanisms 

behind this moisture movement within the sample are also important, as they will enable a 

greater understanding of which hygrothermal conditions the mortar will operate most 

efficiently. Comparative literature studies such as Navarro et al. (2016) demonstrate that the 

moisture transfer mechanisms will also be indicative of the climates or building fabrics the 

panel will be most suited.  

7.2. Materials 
 

The mix design and bio-fibres used within this chapter are mix design 1 and are outlined within 

Table 7.1. For Water Vapour Permeability and sorption isotherm, samples were cast into 

circular disc moulds with a diameter of 80mm and depth of approximately 25mm. For latent 

heat of sorption, samples were cast into square moulds (100mm x 100mm x 35mm) and after 

28 days of curing, samples were tested. 

Table 7.1. Mix design proportions (by mass) 

 

 

 

 

 

 

7.3. Methodology 
 

7.3.1. Water Vapour Permeability 

 

Water Vapour Permeability (WVP) was conducted by wet cup method as per BS EN 12572-

2016 (ISO, 2016) BS EN 1015-19 (BSI, 1999d) and BS EN 15803 (BSI, 2010) and bio-earth 

Lime Earth Sand Lime/Water 
Bio-fibres 

Sample ID Lime/Bio-fibre 

1 0.1 8.6 2.4 

PL - 

W1 0.0243 

W2 0.0485 

SMR 0.0243 
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mortar samples were stored within a plastic container (with 5 circular samples with a thickness 

of approximately 25mm). To ensure there was no vapour movement around the sides of the 

sample, sealant was used (see Figure 7.1).  

 

 

 

 

 

 

 

 

 

 

Figure 7.1. WVP experimental set up. 

Initially samples were conditioned at 23oC at 50% RH to ensure a constant mass was 

achieved. The experimental set up for this was under isothermal conditions (23oC) using the 

wet cup method at 40% RH.  The samples were sealed for there to be a unidirectional moisture 

flow. The set up for this experiment can be found within Figure 7.1. An issue that should be 

considered for this method is that it does not consider how surface vapour resistance of the 

material may affect the overall result. Due to the gradient of moisture between the lower and 

upper surface of the sample, this drives a moisture gradient within the cup and the vapour is 

released from the sample. Every 24 hours the sample was measured until a three successive 

values were within ±5%  of the mean value. The rate of change in mass of the sample (G) 

(mg/hr) was calculated in Equation 7.1. 

𝐺 =
(𝑚1−𝑚0)

(𝑡1−𝑡0)
 (7.1) 

Where: 

G = mean of at least 3 successive determinations of G1.0 (mg/hr) given G1.0 is within ±5%  of 

the mean value 

m1 = mass of test assembly at time t1 (mg) 

m0 = mass of test assembly at time t0 (mg) 

Water vapour transmission rate (g) (mg/m2) was calculated in Equation (7.2) 

Bio-earth mortar 

composite 

Sealant 

Water 

Plastic container 
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𝑔 =   
𝐺

𝐴
 (7.2) 

Where: 

g = water vapour transmission rate (mg/m2) 

G = rate in change of mass (mg/hr) 

A = the upper exposed surface area of test specimen (m2)  

Water vapour permeance (W) (mg/m2.hr.Pa) was calculated in Equation (7.3) 

𝑊 =   
𝐺

𝐴.∆𝑃
(7.3) 

Where: 

W= water vapour permeance (W) (mg/m2.hr.Pa) 

A= the upper exposed surface area of test specimen (m2) 

ΔP= pressure difference (Pa) as outlined in BS EN 12086 

Water vapour resistance (Z) (mg/m2.hr.Pa/mg) was calculated in Equation (7.4)  

𝑍 =   
1

𝑊
(7.4) 

Where: 

Z= water vapour resistance (mg/m2.hr.Pa/mg) 

W= water vapour permeance (mg/m2.hr.Pa) 

Water vapour permeability (δ) (mg/m.hr.Pa) is calculated in Equation (7.5) 

𝛿 = 𝑊. 𝑑 (7.5) 

Where: 

δ= water vapour permeability (mg/m.hr.Pa) 

W= water vapour permeance (mg/m2.hr.Pa) 

d= thickness of sample (m) 

Water vapour diffusion resistance factor (μ) was calculated in Equation (7.6)  

