
EVALUATION OF WHEAT STRAW, HAMMER-MILLED HEMP, RICE 

HULLS AND CELLULOSE SETTLEMENT BEHAVIOUR FOR LOOSE-

FILL INSULATION APPLICATIONS 

 

 

by 

 

Erin Butt 

 

 

 

A thesis submitted to the Department of Civil Engineering 

In conformity with the requirements for 

the degree of Master of Applied Science 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(May, 2021) 

 

Copyright ©Erin Butt, 2021 



ii 

 

Abstract 

Straw bale construction has gained attention in the building industry for its purported sustainability and its 

low embodied carbon footprint. Research on straw bale construction has examined its thermal and 

structural performance, as well as the influence moisture and the environment have on long-term 

performance. Most of this work has examined straw in a baled configuration. The following thesis 

examines the use of loose-fill fine and coarse cut wheat straw, hammer-milled hemp, rice hulls and 

cellulose as insulation alternatives. To effectively evaluate the thermal and long-term performance of 

these loose-fill materials, the installation density and physical behaviour needs to be better understood.  

 

The following thesis addresses: 1) the vertical settlement behaviour and stable volume densities under S1 

classification following the EN-14064-1 standard for the five materials when exposed to vibrational 

loading (18 Hz); 2) the vertical settlement of fine cut wheat straw for static and vibrational loading (18 

Hz) when exposed to high humidity conditions of 80% relative humidity and 23 ºC; and, 3) the design of 

large-scale wall assemblies for experimental long-term testing of loose-fill straw and cellulose in a 

double-stud wall cavity. The relationship between density and settlement follows a comparable trend 

across all materials, where an increase in density decreases the settlement. A decrease in void frequency 

and size was observed with increasing density in wheat straw and hemp specimens. Wheat straw with 

longer average fibre length was correlated with a decrease in the density needed for stable behaviour. A 

minimal change in settlement was observed for wheat straw subjected to high humidity, which led to fibre 

moisture content of 12-14.5% (this is below the 20% moisture content typically believed to lead to decay 

of straw). The lowest density meeting S1 classification for each of the materials are as follows: fine cut 

wheat straw (75.1 kg/m3), coarse cut wheat straw (50.7 kg/m3), hammer-milled hemp (113.4 kg/m3), rice 

hulls (155.1 kg/m3), and cellulose (49.1 kg/m3). The study provides evidence for the importance of 

density on the stability of bulk loose-fill material for its long-term performance and provides density 

values for installing these materials in large-scale wall panels. 
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Chapter 1 

Introduction 

1.1 Overview 

The current global objective to reduce carbon emissions as a means to address climate change and the 

growing global population (International Energy Agency 2019) is also an important target for the building 

industry. The 2019 IEA Global Status Report for Buildings and Construction, states that the building and 

construction sector in 2018 accounted for 39% of energy and process-related carbon dioxide emissions. 

With the global population rising by 5% between 2010-2018, the world’s building stock is anticipated to 

double by 2050 (International Energy Agency 2019). According to Architecture 2030, the embodied 

carbon from the building industry alone is responsible for 11% of the global greenhouse gas emissions 

and is projected by 2050 to be responsible for 49% of the total construction carbon emissions, where the 

remaining 51% is operational carbon emissions (“New Buildings: Embodied Carbon – Architecture 2030” 

n.d.). With a 50% projected increase from the current building stock globally, there is an opportunity for 

this new construction to be based on principles of sustainable development. Sustainability has been 

defined by ‘The Brundtland Report’, as the ability to develop and meet the needs of the current 

population, while not hindering the resources and needs of the future generations (Visser and Brundtland 

2013). To address sustainable development, both the operational and embodied carbon emissions must be 

reduced through design and new technology.  

The Leadership in Energy and Environmental Design (LEED) has noted that a sustainable design 

process utilizes the whole-building approach (“Green Building 101: What Is LEED? | U.S. Green 

Building Council” 2020). The whole-building approach integrates each design element of a building to 

increase the overall efficiencies and performance of the building. The building envelope is a one design 

element that can directly influence the operational carbon expenditures due to heating and cooling, but 

also through careful material selection can reduce the embodied carbon footprint of a building. 
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Appropriate design of the building envelope can increase the occupant comfort while decreasing 

operational expenditures. The advancement in low embodied carbon materials is an area of research 

which has the potential to both meet the thermal performance needs while reducing the embodied carbon 

of the built environment.  

Straw bale construction has been utilized in buildings for over 100 years, and is viewed to this day as 

a sustainable building method (Milutiene 2010). The method originated in Nebraska, United States, and 

now is seen as a potential construction method globally to address the need for sustainable and low 

energy building methods (Milutiene 2010; Yin et al. 2020).  Straw bale construction has been studied for 

its thermal, structural and hygrothermal performance, and more recently utilized as prefabricated panels 

studied by Beaudry and MacDougall, ModCell and EcoCocon (Beaudry and MacDougall 2019; 

“ModCell - Sustainable Pre-Fab Straw Bale Panel Construction” n.d.; “A Construction System Designed 

by Nature | EcoCocon” n.d.). A drawback of prefabricated straw bale panels is that the architectural 

flexibility can be limited to the full bale size itself. Using straw as a loose-fill insulation could help 

address this. 

Loose-fill cellulose insulation has been utilized both in industry and studied in literature (Hurtado et 

al. 2016), providing promise for the integration of other loose-fill fibres. Loose-fill fibres have the 

potential to increase the architectural flexibility compared to full straw bale panels, as well as introduce a 

variety of plant fibres as alternative material options. The viability of utilizing loose-fill insulation 

introduces new design considerations to ensure long-term integrity can be met, while achieving similar or 

increased thermal performance from straw bale construction currently utilized.  

1.2 Research Objectives 

The main research objective of the study is to provide further understanding for the green building 

industry on loose-fill fibrous insulation as low embodied carbon alternatives. The study aims to review 

the physical behaviour of loose-fill insulation to support the design and use of such materials.  

The targeted objectives within chapters 3-5 are outlined below:  
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I. Determine the stable-volume density(ies) of loose-fill fibres, including wheat straw, hemp, rice 

hulls and cellulose under vibrational loading.  

II. Establish the densities which meet S1 classification according to the EN-14064-1 standard.  

III. Determine the effect of fibre length of wheat straw on settlement under vibrational loading and 

establish a comparison of stable-volume densities.  

IV. Evaluate the effect of increased relative humidity conditions on fine cut wheat straw. Determining 

the settlement behaviour under static conditions and vibrational loading conditions. As well, 

establishing the stable-volume density(ies) meeting S1 classification. 

V. Determine the sorption of moisture in fine cut wheat straw in high relative humidity conditions.  

VI. Design a large-scale test apparatus to evaluate the long-term settlement of wheat straw and 

cellulose, determine the influence of surface roughness on long-term settlement, and evaluate the 

deflection of wall board panels during installation of loose-fill fibrous insulation.  

1.3 Thesis Outline 

The presented thesis is in manuscript format. Each of the chapters are summarized below: 

Chapter 1 presents an overview of relevant background information, the research objectives and the 

outline of the thesis presented.  

Chapter 2 provides a review of literature which supports the research objectives of the current study.  

Chapter 3 addresses the lack of knowledge on design for loose-fill insulation alternatives such as wheat 

straw, hemp, rice hulls and cellulose. The chapter provides a consistent testing regime, which both 

accelerates the settlement of the loose-fill fibres, but also provides a means of comparison. The settlement 

behaviour of each of the loose-fill fibres is evaluated, concluding stable-volume densities which meet the 

S1 classification of less than 1% total settlement. Parameters such as density, fibre size and surface 

texture are discussed.  

Chapter 4 investigates the effect of high humidity conditions on wheat straw settlement. Three wheat 

straw specimens are exposed to extended high humidity conditions. The moisture content of the 
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specimens is monitored through the cycle of exposure. The chapter follows the same testing regime 

employed in chapter 3 to evaluate the vertical settlement, S1 classification and determining stable-volume 

densities.  

Chapter 5 expands upon Chapters 3 and 4, providing the outline and test set up for future large-scale 

testing of loose-fill straw wall panels. The chapter is intended to guide future research for utilizing loose-

fill wheat straw as a viable insulation alternative. The chapter provides detailed wall plans, current wall 

assemblies, and the suggested test methodology to employ. The chapter concludes with future 

recommendations beyond the scope of the current thesis.  

Chapter 6 provides a summary of the current results and provides future suggested work to expand on 

the research of straw as a viable green building insulation.  
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Chapter 2 

Literature Review  

2.1 Introduction 

In order to address climate change and the associated greenhouse gas emissions, the environment in 

which we build must be considered. As a high demand for new buildings is projected in 2050 

(International Energy Agency 2019; “New Buildings: Embodied Carbon – Architecture 2030” n.d.), the 

ability to address the way in which buildings are constructed and materials are used is an opportunity to 

change the built environment. The global building sector contributes to 36% of the final energy use and 

39% of related carbon dioxide emissions according to the 2017 UN Global Status Report (Dean et al. 

2016). Of these emissions, building materials account for nearly 6% of the final energy use (Dean et al. 

2016). The current 2019 UN Global Status Report proposes a lifecycle approach to new materials, and to 

evaluate new building materials based on their embodied energy and embodied carbon associated 

(International Energy Agency 2019). The Inventory of Carbon and Energy (ICE) (Hammond and Jones 

2011), generated by the Building Services Research and Information Association (BSRIA), defines both 

embodied carbon and embodied energy as the following. Embodied Carbon (EC) is defined as the “sum 

of fuel related carbon emissions and process related carbon emissions”, being measured either from 

cradle-to-gate or cradle-to-grave (Hammond and Jones 2011). Embodied Energy (EE) is defined as “the 

total primary energy consumed from direct and indirect processes associated with a product or service and 

within the boundaries of cradle-to-gate” this would include “material extraction, manufacturing, 

transportation and fabrication processes” (Hammond and Jones 2011). Both embodied carbon and 

embodied energy are important when discussing the full life cycle analysis of a product and conducting a 

comparative analysis for new material uses.  

Architecture 2030 addresses the increase in global population and building demands, revealing 

the effects embodied energy and embodied carbon will have for the building sector (“New Buildings: 
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Embodied Carbon – Architecture 2030” n.d.). Figure 2-1 shows projections that by 2050 the total 

embodied carbon for new construction will account for 49% of total emissions, with the remainder due to 

operations (“New Buildings: Embodied Carbon – Architecture 2030” n.d.). Therefore, the need to 

develop sustainable construction materials is unprecedented.  

 
Figure 2-1: Projected Embodied Carbon and Operational Carbon Emissions by 2050 Due to Global 
Construction (“New Buildings: Embodied Carbon – Architecture 2030” n.d.)  

 

A large global contributor of carbon emissions is through operational expenditures for heating 

and cooling within buildings (International Energy Agency 2019), thus the building envelope plays a 

direct role in potential greenhouse gas emission and energy use reduction. Ideally, products utilized 

within the building envelope should meet or exceed current thermal efficiency demands, but also 

minimize the embodied energy and embodied carbon associated with the material itself.  

There has been significant research attempting to address the need for sustainable building 

insulation and overall building envelope materials through the use of natural renewable fibres. Renewable 

materials are advantageous as they do not have a finite supply, and in the case of renewable fibres or 

plants, they can be continuously grown. Straw bale is a material utilized within building construction for 

lower carbon development and net zero housing. An example of a straw bale building is the BaleHaus 

(Figure 2-2) (Shea et al. 2013), constructed by the University of Bath, UK.  
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Figure 2-2: ModCell Straw bale panel (left), The BaleHaus Straw bale house prototype at the 
University of Bath (right) (Shea et. al 2013)  

 

Although straw bales have been used for over 100 years, they are still under research for viability 

and performance (Milutiene 2010). Straw is an agricultural by product, found in both bale and rolled 

forms used as an insulative wall material. Straw, and other bio-fibres are of specific interest for 

sustainable building materials as they uptake carbon through their natural photosynthetic growing 

process. Therefore, these fibres act as a means of carbon storage, and could both mitigate the use of 

higher embodied carbon materials, but also have the potential to create carbon storing buildings (Sodagar 

et al. 2011).  

Authors have pointed out the importance of utilizing locally sourced materials to reduce the 

energy demands of transportation (Milutiene 2010; Miller 1998) with a view to developing “net zero” and 

“low carbon” materials. After the initial use and interest in straw bale, other geographically local 

resources have been investigated. Similar to straw bale construction, an agricultural by product, hemp 

fibre has been researched as an alternate insulation material (Zampori et al. 2013). A study investigating 

hemp mats for a wall insulation alternative to Rockwool insulation found that hemp insulation possessed -

4.28 kg of CO2,eq per m2 of wall (equivalent carbon) values due to the uptake of CO2 through plant 

photosynthesis, thus providing both a renewable material but also a carbon sequestering building product 

(Zampori et al. 2013). The study concluded that Rockwool insulation has a 200% larger mass of 
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equivalent carbon (kg) compared to the hemp product (Zampori et al. 2013). Similarly, the utilization of 

cellulose as a building insulator has become of interest. Cellulose is a commercialized product, but in the 

form of loose-fill applications much research is still being performed (Labudek et al. 2014), as well as 

understanding the thermal properties under varying climatic conditions.  

The materials proposed to be under comparison and review are loose chopped straw, hemp fibre, 

rice hulls and cellulose fibres. The use of compressed bales, and compressed panels of hemp and cellulose 

have been used and investigated as building insulation previously. The following will review prior 

research addressing thermal performance and the associated physical properties such as orientation and 

density. Hygrothermal behaviour is reviewed for plastered straw bale construction (Shea et al. 2013).  

2.2 Bio-Fibre Insulation 

Bio-fibre encompasses fibres derived from biological sources, such as agricultural by-products. 

The following reviews the evaluation of hemp fibres, rice hulls and cellulose. The review of physical and 

thermal properties for the fibres is performed. As well, the sustainability of such potential products is 

assessed comparing embodied energy of the materials to industry insulation products. 

2.2.1 Hemp 

Kosiński et al. investigated the thermal properties of loose-fill hemp fibre (Figure 2-3) as a 

function of both density and air permeability (Kosiński et al. 2018). The guarded hot plate method was 

utilized to assess the thermal conductivity of the samples, similar to previous testing of straw samples 

(Costes et al. 2017). The bulk densities ranged from 18-85 kg/m3, at the highest density a thermal 

conductivity of 0.04 W/mK was found. At the lowest density a thermal conductivity value of 0.076 

W/mK was measured. Increasing the density by ~4.7 times, the thermal conductivity nearly halved in 

value (0.526 times) for the higher density sample. In other words, as the bulk density of the loose-fill 

hemp fibres increased, the thermal conductivity decreased, suggesting a potential link to an increase in 

convective heat transfer within the internal air pockets of the sample. Other physical properties and 

natural settlement of the material were not evaluated by Kosiński et al..  
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Figure 2-3: Hemp Fibres (Kosiński et al. 2018) 

2.2.2 Cellulose 

Cellulose fibre insulation (CFI) is a form of recycled paper and commonly treated with both mold 

and fire retardants, it is shown at 10 times the magnification in Figure 2-4 (Hurtado et al. 2016).  

 
Figure 2-4: Cellulose Fibres at 10x Magnification (Hurtado et al. 2016) 

 Cellulose has a relatively low embodied energy (0.94-3.3 MJ/kg) compared to common 

insulation materials (Hurtado et al. 2016). Rockwool insulation has an associated embodied energy of 

16.8 MJ/kg and other common industry insulation products can have an embodied energy up to ~45 

MJ/kg. With the potential to reduce the embodied energy, the operational energy must not be increased, 

therefore similar product performances must be achieved. 
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Hurtado et al., evaluating cellulose fibre insulation (CFI) in loose-form, notes both the potential 

of reducing embodied energy with CFI, but also the importance of bulk density on settlement of the 

material (Hurtado et al. 2016). The research by Hurtado et al. notes that the building and construction 

sector contributes to 30-40% of the global energy consumption, a large portion of which is directly related 

to the heating and cooling building operations (Hurtado et al. 2016). With the comparison to Rockwool 

insulation, a common insulation product, CFI has the potential to decrease a building’s greenhouse gas 

emissions and embodied energy of the building envelope by 15%.  

A key performance limitation to the use of CFI is the vertical settlement within the wall cavity. 

Settlement within the wall cavity for loose-fill insulation can be defined as the downward displacement of 

insulation from the initial installation height, an increase in density is associated with such settlement. 

Significant settlement of insulation materials within a wall cavity reduces the overall wall thermal 

efficiency, creating a source for heat loss in the upper region of the wall cavity where no thermal 

insulation is present. Therefore, the settlement of thermal insulation is associated with a reduction in 

thermal performance for the wall. A survey of 38 Canadian houses found they had an average settlement 

of 11.1% (+/-8.3%) one year after installation with cellulose fibre insulation (Hurtado et al. 2016).  The 

minimum CFI density for a 2.4 m high, 1 m wide, and 0.1 m thick wall exposed to 25°C and 50% RH was 

found to be 48 kg/m3 to prevent settlement. When increasing the RH to 80%, an increased density of 62.3 

kg/m3 was required to prevent settlement (Hurtado et al. 2016). This highlights the importance of product 

density in preventing settlement for loose-fill fibre insulation. 

Similar to research on alternate fibre insulation (Mesa and Arenghi 2019), the thermal 

conductivity of CFI increased as a function of moisture content (Hurtado et al. 2016). It was stated from 

previous studies that an increase of 1% moisture content in the insulation could increase the thermal 

conductivity by 1.2-1.5% for loose-fill CFI (Vejelis et al. 2006). Therefore, moisture content has both an 

effect on the vertical settlement of cellulose insulation as well as the thermal performance. As the 
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moisture content increases in cellulose, both the thermal performance decreases and the ability to resist 

settlement decreases.  

2.2.3 Rice Hulls 

Similar to the agricultural by-product of hemp, rice hull is a natural by-product from the 

agricultural harvest of rice grains. Rice hulls account for approximately 20% by weight of the total 

harvested grain of rice (Olivier 1989). Rice hulls themselves have shown desirable traits such as water 

and fungal resistance, as well as resistance to fire (Olivier 1989), traits important when assessing new 

building materials. Yarbrough et al. assessed the thermal properties of rice hull particle board, finding a 

thermal conductivity in the range of 0.0464-0.0566 W/mK. The lowest thermal conductivity was achieved 

with a density of 154 kg/m3 (Yarbrough et al. 2005). They followed ASTM C518, utilizing a heat flow 

meter at steady state conditions to measure the thermal conductivity of the panels (Yarbrough et al. 2005). 

The study assessed the settlement of two specimens of rice hull board (dimensions 305x305x51mm), 

Figure 2-3, through applied vibrations at 15 Hz over 24 hours (Yarbrough et al. 2005).  

 
Figure 2-5: Rice Hull Panel (Yarbrough et al. 2005)  

 

The average density after the vibration test was 158.5 kg/m3 (Yarbrough et al. 2005), indicating 

an increase in density by 2.9%. Although rice hulls were investigated, they were compressed in a 

fibreboard panel, and therefore do not represent loose-fill fibre conditions. There currently is no standard 
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utilized for testing the packing density of rice hulls, nor does Yarborough et al.’s study indicate the height 

settled or settlement classifications as listed for loose-fill mineral wool insulation under the testing 

standard EN-14064-1 (British standards Institution 2018). This is a gap within research for loose-fill fibre 

insulation and will be a focus for future loose-fill fibre tests, as establishing a common procedure over 

various natural fibres allows for an accurate comparative analysis.  

This review of various bio-fibres indicates that there is a need for further assessment of fibres in 

loose-fill form regarding thermal and physical properties. The standardization of testing of each type of 

fibre will assist in comparative data and bridging the gap when no standard is currently present for testing 

properties such as material settlement for loose-fill fibres.  

2.3 Straw Bale Walls and Panels 

The following section provides a brief review of straw bales utilized as an insulating material. 

Key data results are highlighted from published works in literature to be drawn upon for the current 

research. Straw bales are a by-product of agricultural practices, specifically the stalk of cereal grain 

plants. The grain of the plant is removed, and the stalk is baled into what is known as straw bales 

(Magwood et al. 2005). Previous research conducted has focused on determining the material properties 

for the full straw bale. The focus of research has encompassed but is not limited to the thermal 

conductivity, moisture transport properties and the associated R-value of the wall envelope. Both 

laboratory tests and in-situ testing have been conducted for straw bales as a main construction material 

within the building wall.  

Figure 2-4 depicts the 3 surfaces of a straw bale and respective heat flow directions normal to the 

surface (Costes et al. 2017). Note the dimensions of straw bales can vary from those shown. Costes et al. 

proposes Surface 1 and heat flow 1 would be representative of the heat flow being parallel with the straw 

grain direction, known as being laid “flat”. They also note surface 2 and heat flow 2 is representative of 

the heat flow direction perpendicular to the grain direction, known as being laid “on-edge”. They explain 

it is most common for bales to be laid “flat”, on surface 2, with surface 1 as an exposed surface for render 
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or plaster. The effect of bale orientation on thermal conductivity was summarized by Costes et al., finding 

that a bale laid “on-edge” with the heat flow perpendicular to the grain direction provided lower thermal 

conductivity in the straw bale. A study by McCabe in 1993 conducted laboratory tests on straw bales 

determining the relationship between thermal conductivity and heat flow relative to bale orientation 

(McCabe 1993). Similar results as those of Costes et al. were noted. It was concluded that when the heat 

flow was perpendicular to the straw fibre direction, the thermal conductivity was lowest. When heat flow 

was parallel to the straw bale grain direction, thermal conductivity was found to be highest (McCabe 

1993).  

 

Figure 2-6: Straw Bale Orientation Respect to Heat Flow (Costes et al. 2017)  

Shea et al. investigated the thermal properties of six specimens with densities ranging from 63 

kg/m3 to 123 kg/m3. Each specimen was conditioned at 23 °C and 50% relative humidity (RH) prior to 

following the ISO 8301:1991 heat flow meter method and BS 12667:2001 (Shea et al. 2013). There was 

no specific straw bale direction for the specimens. The lowest recorded thermal resistance value was 

found to be 4.39 ± 2.5 (m2K/W), associated with a thermal conductivity of 0.0642 ± 2.5 (W/mK). From 

these results Shea et al. utilized the optimized density results to construct prefabricated straw bale walls 

for the BaleHaus at the University of Bath (Shea et al. 2013).  
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The BaleHause at the University of Bath in the UK has been utilized as a full-size house 

constructed of pre-fabricated modular straw bale panels (ModCell) for in situ testing (Shea et al. 2010). 