𝜇 =   
𝛿𝑎

𝛿
(7.6) 

Where: 

μ = water vapour diffusion resistance factor 

δ = water vapour permeability of insulation material (kg/(m.s.Pa)) 

δa = vapour permeability of air (kg/m.s.Pa) 
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7.3.2. Sorption Isotherm 

 

Also known as moisture storage function, sorption isotherms demonstrate a relationship 

between the relative humidity of the environment and equilibrium moisture content of a 

sample. As these materials are porous, their ability to dynamically alter to their hygrothermal 

environment is of great importance. These samples were dried in accordance with BS EN ISO 

12570 (ISO, 2000) where a constant mass (with less than a 0.1% of total mass) was achieved 

over three consecutive weighing at least 24 hours apart. Adsorption isotherms were calculated 

in line with BS EN ISO 12571 (ISO, 2013) in a climatic chamber at a temperature constant of 

23oC, where moisture content by mass by mass, u (kg/kg) was calculated as with Equation 

7.7. 

𝑢 =
𝑚−𝑚0

𝑚0
 (7.7) 

Where: 

m= mass of sample (kg) 

m0= mass of dried test specimen (kg) 

 

7.3.3. Latent heat of sorption  

 

As explored in section 3.4.4, during the phase change between water molecules in the liquid 

and vapour state, latent heat was identified over 10 cycles of the raw bio-fibres. For this 

experiment, each mix design were cast and a thermocouple inserted into the wet mortar on 

the surface at 15mm from the surface (approximately half way through the sample) (see Figure 

7.2). Once cured, composites were placed within a climatic chamber (see Figure 7.3) where 

the latent heat of sorption was measured dynamically and continuously every 30 seconds for 

21, 24 hours cycles with cyclical RH step changes between 75% and 53% for 16 and 8 hours 

respectively. 

 

 

 

 

 

Figure 7.2. Experimental set up of thermocouples within earth mortar composite. 
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Figure 7.3. (L) Thermocouple cast on the surface (R) Thermocouple cast 15mm from 

surface of earth mortar composite. 

 

7.4. Results and Discussion 
 

7.4.1. Water Vapour Permeability (WVP) 

 

WVP of a material indicates the ‘breathability’ of a material - a larger value of water vapour 

permeability indicates an enhanced transport of water throughout the composite as capillary 

condensation leads to the microscopic pores to fill. The results for the WVP and water vapour 

diffusion resistance factor in Table 7.2.  

Table 7.2. WVP values for bio-earth mortar composites. 

Sample 

ID 

Water Vapour 

Permeability , 

(x10-11) (kg.m-1.s-

1.Pa-1) 

 
Water Vapour 

Diffusion Resistance 
Factor, µ 

 

PL 1.6 4.21 

W1 2.01 2.83 

SMR 2.5 2.44 

W2 2.12 2.55 

 

Understanding the permeability of water vapour into the sample is important for anticipating 

the potential risks of moisture build up within the composite (Zhang, Yoshino and Hasegawa, 
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2012). The greater the ability for water vapour to enter and exit the sample indicates that the 

sample has a larger breathability’. Without this breathability, the build-up of condensation 

within the material will reduce its hygroscopic ability. Especially in residential properties, this 

is particularly problematic because as the water vapour diffuses through the individual wall 

components, building envelope and temperatures drop to reach the dew point and form 

interstitial condensation. The associated problems of this condensation are found in section 

2.2.  By reducing the performance of the building fabric and particularly the insulation could 

result in a reduced thermal resistance and especially in UK residential properties, exacerbate 

condensation issues. It could therefore be associated that the lower the water vapour 

permeability value, the more likely the aforementioned issues are to arise and in turn reduce 

the durability of the material (as highlighted in Claisse (2014)). 

From Table 7.2 it is shown that SMR has the greatest value of WVP (2.5 x10-11 kg.m-1.s-1.Pa-

1). This result is concurrent with the MBV of this material having the largest value (1.26 g/(m2  

%RH)). PL also had the lowest value (1.6  x10-11 kg.m-1.s-1.Pa-1) as this composite has no bio-

fibres, the microstructural shape would be more homogeneous. By comparison to the bio-fibre 

composites it is proposed that the breathability is increased not only on the external surface 

but due to the tortuosity of pores interacting and combining with the bio-fibres themselves 

(Anatoly et al., 2020). The value of µ demonstrates how reluctant the diffusion of water vapour 

is into the sample. This is shown in Table 7.2 as PL has the lowest value of µ and therefore 

has the most resistance for water vapour entering the sample and is the least porous and 

permeable in accordance within Figure 5.16. 

 By comparison to Cagnon et al. (2014) and Faria, Santos and Aubert (2016) the values 

presented in Table 7.2 are generally slightly lower than expected values than in the literature, 

which could be accounted to the differing thickness of the samples. Another potential 

explanation could be due to testing of these samples after only 28 days. As the lime has not 

yet fully carbonated, this could be affecting the microstructure of the pores. As this 

measurement is calculated after only 28 days of curing, after a longer term of exposure the 

affect the deterioration of the bio-fibres would be interesting to understand how this affects 

WVP. The degradation to building materials under cyclical drying and wetting can considerably 

affect the thermal performance (Barreira, Delgado and Freitas, 2014). Particularly with wool, 

uneven and continual wetting and drying deteriorates the fibre. Further to this as the fibre 

cures with the mortar matrix, air voids are created.  This effect on the overall material 

properties would be noteworthy to understand the long term service life performance of the 

composites as outlined by Zirkelbach, Holm and Künzel (2005). Further analysis of the WVP 

could include a better understanding on not only WVP as an empirical value but understanding 
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the quantity and the quality of the wetting the vapour gives across the surface of the composite; 

for example understanding the uniformity of this across the material. 

7.4.2. Sorption Isotherms 

 

By understanding the adsorption behaviour of the composites this will enhance the 

understanding and interpretation of hygrothermal behaviour. Investigations into other bio-fibre 

mortars such as hemp was explored in Collet et al. (2008) but the utilisation of a locally sourced 

earth is not as well researched. Within the literature that sorption is greatly affected by 

temperature it was imperative that the isothermal temperature was kept constant (Poyet and 

Charles, 2009). The curve for how adsorption is affected over a wide range of relative 

humidities can be found in Figure 7.4. 

Figure 7.4. Adsorption curves for bio-earth mortar composites. 

Over the course of the experiment it can be demonstrated that the incorporation of fibres 

increases the rate in which the mortars adsorb water molecules. This is particularly highlighted 

as above 30% RH sample begin to increase in moisture content with this rapidly increasing 

from approximately 65% RH. This is inline with the behaviour demonstrated within 2.5.3. 

Within Figure 7.4., it is illustrated that the largest adsorption during isothermal moisture content 

over all the composites is SMR and the lowest is PL. W2 has similar adsorption across the 

range of RH but not as great as SMR. Over the service range of RH it is important to 

understand that Figure 7.4 also demonstrates the availability of materials to be able to accept 
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water molecules over this range. Due to the polarised nature of water molecules, van der Waal 

forces ensure the water molecules are adsorbed into the composite. To have more adsorption 

within the sample it could be suggested that to continually adsorb over such a large range of 

RH, SMR and W2 have a larger quantity of van der Waal sites due to both the bio-fibre and 

earth mortar matrix. 

Further works should be done in order to understand the effect desorption has on the quantity 

of hysteresis in addition to true a classification of the hysteresis loop as per IUPAC 

classification loops (IUPAC, (1986) and Thommes et al. (2015). This would further aid the 

understanding of the pore structure within the composite. Many different theories contribute to 

the understanding of what sorption hysteresis is. As explored in(Hill, Norton and Newman, 

2009a), the isothermal sorption/desorption characteristics of natural fibres and identified that 

the extent of hysteresis relies upon the specific fibre type examined. Jiang et al. (2019) 

outlined that there is limited research on the mechanisms behind moisture sorption in 

specifically plant based bio-materials.  It was explored in (Karoglou et al., 2005) the sorption 

isotherms of common building materials were examined and it was identified that all building 

materials even those non bio-based experience hysteresis phenomena. 

Research by Skaar (1984) outlined that within cellulose based materials capillary suction starts 

at higher RH because of nanopores within the cell wall, yet the quantity, arrangement and the 

mechanisms for adsorbing water is yet to be fully understood. Jiang et al. (2019) states that 

during adsorption after the first and subsequent cycles, hysteresis has been examined within 

the sample. However, when considering these materials when combined into an earth mortar 

matrix it is evident that this is also true. The research conducted by Jiang et al (2019) also 

demonstrated the top layer of these cellulose based materials that the binding force with initial 

layer of water was stronger but weaker for subsequent layers.  