Internal relative humidity and temperature were monitored within the two-story house, exterior conditions 

and solar radiation was monitored from local weather stations. The intent was to evaluate the performance 

relative to the PassivHaus standards including energy required for heating, maximum air exchange rate 

pressurization test and the primary energy demand. Although the BaleHaus did not meet such high criteria 

for a passive housing unit, further modifications outside the scope of the ModCell panels would assist in 

such achievements. Overall, the BaleHaus provided the connection between laboratory experimentation to 

in-situ testing and provided a high level of thermal performance in the unit. Such results provide a 

promise for future buildings to utilize straw bale technology as a means to decrease primary energy 

demands and CO2 emissions, on trend with national environmental emission goals (Shea et al. 2010).  

As studies by McCabe and Shea et al. investigated thermal properties, Vejeliene et al. extended 

the research to encompass both bale orientation and density dependence for thermal conductivity 

(Vejeliene et al. 2011). Tests were conducted utilizing a guarded hot plate λ-Meter EP-500. Both straw 

rolls and bales were utilized, specific to the variety of triticale straw. Four distinct specimens were 

utilized to assess the physical properties effects on thermal conductivity. The first specimen made from 

straw bale had an orientation parallel to the heat flow. The second specimen was from straw rolls, with 

most of the straw oriented parallel and some perpendicular. The third category of specimens were 

constructed of loose straw oriented perpendicular to the heat flow, and built of densities at 50.0, 70.0, 

90.0 and 110.0 kg/m3. The fourth category of specimens were constructed of chopped straw ranging in 

length from 2-4 cm, and densities varying from 57.0, 65.0, 76.0 and 82.0 kg/m3. Each of the specimens 

were conditioned at 23± 2 °C and 50±5% RH. Specimens from category 1 and 2 with densities of 100 

kg/m3 and 90 kg/m3 respectively achieved the highest thermal conductivities, the first specimen the 

highest. The third category of specimens of loose straw, achieved high variability amongst densities, with 

the lowest density specimen achieving the lowest thermal conductivity. Amongst the fourth category of 
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specimens with chopped straw there was little variability amongst the densities, but the highest density of 

82.0 kg/m3 achieved the lowest thermal conductivity amongst the four densities. The loose straw of 50 

kg/m3 resulted in the lowest thermal conductivity overall, with similar results to the chopped straw 

specimens (Vejeliene et al. 2011). The results are summarized in Figure 2-5.  

 
Figure 2-7: Thermal conductivity of straw as a function of orientation and density. Specimen 1 
made from 100 kg/m3 straw bales, specimen 2 made from 90 kg/m3 straw roll, specimens 3 made 
from loose straw fibres perpendicular to heat flow at densities of 50, 70, 90 and 110 kg/m3, 
specimens 4 made from randomly oriented chopped straw at densities of 57, 65, 76 and 82 kg/m3. 
(Vejeliene et al. 2011)  

 

This study presented the effects of density and orientation of the straw fibres on thermal 

conductivity. As the study expanded on the importance of physical attributes of the straw, specimen 

thickness was not examined as an effect on the thermal properties.  

Costes et al. investigated the thermal properties of straw bale specimens with a thickness up to 

50cm (Costes et al. 2017). The Guarded Hot Plate (GHP) method was utilized to investigate the thermal 

conductivity (λ) relative to the density and thickness of each straw specimen. Thickness varied from 0.3-

0.495m and associated density varied from 68-122.7 kg/m3 (Costes et al. 2017). As the experimental 

testing followed similar methodology, Costes et al. utilized linear multiple regression to model both the 
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density and thickness effects on thermal conductivity. The thickness was found to have no effect on the 

thermal conductivity; thus a simpler linear regression model was utilized with the following equation 1 

below.   

 

𝜆 = 4.44 × 10!" + 2.72 × 10!#𝑑    (1) 

Where, 𝜆	is the thermal conductivity (W/mK), and 𝑑 is the density (kg/m3).  

It was noted that the model possessed 5% uncertainty and explained 48% of total variance for thermal 

conductivity due to variance in density (Costes et al. 2017). This validated the relevance of density for 

thermal conductivity, shown experimentally through previous laboratory experimentation. Similar to 

previous results, the lowest thermal conductivities are achieved with the lowest density of straw. Thermal 

conductivities in the range of 0.056-0.060 W/mK were found. The model determined, for a given width, 

decreasing the density of straw bale could result in an improved thermal conductivity (λ) and thermal 

transmission coefficient (U) by 25% (Costes et al. 2017).  

2.4 Hygrothermal Behaviour of Straw 

As heat transfer is affected by the medium in which the thermal energy is transported through, the 

moisture content in a material can have an effect on thermal conductivity. Natural plants have the ability 

to uptake and release moisture through natural processes, thus when used in varying environmental 

conditions, the hygroscopic behaviour of straw can affect its thermal performance and mechanical 

behaviour. Sabapathy and Gedupudi studied rice straw and confirmed the previous findings of orientation 

dependence on the thermal properties of straw bales, through the use of transient plane source (TPS) 

methodology (Sabapathy and Gedupudi 2019). It was experimentally found perpendicular and random 

orientation fibres relative to heat flow directions achieved a thermal conductivity 1.7 times lower than 

specimens with parallel oriented fibres. Beyond orientation and density, temperature and relative 

humidity (RH) parameters were considered as potential effects on the thermal properties for the rice straw 

bales. As relative humidity increased from 40 to 80%, the thermal conductivity was found to be 1.5 times 
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higher and 2.5 times higher for bales oriented perpendicular and parallel respectively (Sabapathy and 

Gedupudi 2019). 

As the influence of moisture on the thermal conductivity of straw bales over varying densities 

was investigated (Sabapathy and Gedupudi 2019), the hygrothermal behaviour of plastered straw bale 

walls with a density of 116 kg/m3 and thickness of 36 cm was further reviewed (Mesa and Arenghi 2019). 

Mesa and Arenghi analyzed six steady state boundary condition cases for lime and clay plastered straw 

samples. The lime plaster was located on the simulated indoor boundary condition region and the clay 

plaster was situated on the outdoor boundary condition region. They utilized a climatic chamber, 

following UNI 10355, with thermocouples and heat flux plates to determine the thermal conductance 

value (C-value) of the specimens. The relative humidity ranged from 30 to 70% and temperature ranged 

between 0 and 55 °C. The results showed that over the 6 cases of differing boundary conditions, each of 

the samples tended to a conductance value of 0.12 W/m2K. From the data, the estimated associated 

thermal conductivity of the straw bale samples are between 0.044 W/mK and 0.046 W/mK (Mesa and 

Arenghi 2019). Mesa and Arenghi utilized WUFI to simulate moisture transportation within the wall 

model. WUFI and laboratory tests were consistent. WUFI simulated the samples over a 5-year period, 

compared to laboratory tests up to the length of 178 hours. The longer-term tests within the laboratory 

setting aligned with the WUFI generated data the most from the cases. The study concludes that software 

modelling such as WUFI can be used for the design phase of construction (Mesa and Arenghi 2019). 

For the previous research outlined, large straw bale forms were under analysis, or small loose-

fibre specimens. There is a lack of understanding and knowledge on the thermal behaviour of random 

orientation chopped loose-fill straw. The lack of knowledge requires further research to appropriately 

design for the desired material behaviours and insulation properties. The desired packing density and 

associated settlement for loose-fill straw will be investigated to bridge the gap between the physical and 

thermal properties for loose-fill straw applications.  
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2.5 Settlement of Bio-fibre Insulation 

This section discusses the settlement of loose-fill bio-fibres. Effects such as bulk density, relative 

humidity, and moisture within the material are reviewed. The following reviews three main studies which 

assess the settlement of alternative insulation materials in both laboratory (Labudek et al. 2014; Teslík et 

al. 2014) and outdoor environmental conditions (Böck et al. 2015). Additionally, the influence of surface 

roughness is discussed regarding the settlement of loose-fill insulation (Böck and Treml 2014).  

As there are minimal testing standards for the settlement of natural insulation materials, two 

studies conducted utilized the EN-14064-1 standard as a base point for consistent comparison. The 

standard “Thermal insulation products for buildings - In-situ formed loose-fill mineral wool (MW) 

products” EN 14064-1 (British Standards Institution 2018) provides classifications (S1, S2, S3) for 

settlement within loose-fill MW insulation for closed construction areas. The S1 classification limits 

settlement to 1% (up to 1.49%) or less within the specimen (ie. 1.0m sample settled less than 1 cm). S2 

classification limits settlement to between 1-5%, and S3 classification allows more than 5% but no more 

than 10%. Beyond 10% vertical settlement in the specimen, the product does not comply to the standard. 

When assessing the aging of a specimen, it notes a testing range of 5-60 °C and 50-80% RH for cyclic 

testing. Settlement should be measured at a minimum of nine positions and at least 3 times per week for a 

cycle (British Standards Institution 2018).  

Labudek et al. investigated vertical settlement for loose-fill cellulose fibre (Labudek et al. 2014). 

Following each cycle of dynamic vibrational loading applied to a specimen, the settlement was measured. 

The first 5 cycles consisted of 20 second periods and only vibrational exposure. Following a 60 second 

period of vibrational loading, then the specimen was loaded with a 1 kg mass without vibration. The final 

cycle with a time period of 20 seconds, the specimen was exposed to both a 1 kg load and vibration 

(Labudek et al. 2014). The EN-14064-1 standard was followed to assess the settlement classification, 

desiring to achieve the S1 classification. It was found that cellulose fibre with a density of 80 kg/m3 had 

no settlement under just a vibration loading regime, while cellulose fibre with a density of 90 kg/m3 was 
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needed for no settlement if loaded with both vibration and the 1 kg mass. As the density within the 

specimen increased, the settlement decreased to near zero for the 90 kg/m3 specimen. Note that although 

this density is optimized for “settlement”, the thermal performance of the material at this density is 

obviously also critical. 

Similar to the cellulose fibres, the same investigated crushed straw (Teslík et al. 2014). Crushed 

straw specimens were tested in incremental densities of 5 kg/m3 in the range of 90-120 kg/m3. Zero  

settlement was found in the sample with a density of 120 kg/m3, complying with the S1 classification 

defined by EN-14064-1 (British standards Institution 2018; Teslík et al. 2014). Similar to the cellulose, a 

trend of increasing density was associated with less vertical settlement within the specimens.  

A long-term test conducted to evaluate the settlement of loose-fill cellulose insulation for varying 

exposures had similar results for both the loose-fill cellulose (Labudek et al. 2014) and crushed straw 

(Teslík et al. 2014). Both non-compressed and compressed specimens (6) with densities of 30 kg/m3 and 

45 kg/m3 respectively, and an initial height of 2.4 m were investigated. Specimens were subjected to three 

exposure conditions: an environmental chamber at 20°C and 65% RH, outdoor conditions in a ventilated 

snow and rain proof housing, and dynamic vibration conditions. The total exposure time over the tests 

was 28 months. Weather station data was used to monitor temperature and RH conditions for the outdoor 

climate specimen. Sampling performed at 1-week intervals for the first year and 1-month intervals 

thereafter was performed. The lowest settlement was observed within climatic chamber sample (45 

kg/m3), mid-range settlement for the sample exposed to dynamic vibrations and settled relatively after 1 

year, and the outdoor sample continued to settle over the 2-year period with little indication of a plateau 

occurring. A general plateau in settlement was observed for the environmental chamber and dynamic 

vibration samples after about 1 year of testing. The outdoor exposure sample after the 28-month period 

still had a positive incline slope in data and would need to be continued to verify if a plateau in settlement 

would occur in the future. This sample experienced the highest level of settlement around 11 cm, ~4.6% 
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of the initial height (2.4 m) (Böck et al. 2015). This research shows the importance of evaluating 

settlement behavior under various temperature and relative humidity exposure regimes.  