Figures 3.10a to 3.10u demonstrates when samples have a higher relative humidity their 

storage capacity alters as water moves through the different pores within the composite. At 

these different relative humidities it has also been explored that this alters the materials 

thermal conductivity and other thermal properties. When relative humidity increases, pores 

that were previously occupied by air is replaced by water where water has a higher thermal 

conductivity. This filling of the pores and particularly the interconnected pores is problematic 

as the mechanisms within earth based construction in section 2.5.4.1. will create ‘blocking’ 

within the pore structure and facilitate hysteresis (Rouquerol, 2014). 

 

 



180 
 

7.4.3. Latent heat of sorption  

 

By casting the thermocouples to within the mortar matrix and on the surface within this 

experimentation (due to the hygrothermal nature of these materials), any potential latent heat 

can be attributed to the changing state of water molecules (Hens, 2017). Figures 7.5. to 7.8. 

demonstrates the temperature that has been recorded for the first 24 hour cycle at the surface 

and 15mm below the surface of samples. From these Figures the adsorption and the further 

evaporation of water molecules, from varying hygrothermal environments has resulted in a 

latent heat exchange. This will also have a significant effect on the balance of heat within the 

sample as identified in Kraniotis et al. (2016).  

Due to the relationship between moisture and heat transfer in hygroscopic materials, as the 

accumulation of condensation of moisture increases as does indoor temperature and vice 

versa for evaporation of moisture. As outlined in Hameury (2005) water condenses from 

vapour to liquid phase, heat is released at 2501kJ/kg vapour condensing at 0oC (Latent heat 

of vapourisation). However, within standard room temperatures varying from 10-25oC reduces 

the latent heat of vapourisation to approximately 2477.7 – 2441.7 kJ/kg. Understanding the 

role of latent heat within these hygroscopic materials is imperative for their full utilisation. The 

factors which affect the latent heat of moisture within a samples depends on the addition of 

latent heat of vapourisation and differential heat of condensation – which has been explored 

in the literature for building materials (Mavrigiannaki and Ampatzi, 2016). 

Figures 7.5. and 7.6. demonstrate the differences in temperature for M1 PL, W1, SMR and 

W2 where all mortars demonstrated dynamic temperature change. For all Figures, there are 

three distinguished regions where latent heat varies. The first occurs during the first hour 

probably due to mass sample stabilisation, the second during the first 8 hours and then the 

desorption during the next 16 hours. These samples were tested under the same dynamic 

hygrothermal conditions of 8 hours at 75% RH and 16 hours at 53% RH which is reflected 

within the temperature changes in the figures – similar to that of James et al. (2010) PL and 

W1 exhibit the centre of the sample demonstrating a greater temperature than that of the 

surface. This is shown throughout the first 24 hours of the experiment, where there is constant 

heat flow release from the sample.  Conversely, within Figures 7.7. and 7.8. SMR and W2 

demonstrate that the surface temperature is higher than in the centre of the sample showing 

heat flow absorption into the sample. 
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Figure 7.5. Dynamic temperature variation of M1 PL for cycle 1. 

 

Figure 7.6. Dynamic temperature variation of M1 W1 for cycle 1. 
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Figure 7.7. Dynamic temperature variation of M1 SMR for cycle 1. 

 

 

Figure 7.8. Dynamic temperature variation of M1 W2 for cycle 1. 

Further Figures 7.9. to 7.12. represent the dynamic temperature change in the samples after 

21 cycles of 24 hours. 
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Figure 7.9. Dynamic temperature variation of M1 PL for cycle 21. 

Figure 7.10. Dynamic temperature variation of M1 W1 for cycle 21 
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. 

Figure 7.11. Dynamic temperature variation of M1 SMR for cycle 21. 

 

 

Figure 7.12. Dynamic temperature variation of M1 W2 for cycle 21. 
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From the initial cycle (Figure 7.5. to 7.8.) the adsorption period and a consistent increase in 

temperature is demonstrated. However, when considering the shape of the adsorption 

temperature after 21 cycles it is clear that the temperature evolution is more defined between 

the two phases. For the first cycle in the adsorption phase the temperature seemed to rise 

linearly throughout the experiment but after 21 cycles the difference between two RHs is more 

of a clear step change in temperature difference.  