The surface roughness of a wall panel in contact with loose-fill cellulose insulation (LFCI) was 

seen to have an influence on the settlement of LFCI (Böck and Treml 2014). Insight into the effects of 

surface roughness provides information on the frictional forces which interact between the bulk solid and 

wall surface. The frictional forces influence the movement of the bulk solid, and in turn have an influence 

on the settlement of the bulk solid, in this case LFCI. In the study, two test procedures were followed, the 

first preliminary test following ISO CD 18393, B, where two sample boxes were tested with impact drop 

offs, and the second test followed the Jenike test method, where the bulk solid is sheared against a wall 

surface (Böck and Treml 2014). Over both test methods, acrylic glass, soft board, OSB and wood-wool 

slab surfaces were used. Acrylic glass was utilized as a comparison between both tests, and the smoothest 

surface with the least friction. From the preliminary impact drop off test (20 drops), significant 

differences in settlement were observed between acrylic glass and softboard, where the LFCI locally 

settled by 5.5-6.5 cm when in contact with the acrylic glass, and 3 cm when in contact with softboard. 

The three wood-based surfaces performed similar results following the Jenike test of low normal stress, 

and under higher normal stresses wood-wool and soft board provide higher friction than OSB. From the 

study it was concluded that the use of wood-wool and soft board could reduce the settlement within a wall 

cavity, due to the higher friction under higher normal forces. The study is isolated to the influence of the 

surface roughness on LFCI settlement, and thus provides an area to further review for other loose-fill 

insulation materials.  

2.6 Summary 

As the building demand increases with the trend of increasing global population (International 

Energy Agency 2019; “New Buildings: Embodied Carbon – Architecture 2030” n.d.), the desire and need 

for sustainable development is at the forefront of mitigating further climate change effects (Dean et al. 

2016). Current research conducted on bio-fibres for building insulation is a response to the need for lower 
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embodied carbon and lower embodied energy materials (International Energy Agency 2019) utilized 

within the building industry. Previous research conducted and buildings utilizing bio-fibres such as the 

BaleHaus (Shea et al. 2010) have utilized the full straw bale, posing geometric constraints to the design of 

the building and wall thicknesses. Previous research has utilized the full straw bale unaltered and poses a 

gap in knowledge when discussing loose material and the associated properties. Further research of the 

thermal and physical properties of loose-fill fibres is needed if they are to be used as an insulation 

alternative. Understanding the thermal behaviour of the loose-fill fibres as compared to previous research 

done on full bales of fibre or small laboratory samples must be conducted. Settlement and the physical 

behaviour within a panel must be assessed for loose-fill fibres to ensure the long-term performance of the 

materials is adequately designed for. As well, the hygrothermal behaviour and moisture effects on both 

the thermal and physical behaviour must be considered. As there is prior research on small samples of 

loose fibre with varying densities and the resulting thermal properties, the lack of understanding on a 

larger scale test specimen and variability of packing density is lacking in literature. Research conducted 

on loose-fill insulation within a panel still has a gap of understanding and requires research to quantify its 

thermal properties and physical behaviour as a promising building alternative. It is proposed to bridge this 

gap of knowledge, both assessing the ideal packed density for loose-fill specimen standards and future 

work on thermal performance from the preliminary data collected. 
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Chapter 3 

Settlement Behaviour of Wheat Straw, Hammer-milled Hemp, Rice Hull and 

Cellulose Fibres under Vibrational Loading 

3.1 Introduction 

As the global population has increased by ~5% between 2010 and 2018, the associated building 

floor space has increased by ~23% within the same time period (International Energy Agency 2019). This 

global increase of both population and building space has been associated with an increase of global 

energy consumption of 1% (~125 exajoules), or 36% increase of global energy use (International Energy 

Agency 2019). Within the global energy consumption increase, space cooling demands increased by 

2.7%, indicating the critical need for passive and low energy building designs for future development 

(International Energy Agency 2019). To reduce the energy and carbon consumption within the building 

industry it is recommended to assess the materials used, while approaching material design solutions as a 

life cycle approach (International Energy Agency 2019). Two metrics that can be used to quantify the 

overall environmental footprint of the materials used in the construction of a building are embodied 

energy and embodied carbon. The embodied energy (EE) of a construction material or product is defined 

as the total primary energy used within its direct and indirect processing from cradle-to-gate (Hammond 

and Jones 2011). The embodied carbon (EC) of a construction material or product is defined as the total 

fuel-related and process-related carbon emissions emitted as measured either from cradle-to-gate or 

cradle-to-grave (Hammond and Jones 2011).  

As buildings continue to become more energy efficient, it is expected that energy and carbon 

emissions due to operations and heating demands will decrease. As this happens, the fraction of a 

building’s lifetime energy and carbon emissions that will be material embodied energy and carbon will 

increase. By 2050 it is expected that 49% of the total carbon emissions related to the building industry 

will be embodied carbon in the materials, with the remaining carbon emissions being due to operational 
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energy (“New Buildings: Embodied Carbon – Architecture 2030” n.d.). With increased uptake of passive 

housing and net zero energy buildings, new standards for operational energy demands can pose a higher 

importance on the building materials utilized. Passive housing buildings are examples of infrastructure 

which use up to 90% less energy for operating interior heating and cooling demands (“International 

Passive House Association | Criteria” n.d.). Passive housing standards detail a maximum heating demand 

(15 kWh/m2a), pressurization test (maximum 50 Pa), as well as primary energy demand (120 kWh/m2a) 

(“International Passive House Association | Criteria” n.d.). With the Passive House standards, the 

embodied energy and carbon of the building materials used in the infrastructure will represent an 

increased portion of the overall building energy and carbon needs. Thus, to further reduce the energy and 

carbon demand of buildings, it is desirable to reduce the embodied energy and carbon associated with the 

building materials themselves.  

Renewable and recyclable materials can have a much lower embodied energy and carbon profile 

compared to petroleum based construction materials and products, and this is true of thermal insulation 

materials used within the building envelope (Zampori et al. 2013). Various bio-fibres (straw, hemp, 

cellulose, rice hulls and other agricultural by-products) have shown promise as low-carbon alternatives to 

petroleum-based insulation materials. Straw in compacted bale form has been used for approximately a 

century as part of “straw-bale construction”, with the oldest known building, the Burke house, constructed 

in Nebraska 1903 (Shea et al. 2010). Straw bales commonly used for buildings can fall into two 

categories of two-string bales measuring 350 mm high, 450 mm wide and 910-960 mm long and three-

string bales measuring 420 mm high, 600 mm wide and 1060-1190 mm long (Shea et al. 2013). The 

BaleHaus at the University of Bath uses full straw bales as the insulative material for its structural panels, 

seen in Figure 3-1.  
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Figure 3-1: BaleHaus utilizing straw bale insulative panels (Shea et al. 2013)  

 

 In-situ testing addressing thermal and operational conditions of the BaleHaus was performed 

alongside computer simulations for annual energy use and carbon dioxide emissions of the building (Shea 

et al. 2010). The focus of much research on straw insulation has examined full straw bales or small 

laboratory samples of loose fibres to evaluate their thermal and hygrothermal properties and has examined 

such parameters as density and fibre orientation. McCabe evaluated the effect of fibre orientation on the 

thermal performance of straw, and found bales laid with the fibres perpendicular to the heat flow direction 

had an associated R-value of 3.15 per inch, compared to bales laid with fibres parallel to heat flow which 

had a lower R-value of 2.38 per inch (higher thermal conductivity) (McCabe 1993). Other researchers 

have made similar observations (Costes et al. 2017). Shea et al. also noted the dependence of density on 

thermal properties, finding prefabricated panels using lower bale densities had lower thermal 

conductivities (Shea et al. 2013). Panels constructed with bales of density 63 kg/m3 had a thermal 

conductivity of 0.0594 W/mK, while similar panels that used bales of density of 120 kg/m3 had a thermal 

conductivity of 0.0636 W/mK (Shea et al. 2013). Shea et al. also discussed the effect of air pockets or 

voids in the bales which could affect the localized thermal performance, increasing heat transfer (Shea et 

al. 2013). Similar effects on thermal performance of straw bale panels due to voids and air pockets was 
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found by Seitz et al. (Seitz et al. 2018). Within the voids of the panel, natural convection occurs which in 

turn increases the heat transfer through the straw bale panel. Similarly, voids up to 300 mm were found 

along the perimeter of the plaster and between the joints of the bales, and hypothesized to be due to the 

gap between bales when stacked in laboratory sized walls (Seitz et al. 2018).  

One means to address the variability in density and geometry of baled straw is to instead use 

chopped, randomly oriented bio-fibres as a loose-fill insulation.  One study utilized chopped randomly 

oriented straw fibres as a means of reducing the spacing and potential air gaps within specimens                 

(Vejeliene et al. 2011). Chopped, randomly oriented straw samples with a density ranging from 57-82 

kg/m3 and fibre lengths cut to 2-4 cm were tested. It was found that chopped straw samples had less 

variability and lower overall thermal conductivity values (~0.045 W/mK) as compared to straw bales and 

rolls that had densities of 100 kg/m3 and 90 kg/m3 respectively and a thermal conductivity values of 0.092 

W/mK and 0.079 W/mK respectively (Vejeliene et al. 2011). Within the same study, samples with a 

density of 50 kg/m3 and straw fibres perpendicular to the heat flow direction were found to have the 

lowest thermal conductivity (0.041 W/mK) amongst both bale samples and chopped fibre samples 

(Vejeliene et al. 2011).  

Although the research to date indicates that straw holds promise as an insulation product for 

building applications, most studies employed specimens of laboratory size and did not consider 

parameters such as moisture and material settlement within a wall. As well, literature for straw as an 

insulation alternative has primarily investigated bales, therefore the associated physical behaviour of the 

material in loose-fill form is not as well known. The optimization of both thermal and physical properties 

for loose-fill fibre insulation has not been comprehensively studied in the past, presenting an area which 

requires further research. As shown through the study on 38 Canadian houses possessing loose-fill 

cellulose insulation, a total percent settlement of 11.1% (±8.3%) was observed only one year after 

installation (Hurtado et al. 2016). On an 8-foot ceiling height, an 11.1% vertical settlement would result in 

a 10.6-inch gap at the top region of the wall. Similar to air voids within the straw bales, an air gap would 
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result in thermal bridging in the upper region of the wall, reducing the overall wall thermal efficiency. 

This poses concern as thermal bridging can increase the energy demand needed to maintain a building’s 

interior climate. The studies of cellulose in loose-fill form (Hurtado et al. 2016; Labudek et al. 2014), 

indicate a dependence on density in terms of overall settlement in a wall cavity. As other bio-fibres are 

proposed for insulation applications, it is imperative to understand this relationship.  

The use of other bio-fibres such as hemp and rice hulls have been under review as viable loose-fill 

insulation alternatives. Hemp and rice hulls are both hygroscopic and hygrothermal materials which 

possess similar characteristics to straw fibres. The thermal properties of loose-fill hemp fibre ranging in 

densities from 18-85 kg/m3 was reviewed by Kosiński (Kosiński et al. 2018). It was found that a density 

of 85 kg/m3  had an associated thermal conductivity of 0.04 W/mK, while the lowest density of 18 kg/m3 

had an associated thermal conductivity of 0.076 W/mK (Kosiński et al. 2018). The settlement of the 

loose-fill hemp fibres was not investigated by these researchers. Similar to the agricultural by-product of 

hemp, rice hull is a natural by-product from the agricultural harvest of rice grains. Rice hulls account for 

approximately 20% by weight of the total harvested grain of rice (Olivier 1989). Yarbrough et al. assessed 

the thermal properties of rice hull particle board, finding a thermal conductivity in the range of 0.0464-

0.0566 W/mK, with the lowest thermal conductivity associated with a density of 153.8 kg/m3 (Yarbrough 

et al. 2005). The densification of the rice hull panel (305x305x51 mm) after 24 hours of exposed 

vibrations at 15Hz was tested, with a final average density of 158.5 kg/m3 (Yarbrough et al. 2005). 

Although the densification is reviewed by Yarbrough et al., the vertical settlement within the panel was 

not investigated. Both studies for hemp and rice hulls show viability in terms of thermal performance but 

lack knowledge on the settlement for loose-fill fibres in a wall cavity specifically. It is desirable to 

establish a comparative test for varying bio-fibres to be used as loose-fill materials.  

Settlement of loose-fill fibres within a closed cavity can be attributed to both the vertical stress 

induced from the self-weight of the fibres, as well as the downward gravitational force of the fibres. A 
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schematic illustrating the stresses which act on a control volume of loose-fill fibres was presented by 

Rasmussen(Rasmussen 2001), and seen in Figure 3-2.  

 

Figure 3-2: Stresses on the control volume of loose-fill fibres in a closed cavity (Rasmussen 2001) 

The variables seen in Figure 3-2 are defined as:  

𝑧 − 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (m) 

						𝑑𝑧 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (m) 

𝐴 − 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙	ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙	𝑎𝑟𝑒𝑎 (m2) 

𝜌 − 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (kg/m3) 

𝑔 − 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (m/s2) 

𝜏 − 𝑠ℎ𝑒𝑎𝑟	𝑠𝑡𝑟𝑒𝑠𝑠 (Pa) 

𝜎$ − ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙	𝑠𝑡𝑟𝑒𝑠𝑠 (Pa) 

𝜎% − 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙	𝑠𝑡𝑟𝑒𝑠𝑠 (Pa) 

 

The coefficient of friction between the fibres and cavity walls also influences the settlement (Rasmussen 

2001).  The coefficient of friction (µ) is dependent on the bulk material and the surface is it in contact 

with. Rasmussen (2001) measured the coefficient of friction between loose-fill cellulose and plywood 

(µ = 0.86), chipboard (µ = 0.83), gypsum board (µ = 0.66) and with acrylic board (µ = 0.35). A lower 

coefficient of friction results in smaller frictional forces restricting settlement of the control volume 

(Rasmussen 2001). Settlement of loose-fill fibres can be defined as the vertical displacement of fibres 

resulting in an increased density of the control volume.  
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The settlement of loose-fill cellulose insulation was experimentally investigated by (Labudek et al. 

2014). The objective of the study was to find a density of the blown insulation which would minimize 

vertical settlement and thermal bridging within a cavity wall. Labudek et al. proposed an eight-step cycle 

which exposed the loose-fill blown cellulose insulation to a vibrational load as well as a 1kg load 

uniaxially on the top specimen surface. The study proposed the use of a S1 classification requirement for 

closed construction insulation densities (EN-14064-1) (Labudek et al. 2014; British standards Institution 

2018). A similar study was performed following the same methodology with crushed straw fibres, 

determining the density which complied to the S1 classification for loose-fill settlement (Teslík et al. 

2014). The S1 classification for a loose-fill insulation is deemed to have no more than 1% total vertical 

settlement in the specimen (British standards Institution 2018).  

The following paper presents findings on the vertical settlement and the associated densities for wheat 

straw, hammer-milled hemp, rice hulls and cellulose which meet S1 classifications outlined in EN-14064-

1. The aim of the study was to establish the basepoint of stable densities for each of the loose-fill 

insulative materials, as well to develop a consistent testing regime for the settlement of loose-fill fibres. 

3.1.1 Objectives 

There is a lack of knowledge within literature understanding the settlement of loose-fill bio-

fibres, which are intended for building insulation applications. It is intended to determine the stable 

density for loose-fill fibres as it will directly affect the thermal efficiency within a building wall. The 

following details the objectives of the current study.  

I. Establish a consistent and repeatable testing regime to determine the settlement and stable-

volume density over a range of loose-fill fibres for comparative analysis.  

II. Determine, experimentally, a stable-volume density for wheat straw fibres, hammer-milled hemp 

fibre, rice hulls and cellulose when exposed to vibrational loading. The testing of the specimens 

follows the methodology proposed by Teslík et al. 2014 and determining an acceptable stable 

density as EN-14064-1 details.  
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III. Determine if there is a significant variation in stable-volume densities when experimentally 

testing five different bio-fibres: fine and coarse cut wheat straw, hammer-milled hemp, rice hull 

and cellulose. Establish whether the varying fibre composition and size affects the settlement. 

3.2 Materials and Methodology 

3.2.1 Experimental Apparatus 

The overall test set up can be seen in Figure 3-3, which includes a transparent tank composed of 

Lexan (Figure 3-3(a)), a vibrational table (SYNTRON Vibrating table) and a timber connection which 

securely connects the vibration table to the Lexan tank through four corner supports. The Lexan tank 

measures 0.6m in height, 0.6m wide and 0.165m deep. The walls of the tank measure ¼ inch (0.635cm), 

and the interior volume as a function of material height is 0.092 x specimen height [m3]. Lexan was 

utilized as the testing tank material as it provides low frictional properties and is transparent to measure 

the settlement and assess any voids. The coefficient of friction between LFCI and acrylic board was 

measured to be 0.35 (Rasmussen 2001) and it is expected that it would be similar for Lexan. Clearly, 

other bulk materials may have different friction coefficients. A low coefficient of friction reduces 

interaction with the specimen fibres and thus can be considered a “worst case” for vertical settlement.  
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Figure 3-3: a) Testing Setup with Empty Tank attached to Vibration Table, b) Test Setup with 
Chopped Straw 

3.2.2 Materials 

Five materials were utilized for the settlement test: cut wheat straw (fine and coarse), hammer-

milled hemp, rice hulls, and cellulose. 

Wheat straw was utilized and sourced from a local supplier in Canada in two forms, fine cut and 

coarse cut (“Our Products — The Straw Boss” n.d.),  Figure 3-4 depicts the fine cut wheat straw fibres in 

bulk. To determine the length of the fibres and variability, a sample of 30 fibers were randomly selected 

from the source bag and measured, the mean value and standard deviation were calculated. The fine cut 

wheat straw fibres had an average length of 34 mm ± 20 mm, a randomized selection of fibres is shown 

below in Figure 3-5, displaying the range in lengths and sizing for typical individual fibres.  

a b 
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Figure 3-4: Bulk fine cut wheat straw fibres 

 
Figure 3-5: Variation and lengths of fine wheat straw fibres 

Coarse cut wheat straw from the same supplier as the fine chopped wheat straw was used. The 

difference between the two was the length of individual fibres. The bulk material of coarse cut wheat 

straw is seen in Figure 3-6. The coarse cut wheat straw had fibre lengths in the range of 51-127mm, this 

value was supplied by the supplier. The coarse cut wheat straw was also much less linear and possessed 

many irregularities amongst the bulk fibres. The range of fibres was much greater in the coarse cut bulk 

1cm 
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material, as can be seen in Figure 3-7. 

 

Figure 3-6: Bulk source of coarse cut wheat straw 

 
Figure 3-7: Coarse Cut Wheat Straw on Scale Paper 

 

 Hemp fibre was provided from a local producer and hammer-milled and was provided is a large 

variation in fibre sizes and composition, as seen in Figure 3-8. Hemp had both fine hair-like fibres as well 

1cm 
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as larger hurd. The average length of hurd fibres was 19 mm ± 10 mm, with the variation in lengths and 

composition depicted in Figure 3-9.  

 
Figure 3-8: Bulk hammer-milled hemp fibres 

 
Figure 3-9: Variation and lengths of hammer-milled hemp fibres 

 

Rice hull fibres were supplied by a local producer. The hull is the outermost layer of the rice 

grain and is a by-product of rice cultivation (Asdrubali et al. 2015). The bulk material of rice hulls can be 

seen in Figure 3-10. The average length of the rice hull fibres was 9 mm ± 1 mm. The rice hull fibres 

1cm 
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provided the least variability from a random selection from the bulk material, the lengths and variation 

can be seen in Figure 3-11.  

 
Figure 3-10: Bulk rice hull fibres 

 
Figure 3-11: Variation and lengths of rice hull fibres 

 

 Cellulose was provided from a Canadian manufactured source and is known on the market as 

loose-fill cellulose insulation. There are no distinct fibres comparable to the prior materials under 

evaluation in this study. Cellulose is much different in nature and can be seen in Figure 3-12.  

1cm 
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Figure 3-12: Loose-fill Cellulose on Scale Paper (1 cm grid) 
 

All five of the materials were maintained in the same laboratory conditions within sealed bags 

until testing was performed. To ensure randomization of results, the material supply was rotated within 

the bags when obtaining material for testing. Direct moisture content of the fine cut wheat straw, hemp 

and rice hull fibres was measured using ASTM D4442-16. A small subsection of the same material source 

was utilized to find the moisture content of the bulk material. The moisture content of each of the 

materials was collected in a single test (ASTM D4442-16) with the results shown in Table 3-1 below. 

Additionally, the moisture content of coarse cut wheat straw and cellulose (seen in Table 3-1) was 

determined utilizing a moisture content probe, Delmhorst F-2000 10” probe, at 3 randomized locations on 

the top plane of the specimens. The Delmhorst F-2000 provided a much faster method of obtaining the 

moisture content of the bulk materials within an accuracy of ± 1%. The results of each moisture content 

test method fell within the same percent magnitude, and for the context of the current research is deemed 

acceptable.  
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Table 3-1: Moisture Content (%) of the Material Fibres 

Material Moisture Content (%) 
Fine Wheat Straw 10.5 

Hemp 5.8 
Rice Hull 8.9 

Coarse Wheat Straw 7.3 ± 1 
Cellulose 7.4 ± 1 

 

3.2.3 Methodology 

The five materials; chopped fine and coarse wheat straw, hammer-milled hemp stalk, rice hulls 

and cellulose were tested following the testing regime proposed by Teslík et al. (Teslík et al. 2014). The 

internal volume of the Lexan box was measured and used to calculate the mass required for each targeted 

density. The initial density tested was the lowest loose-fill density with no tamping and poured into the 

testing box in four even layers. To achieve a higher density, the Lexan box was divided into four 

incremental heights, and a target mass calculated at each height to achieve the same overall density 

throughout the specimen. For example, with a specimen height of 50 cm, layers of 12.5 cm were marked, 

and the specimen was filled to the target mass for each incremental height until the specimen was 

complete. Tamping was performed with a scoop which had the same width as the Lexan tank, and 

pressure was applied perpendicular to the top surface area compressing each layer. Tamping and layering 

of the fibres allowed for an even distribution laterally and ensured large voids in the forming process were 

avoided. Each material was initially tested at the “lowest” bulk density, with no manual compaction when 

filling the tank. This was the lowest density that could be achieved, and in the remainder of the paper it 

will be called the “baseline” bulk density. With the following tests, the density was increased 

incrementally, and followed the methodology of layering and tamping as described above.  