To understand the relationship between the two thermocouples within the earth based 

composite throughout the full 21 cycles, the surface minus the centre of the sample was 

plotted in Figure 7.13. There is a sustained difference in temperature of all the samples 

throughout the duration of the experiment and no external heat source – this temperature 

differential can be attributed to latent heat. Particularly obvious within samples after 21 cycles, 

the quantity of latent heat is larger of the adsorption period rather than desorption. The 

absorption period is 50% shorter than the desorption period at 8 hours compared to 16. 

SMR (Figure 7.11) also has the lowest quantity of latent heat even by comparison to the plain 

sample as there is a sustained difference of approximately only 0.5oC between samples. This 

establishes that throughout the experiment SMR requires less heat energy in order for the 

water to change to and from vapour and liquid state. As outlined in Chapter 6 (section 6.4.2.1), 

it could be suggested that some composites have an innate ability to readily accept water 

molecules more than others due to the quantity of available hydroxyl groups.  

For all samples within Figure 7.13, all adsorption phases are mirrored by a desorption phase 

and whilst these phases may have different temperatures, the relationship stays the same. It 

is clear that all adsorption and desorption phases PL and W1 demonstrate the opposite 

behaviour of SMR and W2.  For W2 until cycle 9 and SMR until cycle 8, the surface 

temperature was greater than the centre of the sample. After cycle 8 the temperature at the 

centre of the surface is larger than the centre for two cycles and then returns to the surface 

temperature being greater. Conversely, PL and W1 have the same behaviour and very similar 

average desorption temperatures until cycle 7. However, after cycle 8 the temperature change 

for adsorption of PL is negligible and compared to the other composites with bio-fibres, the 

heat flow through the sample (even if its vapourisation or condensation) latent heat is 

consistently produced. 
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Figure 7.13.   Difference between average surface and 15mm depth temperature over 21 cycles
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Limitations of this study are the effect that the air velocity produced by the fans within the 

climatic chamber has on the surface temperature of the composites. It is also important to note 

that the thermocouples represent only one point in the centre of the material and whilst it gives 

a good indication of the properties, is not truly presentative for the whole surface. 

7.5. Conclusion 
 

Understanding the movement of water within the bio-fibre composites gives an assessment of 

their hygrothermal characteristics. Similar to the MBV performance, SMR has the largest WVP 

whereas PL has the largest water vapour diffusion resistance factor. The adsorption isotherm 

demonstrated that SMR has the largest moisture content over a wide range of RH, this ability 

to adsorb water molecules could be associated to the quantity of sites available for van der 

Waal forces to incorporate the vapour into liquid water. This chapter has also demonstrated 

the effective utilisation of using K type thermocouples to measure latent heat in an earth mortar 

composite from both the surface and at 50% depth. The measurement of latent heat is 

displayed from cycle 1 all the way through to cycle 21 at the end of the experiment. 
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Chapter 8 – Overall Conclusion  

 

8.1. Main Findings 
 

Understanding the typology of the housing stock within the UK demonstrates there is an urgent 

need for a retrofitting tool as a solution to reducing fuel demand and improving indoor moisture 

conditions The mandate to reduce carbon emissions has given rise to the use of bio-based 

materials as structural and non-structural components in construction. As a solution, bio-

based materials have established themselves as a superior to conventional construction 

materials due to their relative simplicity, abundance and ability to mimic (and if not better) the 

equivalent fossil fuel based materials (such as concrete or brick).  

Through a literature review, it has shown that bio-based materials have good humidity 

buffering properties that reduce buildings energy use through both direct and indirect effects 

on heating load due to latent heat. In addition, the literature establishes that the fundamental 

differences between cellulose based and keratin-based materials are not fully realised and 

methodology for investigation is not understood or realised. The biochemical differences 

between hygric materials and their performance is not established as the literature loosely 

associates towards the latent heat and hydroxyl groups of the materials.  