Once material was placed in the tank at the desired density, it was subjected to a regime of 

vibrations at a frequency of 18 Hz. The testing regime is outlined in Table 3-2. Each cycle of vibrational 

loading maintained the same frequency of 18 Hz. This procedure followed the first six cycles proposed by 

Teslík et al. to assess the vertical settlement under vibrational loading (Teslík et al. 2014).  
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Table 3-2: Testing Cycles for Vibrational Loading (Teslík et al. 2014) 

Testing Cycle Time (seconds) 
1 20 
2 20 
3 20 
4 20 
5 20 
6 60 

 

Following each testing cycle, settlement of the fibre specimen was measured. To measure the 

settlement, a metric (cm:mm) tape measurer was utilized to measure the distance from the top of the 

Lexan box. The top of the Lexan box was utilized as a constant reference point for all measurements. The 

initial difference between the specimen and top of the Lexan box was utilized as the zero settlement 

reference point. Displacement from this initial measurement denoted either a positive or negative 

settlement of the specimen. The testing tank was marked with red ticks (Figure 3-3) to ensure the same 

measurement location at each cycle. The settlement for that cycle was averaged over the 12 

measurements.   

The settlement was measured from the initial specimen height within the testing tank. Downward 

displacement from this reference point is defined as positive settlement and is associated with an increase 

in specimen density. In some cases, an upward displacement was observed, and this is defined as negative 

settlement, and is associated with a decrease in density. 

For each target fibre density, the test regime (Table 3-2) was repeated 3 times for 3 separate 

specimens. Note that even for similar specimen preparation, small variations were observed in the 

densities due to the nature of the materials. For each of the materials, the initial density tested was the 

lowest baseline, the density was progressively increased by approximately 5-10 kg/m3 until no 

measurable positive settlement was met. 
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3.3 Results and Discussion 

3.3.1 Fine Cut Wheat Straw  

The baseline average bulk density (lowest obtainable within the testing tank) for fine cut wheat 

straw was found to be 61.8 kg/m3, with densities ranging between 60.9 kg/m3 and 84.8 kg/m3. The vertical 

settlement within the specimens after each of the cycles is depicted in Figure 3-13. Each of the tested 

densities is displayed, as opposed to the averaged value. This shows the variability within the specimen 

behaviour under vibrational loading even within similar densities.  

 

Figure 3-13: Vertical Settlement of Fine Cut Wheat Straw Through Vibrational Loading 

The initial slope of cycle 1 through 4 is seen to be greater by a factor of 60 between the lowest 

average density (61.8 kg/m3) and the highest average density (84.8 kg/m3). The large variation in slope for 

cycles 1-4 indicates a larger settlement after each of these cycles of vibration, likely due to the instability 

within the material at the initial lower density. A plateau region is seen in the higher densities after the 4th 

cycle. The data suggests that the specimen has stabilized at a higher density. The higher density 

specimens (79.2-84.8 kg/m3) exhibited little settlement after vibrational loading, indicating the long-term 
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stability of the material at the set density. The two highest average densities (79.8-84.8 kg/m3) displayed 

negative settlement within the first 3-4 cycles respectively. The final cycle resulted in very low to near 

zero settlement for the two highest densities.  

3.3.2 Coarse Cut Wheat Straw 

The baseline average bulk density for coarse cut wheat straw was found to be 29.8 kg/m3. The 

coarse cut fibres were tested for settlement over a density range of 28.7-69.7 kg/m3, under 6 cycles of 

vibrational loading. The vertical settlement for each specimen is depicted in Figure 3-14. Similar to the 

fine cut wheat straw, each of the tested densities is displayed which shows the variability within each of 

the specimens and their response to vibrational loading. The coarse cut wheat straw had the overall lowest 

baseline density amongst all materials evaluated, as well as the longest individual fibre lengths.  

 

Figure 3-14: Vertical Settlement of Coarse Cut Wheat Straw Through Vibrational Loading 

 

The baseline density, 29.8 kg/m3, displays a constant increase in settlement over the 6 cycles of 

vibration, indicating no plateau region which was noted in the fine cut wheat straw results. The specimens 

ranging between 38.3-53.0 kg/m3 displayed similar behaviours fluctuating around the zero-settlement line 
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in cycles 1-3 and increasing in settlement all above zero by the 6th cycle. The density group of 52 kg/m3 

had a final settlement less than the density group of 41 kg/m3. The highest density group, 68 kg/m3, 

remained fairly stable with little change ranging between 2-4 ±0.5 mm over the 6 cycles. Each high-

density specimen (66.7-69.7 kg/m3) resulted in negative settlement after the initial cycle through to the 

final 6th cycle of vibration.  

Comparatively, the fine cut and coarse cut wheat straw displayed different stable-volume 

densities. The coarse cut wheat straw exhibited a lower initial bulk density by a factor of 2.1 to the fine 

cut straw. The lowest density coarse cut specimen (29.8 kg/m3) had 50% less initial settlement and ~32% 

less total settlement than the lowest density fine cut specimen (61.8 kg/m3).  To achieve an overall zero 

settlement, an average density of 68.2 kg/m3 and 84.9 kg/m3 was required by the coarse cut and fine cut 

wheat straw respectively. The data suggests that the coarse cut wheat straw, with longer individual fibres 

by up to 72%, possesses an increased stability under vibrational exposure. Other variations amongst the 

two materials are the irregularities of the individual coarse cut fibres (seen in Figure 3-5 and 3-7) which 

could be attributed to an increased interconnection of fibres resisting vertical settlement. The influence of 

fibre length was not an expected result at such a high magnitude, further research is needed to establish 

the effect of fibre lengths on settlement and dense packing. Future research should take into account 

material characterization denoting fibre lengths, surface texture and other irregularities present.   

3.3.3 Hemp 

The baseline average bulk density for chopped hemp fibres was found to be 97.7 kg/m3. The 

chopped hemp fibres, seen in Figure 3-15, were tested over the density range of 97.5 kg/m3 to 122.9 

kg/m3. At the baseline density, there is larger variation in settlement as compared to the higher density 

specimens. Within the high-density hemp specimens (121.1 kg/m3 and 129.9 kg/m3), it is notable that 

they had an upward displacement resulting in a lower final density than the initial bulk density. An initial 

increase of height in the hemp specimens occurred after the first cycle of vibrational loading, and then 
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slightly decreased over the 6 cycles, however the final displacement was still negative with respect to the 

initial reference height.  

 

Figure 3-15: Vertical Settlement of Chopped Hemp Stalk Through Vibrational Loading 

3.3.4 Rice Hulls 

The baseline average bulk density for rice hulls was found to be 134.3 kg/m3. The vertical 

settlement for rice hulls, seen in Figure 3-16, was tested over the density range of 133.9 kg/m3 to 157.9 

kg/m3. At the lower bulk densities for the rice hull specimens, a large variation in settlement behaviour 

was observed. Small variations in density correlated to a change in the settlement, with a direct linear 

decrease in settlement compared to the density of the specimen. The high-density specimens (155.1, 

156.4, 157.9 kg/m3) displayed more stability and less variation in settlement compared to lower densities. 

At the highest density category, an initial increase in height was observed, similar to both wheat straw and 

hemp specimens. Over the 6 cycles, an average total settlement of zero was observed for the average high 

density of 156.5 kg/m3. 
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Figure 3-16: Vertical Settlement of Loose-fill Rice Hulls Through Vibrational Loading 

3.3.5 Cellulose 

The baseline average bulk density of cellulose was found to be 38.9 kg/m3. The vertical 

settlement of cellulose was tested over a range of densities of 38-65.6 kg/m3, seen in Figure 3-17. 

Dissimilar to the prior fibres under review, cellulose was fairly stable over the entire range of densities, 

displaying low settlement values. The highest total settlement achieved was 8 ±0.5 mm at a specimen 

density of 38.9 kg/m3, the lowest total settlement achieved was -1 ±0.5 mm at a density of 65.6 kg/m3. 

Similar to prior materials, increased stability was seen in the higher densities, represented by a flat curve 

in the data, Figure 3-17. A total settlement below zero was achieved in densities of 65.5 kg/m3.  
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Figure 3-17: Vertical Settlement of Cellulose Through Vibrational Loading 

3.3.6 Qualitative Assessment  

Qualitative assessment of the specimens under vibrational exposure revealed the discontinuity of 

homogenous density and settlement. Non-homogenous density was represented by air voids or pockets 

where no fibres were present. Non-homogenous settlement, or localized settlement was represented by 

significant depreciated regions in each of the specimen corners. The hemp and wheat straw specimens 

possessed both air voids and localized settlement in the corners of the Lexan testing box. Localized 

settlement is shown within the corners of the testing tank of the hemp specimens, as seen in Figure 3-18.  
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Figure 3-18: Localized Settlement at Edge of Testing Tank for Hemp Fibres 

The localized settlement can be attributed to the low friction between the fibre and the Lexan tank 

walls, as compared to fibre-to-fibre friction. In the corner location, there are two surfaces with reduced 

frictional properties, comparative to the one surface seen on the remaining surfaces of the box. Such 

localized settlement should be considered for future testing if larger specimens are used. In addition, this 

illustrates the importance of constructing the framing and enclosed wall materials with similar frictional 

properties to the loose-fill insulation material to minimize the localized settlement at the corner and edges 

of the wall cavity. Settlement at the corners of a wall could provide an area for increased heat transfer to 

occur, and in turn increase overall building heat losses.  

Voids were observed within the bulk volume of the hemp and wheat straw specimens. The voids were 

present in lower density hemp (97.5-98.0 kg/m3), fine cut wheat straw (60.8-62.3 kg/m3) and coarse cut 

wheat straw (28.7-31.1 kg/m3), as little to no manual compression was utilized when filling the tank. A 

higher frequency of voids was observed in lower density specimens, where no significant voids were 

present in the highest density specimens for these materials. Within the lower density hemp specimens 

one of the voids measured approximately 3 ±0.5 cm in height and width with an unknown depth, this is 

shown in Figure 3-19. Within the lower density fine cut wheat straw specimens, one of the voids 

measured an approximate width and height of 2 ±0.5 cm with an unknown depth, seen in Figure 3-20.  
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The depth of the void could not be measured but is likely of a similar magnitude as the height and 

width. The voids are air pockets formed during filling the testing tank and could contribute to additional 

settlement. The voids remained consistent over the 6 cycles; thus longer-term testing would be required to 

determine whether they are a source of instability leading to further settlement. Within a larger wall and 

with different installation techniques, it is unknown whether these voids would remain, and should be 

further investigated. Voids were not noted within the rice hull specimens, and this may be due to the 

much smaller fibre size and increased close packing within the specimens. Voids were not noted within 

the cellulose of any measurable size.  

 

Figure 3-19: Internal Void within Chopped Hemp Specimen 

 



50 

 

 

Figure 3-20: Internal Void within Fine Cut Wheat Straw Specimen 

 
Of the voids which were measured in the wheat straw specimens, their size is much smaller than 

the ones noted by Seitz et al. in straw bale insulation panels, which measured up to 300 mm (Seitz et al. 