Ten samples of natural bio-based insulation materials and one thermoplastic polymer were 

analysed with and without the combination if earth-based mortars. Four different types of 

(Sheep and recycled) Wool insulation, Hemp, Wood Wool Board (WWB), Saw Mill Residue 

(SMR), Wood Fibre (WF), Straw, Insulated Cork Board (ICB) and Polyethylene terephthalate 

(PET) were analysed. Chapter 3 demonstrated using NORDTEST and ISO 21453 for Moisture 

Buffering Value (MBV) to create dynamic hygrothermal test conditions representative of a 

residential dwelling. Where MBV was used to act as a classification tool for materials 

performance, where the difference between values was negligible was not deemed to be 

enough to determine if a sample has better hygrothermal characteristics. Therefore, these 

materials were classified into one of three different groups; where Group 1 has the most 

efficient exchange of water molecules and Group 3 is the least. When considering the thermal 

conductivity of the materials within a dynamic environment, it was demonstrated that the bio-

fibres can be classified into two different groups: those that exhibited identical and non-

identical thermal conductivity values before and after hygrothermal cycling. Within the best 

performing 6 bio-based materials latent heat was observed. 
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Within Chapter 4, the thermal analysis of bio-fibres when stabilised at 53% and 75% RH 

demonstrates the effectiveness of this techniques for understanding how the hydroxyl groups 

within these materials affects hygrothermal performance. Further to this, the stabilisation 

period fosters an environment where the chemical stability can be analysed through each 

different physicochemical test. Differential Scanning Calorimetry (DSC) demonstrated only 

negligible differences between the two keratin based samples, whereas the cellulose based 

materials results varied. When utilising Fourier-transform infrared spectroscopy (FTIR) for the 

raw bio-based samples, the cellulose based samples had a greater overall crystallinity index 

and therefore was the most thermally stable. This thermal analysis of the microstructure of the 

fibres demonstrated their variation whilst visual analysis via SEM (Scanning Electron 

Microscopy) showed no clear and obvious differences between the conditioned samples. 

Out of an initial 7 different mix designs, the best performing mix (Mix design 1) was selected. 

Within Chapter 5, the addition of fibres to mix 1 with SMR reduced the thermal conductivity of 

the mix design by 12.5% (from 0.2025 W/(m.K) to 0.1786 W/(m.K)). The analysis of these 

mixes also took into consideration the adsorption of water via capillary action comparing both 

the initial capillary coefficient but also the stabilised saturation absorption of each composite. 

Further to just analysing implicit MBV, the shape of the adsorption curves were observed to 

gain a better understanding of the dynamic way in which these hygroscopic material utilises 

the water exchange within its microstructure. This ability to exhibit hygrothermal 

characteristics is also linked to the network of pores within the composite. Properties of these 

materials such as dry bulk density, thermal conductivity and compressive strength all correlate 

a relationship for all samples. 

The physicochemical analysis of earth mortar composites in Chapter 6 are fundamentally 

imperative to understanding their thermal performance. It is evident from the literature in 

Chapter 2 that there has been inadequate attention to understand the influence of earth and 

bio-fibres and their thermal properties. Traditionally, thermal method of analysis (using 

Thermogravimetric Analysis (TGA), Derivative Thermogravimetry (DTG) and DSC) has been 

for heritage and forensic investigation of the constituent elements of the material rather than 

a comparison with regards to their hygrothermal performance. Chapter 6 explored the 

calculation of Specific Heat Capacity (Cp) was also conducted  to understand how the 

composites would be affected by a range of temperatures (5-50oC). This will give a better 

understanding of what is experienced by the composite over its service life, rather than within 

just a laboratory environment. For each temperature and stabilisation RH, Cp was calculated 

and the results it could be hypothesised that this is due to the materials ability to readily accept 

water molecules. Thus, the same material could have more ‘free water’ within the capillary 

pores of the material and upon heating is easier to release these water molecules. By 
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comparison, composites such as PL and SMR when stabilised at a higher RH present a larger 

Cp. Indicating that this material can not only initially adsorb water molecules but also bind to 

the samples chemical structure. Understanding the material properties via DSC has many 

benefits over other hygrothermal methods such as MBV not only for the speed of the test but 

also the multifaceted results per thermogram. When utilising FTIR (much like in Chapter 4 with 

the raw bio-fibres) demonstrates a change in the hydroxyl group peak for the composites. 