2018). The utilization of loose-fill insulation could therefore reduce the overall voids within a full-scale 

wall comparative to straw bale insulation panels. The use of loose-fill insulation composed of wheat straw 

should be further investigated on a large-scale wall to evaluate whether voids are present upon installation 

and over long-term settlement tests. The reduction in voids is hypothesized to have two significant 

effects: a reduction in heat transfer and an increase in settlement stability within a wall cavity, providing 

promise for the use of loose-fill insulation over standard bale form.  

3.3.7 Comparative Analysis  

Table 3-3 summarizes the settlement data for each of the materials and their specified density 

group. Each density group was averaged and the associated settlement values at each cycle were then 

averaged as well.  

For example, for fine cut wheat straw, the first three specimens tested at the initial bulk density, 

the “baseline”, had densities ranging between 60.9 to 62.3 kg/m3 (average 61.8 kg/m3). The average 

settlement was then taken for each of the three specimens. This process was repeated for each density 

tested. A total of 36 data points was recorded and averaged for each cycle at the specified density.  
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Table 3-3: Progressive and Total Average Vertical Settlement after Vibrational Loading for 

Density Groups 

Material Density (kg/m3) 
Settlement After Single Cycle (mm) 

Total Settlement (mm) 
1 2 3 4 5 6 

Fine Straw 

61.8 32 38 40 41 43 44 44 

69.4 13 16 18 19 21 22 22 

74.9 2 4 5 6 7 7 7 

79.8 -2 -1 -1 0 1 1 1 

84.9 -1 -1 -1 -1 0 0 0 

Hemp 

97.7 13 16 18 20 22 24 24 

104.9 5 7 9 10 11 13 13 

110.2 0 2 3 4 4 6 6 

114.7 -1 0 1 1 2 3 3 

121.1 -5 -4 -4 -3 -3 -2 -2 

129.9 -4 -5 -5 -5 -5 -5 -5 

Rice Hull 

134.3 27 30 32 33 35 38 38 

144.6 8 11 13 14 15 17 17 

156.5 -2 -2 -1 -1 -1 0 0 

Coarse Straw 

29.8 16 20 24 25 28 30 30 

40.7 1 2 3 4 5 7 7 

51.7 -1 0 1 2 3 4 4 

68.2 -10 -11 -11 -11 -9 -9 -9 

Cellulose 

38.9 3 4 5 5 6 7 7 

49.6 2 2 2 2 3 3 3 

60.1 0 0 0 1 1 2 2 

65.6 -1 -1 -1 -1 -1 -1 -1 

 

The progressive vertical settlement over the 6 cycles for each material can be seen in Table 3-3 

and Figure 3-21, along with the final total settlement. The largest magnitude in settlement typically 

occurred after the first cycle of vibration. This is especially evident for the lower densities for wheat 

straw, which underwent initial settlement in the range of 30-35 mm. There is generally a linear increase in 
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settlement with additional cycles. This is consistent observations reported by Teslík et al. (2014) and 

Labudek et al. (2014).   

Coarse cut wheat straw and cellulose have the lowest specimen densities compared to fine cut 

wheat straw, rice hulls and hemp. Rice hulls have the largest specimen densities compared to the fine and 

coarse cut wheat straw, hemp and cellulose.  

For fibres undergoing settlements in the range ±10 mm, similar behaviour over the testing was 

observed. This includes high density fine cut straw (74.9-84.9 kg/m3), high density hemp (110.2-129.9 

kg/m3), coarse cut straw (40.7-68.2 kg/m3), and all cellulose specimens (38.9-65.6 kg/m3). Generally after 

the initial ±10mm settlement, settlement tends to be minimal (very flat line). 

 

Figure 3-21: Progressive and Total Vertical Settlement Over the Six Cycles of Vibration for Wheat 

Straw, Hemp, Rice Hull and Cellulose 
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Of each the materials tested; cellulose represented the lowest variability in total settlement. The 

range of settlement amongst all cellulose specimens was 9±0.5 mm, which is much lower than other 

fibres, which had settlements up to 46.4±0.5 mm, 32.3 ±0.5 mm, 43.1 ±0.5 mm, 40.63±0.5 mm for fine 

cut wheat straw, chopped hemp, rice hulls and course cut wheat straw respectively.  The large range of 

settlement for the above-mentioned fibres represent the high dependence on density as a variable which 

affects the settlement when exposed to vibration. With a lower range of settlements at 9±0.5 mm, the 

density has a lesser effect on the settlement when exposed to vibration. 

Figure 3-22 plots vertical settlement as a function of density for all tests. There is a clear 

reduction in settlement as density increases for fine cut straw, coarse cut straw, rice hulls and hemp. The 

data shows that the settlement of wheat straw, hemp and rice hulls is very sensitive to relatively small 

changes in density. On the other hand, the settlement of cellulose is much less sensitive to large changes 

in density, at least over the range of densities tested. 

 

Figure 3-22: Total Vertical Settlement for Loose-fill Fine and Coarse Wheat Straw, Hemp, Rice 

Hull and Cellulose Under Dynamic Vibrational Loading 
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3.3.8 Settlement Classification 

As there is currently no standard within Canada for loose-fill natural insulation materials, the 

European standard for mineral wool (EN-14064-1) was referenced. According to EN-14064-1, an S1 

classification is required for closed construction masonry and framing cavities utilizing loose-fill mineral 

wool insulation. An S1 classification is denoted as a total vertical settlement within the specimen less than 

1% of the initial height, tolerable up to 1.49% (British standards Institution 2018). The percent settlement 

is calculated as: 

%	𝑆𝑒𝑡𝑡𝑙𝑒𝑚𝑒𝑛𝑡 = &'&()	%+,&-.()	/+&&)+0+1&
-1-&-()	/2+.-0+1	$+-3$&

× 	100%      (1) 

 

The percent settlement of each specimen is plotted against the associated density, Figure 3-23. 

The dashed red line at 1% depicts the percent settlement for a specimen to be classified as S1, with every 

data point falling below the S1 line meeting the S1 classification.  

 

Figure 3-23: Total Percent Settlement in Fine and Coarse cut Wheat Straw, Hemp, Rice Hull and 

Cellulose Specimens According to Density and Respect to the S1 Classification Limit 
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Fine and coarse cut wheat straw, hammer-milled hemp, rice hulls and cellulose each met the S1 

classification of settling less than 1% (tolerable to 1.49%) of the initial specimen height. Fine cut wheat 

straw requires a minimum density of 75.1 kg/m3 to reach the S1 classification. Coarse cut wheat straw 

requires a minimum density of 50.7 kg/m3 to reach the S1 classification. Hammer-milled hemp requires a 

minimum density of 113.4 kg/m3 to reach the S1 classifications. Rice hulls required a minimum density of 

155.1 kg/m3 to reach the S1 classification. Loose-fill cellulose requires a minimum density of 49.1 kg/m3 

to reach the S1 classification. Literature suggests the minimum density of loose-fill cellulose in vertical 

elements to be installed at 57-65 kg/m3 (Hurtado et al. 2016; Labudek et al. 2014), these higher densities 

being more conservative than the density found in the current experimental data. Each of the values that 

met the S1 classification are recorded in Table 3-4.   

Table 3-4: Densities for Each Material Specimen Meeting S1 Classification 

Fine Cut Wheat 

Straw (kg/m3) 

Coarse Cut Wheat 

Straw (kg/m3) 
Hemp (kg/m3) Rice Hull (kg/m3) Cellulose (kg/m3) 

75.1 50.7 113.4 155.1 49.1 
79.2 51.2 115.2 156.4 49.6 
80.8 66.7 120.1 157.9 50.2 
84.8 68.1 120.4  60.1 
85.0 69.7 122.9  65.6 

  129.9   
 

Teslík et al.’s tests on crushed straw indicated that a bulk density of 120 kg/m3 was required to 

achieve a settlement conforming to S1 classification (2014). However, the paper does not provide detail 

on the fibre size of the crushed straw. It is possible they tested much smaller fibres than the “fine cut” 

wheat straw in the current study. If this were the case, the Teslík et al. results may be consistent with that 

of the rice hull tests. The rice hull fibres needed a much higher density (155.1 kg/m3) to reach a stable 

density that meets S1 standards, and this is close to Teslík et al.’s result (2014). The current study has 

indicated that fibre length has a significant impact on settlement. The “fine cut” and “coarse cut” wheat 

straw tested had a difference in fibre length up to 113±0.5 mm, but otherwise were the same source 
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material. The densities required to meet a stable-volume density were significantly different, with the 

longer fibre length material needing a much lower bulk density to meet the S1 classification.  

It should be noted that rice hulls and the fine cut wheat straw tested both have fibre lengths in the 

range of 8-54±0.5 mm, however they required significantly different densities (155.1 kg/m3 and 75.1 

kg/m3, respectively) to reach a stable-volume density and satisfy the S1 classification. A possible reason 

could be differences in surface texture. The exterior surface texture of rice hulls is very smooth, and could 

result in a low internal friction, leading to more closely packed fibres. In fact the initial density of the rice 

hulls (before vibration tests took place) was much higher than the other materials tested, which would be 

consistent with this hypothesis. Future comparative analysis is imperative to comprehend the effects of 

surface texture, composition and size on the stable-volume density over a range of loose-fill fibres.  

Some of the differences in the findings in Teslík et al. and the current study may be due to 

differences in the test procedure. Teslík et al. used a  form of dimensions 0.25m x 0.25m x 1.0m 

(WxLxH) and composed of OSB board (Teslík et al. 2014), versus a Lexan box measuring  0.165m x 

0.6m x0.6m (WxLxH). OSB board and Lexan would likely have different coefficients of friction, and 

with presumably OSB having the higher friction coefficient. For context, the coefficient of friction 

between acrylic board (likely to have similar surface conditions to Lexan) and LFCI (µ=0.35) is less than 

half that between plywood and LFCI (µ=0.86) (Rasmussen 2001). Increasing wall friction tends to reduce 

settlement. In addition, the frequency of vibration used by Teslík et al. was not noted (2014). A difference 

in frequency may have had some impact on the results. 

The Yarbrough et al. study indicated a final nominal density of 158.5 kg/m3 for rice hull 

specimens after 24 hours of exposure to vibration at 15 Hz (Yarbrough et al. 2005). The current study 

found stable-volume densities ranging from 155.1-157.9 kg/m3 after 6 cycles of vibration totaling 160 

seconds at 18 Hz of vibration. Although the experimental methodology varies in both exposure time and 

vibration frequency, the final stable densities are within 2%. The extended exposure in the Yarbrough et 

al. study indicates a similar stable-volume rice hull density between the 24 hour and 160 second exposure 
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to vibration (2005). Further long-term settlement tests would need to be employed to verify, but the 

results provide promise for a stable-volume rice hull density both with the rapid testing and 24 hour test.   

As the current study reviews the settlement of the fibres under laboratory conditions, and a 

reduced cavity size future studies should take into account variable environment conditions, and 

settlement in a large-scale wall cavity. As well, the current study was a rapid simulation of settlement 

through elevated vibrational exposure, future research is needed to establish the long-term stability of the 

confirmed stable-volume densities under in-situ conditions.  

3.4 Conclusion 

The experimental results in the current study aim to establish a comprehensive review for five 

different loose-fill fibrous materials; fine and coarse cut wheat straw, hammer-milled hemp, rice hulls and 

cellulose. Both qualitative and quantitative measures were taken to evaluate the physical behaviour of 

each material when exposed to rapid vibration testing. The results do not fully encompass all 

considerations when selecting the optimal loose-fill wall density. However, the current experimental 

evidence presents a comparative review of five loose-fill fibrous materials not present in current 

literature, the required densities to achieve S1 classification (≤ 1% settlement of initial height in closed 

cavity), and presented parameters which have an effect on achieving a stable-volume density.  