Chapter 7 outlined that in addition to the works in Chapter 3, latent heat was apparent for all 

bio-fibre composites over 21, 24 hour cycles. It could therefore be suggested that to 

understand how latent heat affects a mortar composite, the use of K type thermo couples is 

an effect method to use. The adsorption isotherm demonstrated that SMR has the largest 

moisture content over a wide range of RH, this ability to adsorb water molecules could be 

associated to the quantity of sites available for van der Waal forces to incorporate the vapour 

into liquid water. By understanding how materials behaviour over a wide range of temperatures 

but also how they adsorb water vapour in a range of RH gives a better understanding of the 

‘real-life performance’ of these composites. 

Overall, this thesis has achieved the aims set out in section 1.2 and highlighted that utilising 

analytical chemistry and thermal methods of analysis for samples conditioned at different RH, 

gives a greater understanding of a building materials hygrothermal properties. The impact that 

this will carry within the industry is that the utilisation of analytical chemistry can help to identify 

and optimise hygrothermal behaviour of building materials. Particularly, this thesis will enable 

a better ‘prescriptive’ application of building materials for their service life temperature and 

RH.  

8.2. Further Works 
 

8.2.1 Laboratory Work 

 

Other laboratory tests that could compliment the expansion of is work is an investigation into 

how pH values compare between the bio-fibre in earth and natural hydraulic lime matrixes. 

This experiment could contribute to the understanding of how overall compatibility affects the 

mix design. There also could be some potential that certain bio-based materials could be 

prescribed to different mix designs to boost their hygrothermal properties.  

As stated throughout this thesis, the use of natural hydraulic lime within the mix design and 

samples were tested after 28 days where lime is acting as a filler rather than carbonating to 

its full-strength capacity. Therefore, it could be potential work stream to investigate how 

moisture movement throughout samples is affected by long-term carbonation of the 
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composite. This would be a long-standing experiment testing samples over a period of at least 

6, 12, 18 and 24 months examining both microstructural and physical properties. It would be 

particularly interesting to understand how the pore networks develop.  

Another potential aspect of investigation which the author has not found in the literature is a 

comparison of performance of either raw materials or bio-based composites comparing the 

orientation when in the climatic chamber. All samples within the literature in Chapter 2 put 

samples in horizontally but as the panel will be in situ vertically, it would be noteworthy to see 

the effects of this. Further to this, as a moisture buffering panel further investigation should be 

placed on the dimensionality of the panel (in terms of both overall surface area and thickness) 

and how this would affect its hygrothermal and physical properties. Further to the different 

sizes of the panel, the fungal and mould growth over the long term life span would be important 

for its impact on occupant health and IAQ. 

In terms of having a greater understanding of how relative humidity and the movement of water 

affects the microstructure of each composite more investigation can be done utilising the DSC. 

This thesis has understood how Cp affects composites over a range of temperatures and at 

two different RH, however, it will be interesting to quantify the affect that the specific heat 

capacity of free and bound water has on the bio-earth mortar composites. The investigation 

that was carried out within this thesis demonstrated that there was a different in Cp due to the 

difference in RH. However, by investigating if this difference is free or bound water, it will help 

to examine how the sample interacts with the surrounding humid environment. Additionally, 

understanding the Cp of fossil fuel intensive building materials over varying service life 

conditions could boost the applicability of these materials, as if their performance was 

comparably superior it would give more evidence for their implementation. 

8.2.2. Modelling 

 

For this panel to be utilised within residential properties, the next step would be to understand 

how effective it would be in different construction typologies. This could be completed by in 

situ testing within the BRE exemplar houses on the LJMU campus. By utilising these houses 

it would give a better understanding as to how the panel would function within houses building 

within the conformity of building standards from 1920s, 1970s and 2010s. Another alternative 

is to use hygrothermal modelling software such as IES or WUFI to re-create these housing 

typologies but also where houses have been retrofitted and how this would have an effect on 

the panels performance. A comparison of performance from the laboratory to ‘real life’ homes 

and models would be intrinsically important. British weather is notoriously unpredictable so 

how this would affect the indoor thermal comfort and environment would be of experimental 
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interest. Another use of modelling would be to understand how the size of the panel affects its 

performance – complimented by laboratory and orientation tests this can be used to 

understand how the dimensional properties affect the samples characteristics. 
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