The experimental evidence indicates a correlation between specimen density and vertical 

settlement, which was supported in prior literature (Teslík et al. 2014; Labudek et al. 2014). A strong 

correlation is seen in the both wheat straw, hammer-milled hemp and rice hull data. A weak correlation is 

seen in the cellulose data. The spread in settlement versus density plots indicates the correlation found. A 

downward trend was observed when plotting the specimen density against the vertical settlement, as the 

specimen density increased, the total vertical settlement decreased. This trend was valid for each of the 

materials under review. The slope in data provided insight into the overall stability of each material when 

exposed to vibrational loading, with a higher slope indicative to internal instabilities of the specimen. As 

well, experimental evidence supported the dependence on fibre length in wheat straw materials. An 
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increase in fibre lengths for wheat straw data was associated to a decrease in overall baseline density and 

total vertical settlement.  

Qualitative assessment revealed localized settlement occurring at each corner of the testing tank, 

where it is expected to have lower frictional resistance. As well, air voids were found in wheat straw and 

hemp specimens, however of much smaller size compared to straw bale panels in literature (Seitz et al. 

2018). These inconsistencies should be taken into account for future studies, as they have the potential to 

affect other wall parameters such as thermal performance.  

The experimental results reaching S1 classification standards provides promise for long-term 

durability within closed cavity loose-fill insulation panels. The lowest densities for fine cut wheat straw, 

coarse cut wheat straw, hemp, rice hulls and cellulose meeting S1 classification are the following 

respectively 75.1, 50.7 113.4, 155.1 and 49.1 kg/m3. It is suggested, future studies take into account larger 

test specimens, variable environments, and in-situ long-term testing to validate the S1 classification. 
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Chapter 4 

The Influence of Ambient Relative Humidity on the Settlement of Wheat 

Straw under Static and Vibrational Loading Conditions  

4.1 Introduction 

Straw has gained attention as a construction material that can reduce embodied carbon in built 

infrastructure (Sodagar et al. 2011). When straw is part of a living plant, it undergoes photosynthesis 

whereby carbon is captured from the atmosphere. Therefore, straw provides an opportunity to capture and 

store carbon within a structure. For these and other reasons, straw bale construction holds promise as a 

green construction material, but it still requires much investigation to determine the range of its durability 

and integrity in mainstream construction.  

Most research on straw to date has focused on its application in baled form. However, recent 

applications have used straw as a loose-fill insulation. With loose-fill insulations, settlement is also an 

important performance consideration. Excessive settlement has the potential to create gaps in the 

insulation resulting in poor thermal performance.  

These properties are influenced by the surrounding environment in which straw is exposed to as well 

as the wall construction itself. Wheat straw, similar to other grain materials, is hygroscopic in nature 

(Mesa and Arenghi 2019), therefore it has the ability to uptake and release moisture from the ambient 

environment until equilibrium is reached. This occurs conceptually in the five phases illustrated in Figure 

4-1 (Duggal and Muir 1981; Yin et al. 2018).  
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Figure 4-1:  Five phases of moisture sorption for hygroscopic materials (Yin et al. 2018) 

The moisture content of a hygroscopic material can affect thermal conductivity and can increase in 

settlement of a loose fibre insulation. Mesa and Arenghi showed thermal conductivity of straw increased 

by 0.005 W/mK with an increase of relative humidity of 17% RH (Mesa and Arenghi 2019). The physical 

settlement of loose-fill cellulose fibres (LFCI) within a vertical wall cavity increased by 4.6% when 

exposed to elevated relative humidity conditions over a 28 month period as compared to steady-state 

relative humidity or vibrational settlement tests (Böck et al. 2015). The highest rate of settlement amongst 

the three occurred within the first 6 months of the test (Böck et al. 2015). Similar testing of loose-fill 

straw has not been reported in the literature. Some data has been presented in the literature to estimate 

typical moisture contents that can be expected in a wall assembly using straw as an insulation material. 

The Canadian Mortgage and Housing Corporation (CMHC) recommends that the straw moisture content 

within a wall should remain below 20%, as it was noted straw degradation began in the range of 25-35% 

(CMHC 2007). Similar results have been observed in laboratory test panels (Figure 4-2) (Thomson et al. 

2019), as well as in-situ tests (Figure 4-3) where rotting was observed in the straw bale behind a rendered 

wall subjected to high moisture conditions (Lawrence et al. 2009).  

A: Single-layer of adsorbed molecules  

B: Multiple layers of adsorbed 

molecules  

C: Interconnected layers (internal 

capillary condensation) 

D: Free water in pores, capillary 

suction  

E: Supersaturated region 
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Figure 4-2: Mold growth on straw bale panel exposed to extreme environmental conditions in 

laboratory settings (Thomson et al. 2019) 

 

 

Figure 4-3: Degradation and rot of straw bale behind render in an in-situ wall assembly (Lawrence 

et al. 2009) 
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Researchers have also noted a relationship between atmospheric relative humidity (RH) and 

moisture content of straw. Figure 4-4 shows experimental results reported by CMHC, showing a linear 

relationship between straw moisture content and air relative humidity (CMHC 2007).  

 

Figure 4-4: Conversion between Straw Moisture Content and Air Relative Humidity (CMHC 2007) 

 

Figure 4-5 shows data reported by Lawrence et al. on straw bales having a density of 125 kg/m3 and 

at a temperature of 20 ℃ (Lawrence et al. 2009). The authors included earlier data from Hedlin who 

looked at five different grain straws at 21.2 ℃ (Hedlin C.P. 1967). Data from both Lawrence et al. and 

Hedlin follow similar trends and indicate a non-linear relationship between relative humidity and straw 

moisture content. 
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Figure 4-5: Experimental Data and Expression Between Moisture Content and Relative Humidity 

for Straw Bale Walls (Lawrence et al. 2009) 

Another relevant study was undertaken by Yin et al. (2018) which showed similar sorption 

properties of wheat and rice straw, despite having different microstructures. The same study showed that 

temperature had little effect on water absorption within the range 20-40 ℃, and with slightly lower 

sorption at elevated temperatures of 60 ℃, although this was noted as a very high temperature likely 

beyond what would be experienced within a standard building envelope (Yin et al. 2018).   

4.1.1 Objectives 

Literature to date has not examined the effects of relative humidity on loose-fill wheat straw wall 

assemblies. Since LFCI has shown increased vertical settlement with increased relative humidity, it is an 

area of concern for loose-fill wheat straw as well. Prior research on straw bale construction has focused 

on moisture limits leading to degradation.  

 The objectives of the current study are as follows.  

I. Determine the moisture uptake of loose-fill wheat straw when exposed to elevated relative 

humidity and stable temperature in a controlled environment.  
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II. Experimentally evaluate the influence of moisture content on vertical settlement in both 

undisturbed natural form and vibrational loading for wheat straw.  

III. Complete a comparative analysis between wheat straw settlement under laboratory and a 

controlled chamber environment with elevated relative humidity and stable temperature.  

4.2 Materials and Methodology  

4.2.1 Experimental Apparatus 

Three Lexan boxes were utilized to conduct the tests. Lexan was utilized as the testing tank material 

as it provides low frictional properties and is transparent to measure the settlement and assess any voids. 

A low coefficient of friction reduces interaction with the specimen fibres and thus can be considered a 

“worst case” for vertical settlement.  

The dimensions of each Lexan box were 0.605 m in height, 0.59 m wide and 0.1525 m deep. The 

top exposed surface had an area of 0.089 m2 and the interior volume as a function of material height was 

0.092 x specimen height [m3]. Twelve 30 cm rulers were placed in line with the top edge of the Lexan 

boxes, with six on either side evenly spaced from each corner. These were utilized for measurements of 

ongoing settlement; this is seen in Figure 4-7. 

The test set up for testing the specimens under vibration can be seen in Figure 4-6. The set up 

includes a transparent tank composed of Lexan (Figure 4-6(a)), a vibrational table (SYNTRON Vibrating 

table) and a timber connection which securely connects the vibration table to the Lexan tank through four 

corner supports.  
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Figure 4-6: a) Testing Setup with Empty Tank attached to Vibration Table, b) Test Setup with 

Wheat Straw 

 

 

Figure 4-7: a) Wheat straw specimens in environmental chamber b) Ruler measurement for each 

Lexan box 

 

a b 

a b 
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Three small tray specimens of wheat straw were utilized for measuring ongoing moisture content of the 

wheat straw throughout the relative humidity cycle stages. The trays are seen in Figure 4-8. 

 

Figure 4-8: Small tray specimens of loose-fill wheat straw 

4.2.2 Materials 

Wheat straw was sourced from a local supplier in Canada (“Our Products — The Straw Boss” 

n.d.);  Figure 4-9 depicts the wheat straw fibres in bulk. The wheat straw came in “fine cut” fibre lengths, 

with an average length of 34 mm ± 20 mm. A randomized selection of fibres is shown in Figure 4-10, 

displaying the range in lengths and sizing for typical individual fibres.  

 

Figure 4-9: Bulk fine cut wheat straw fibres 
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Figure 4-10: Variation and lengths of fine wheat straw fibres 

4.2.3 Methodology 

Straw was placed in Lexan boxes at densities of 67, 75 and 85 kg/m3. The internal specimen volume 

was used to determine the appropriate mass of wheat straw required to reach each target density. Each 

specimen was then divided into 4 incremental heights, where target masses were defined. Each layer was 

poured and tamped if needed to reach the desired density. This ensured a homogenous density was 

achieved throughout the entire specimen volume.  

Each specimen and the smaller moisture content specimens (Figure 4-8) were placed within an 

environmental chamber with a set point of 50±3% RH and interior temperature of 23±1 ºC, this follows 

the recommended conditioning of test specimens noted in the standard EN-14064-1 (British standards 

Institution 2018). The internal relative humidity and temperature of the chamber were validated using a 

portable weather station (LA Crosse Technology, wireless weather station). Both temperature and relative 

humidity were within ±1 ºC and ±3% RH of the readings provided from the environmental chamber. The 

initial height of each specimen was measured at 12 defined locations along the Lexan box. The top of the 

Lexan box was utilized as a constant reference point for all measurements. The initial difference between 

the specimen and top of the Lexan box was utilized as the zero-settlement reference point. Displacement 

from this initial measurement denoted either a positive or negative settlement of the specimen. Downward 

displacement from this reference point is defined as positive settlement and is associated with an increase 

1cm 
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in specimen density. In some cases, an upward displacement was observed, and this is defined as negative 

settlement, and is associated with a decrease in density. 

The boxes remained in the environmental chamber for the test cycle defined in Figure 4-11, where the 

specimens were conditioned at the set point of 50% RH and 23 ºC for 24 hours, thereafter, the set point 

changed to 80% RH and 23 ºC from hour 48 until 144. Figure 4-4 shows the values of relative humidity 

measured in straw bale assemblies within Canada, with the upper value measured at ~80% RH (CMHC 

2007). Between hour 24 and 48, the system increased in relative humidity until the target set point of 80% 

was achieved. The specimen height was measured every 24 hours.  

Each specimen was tested following the methodology defined by Teslík et al. (2014) by 

subjecting them to a regime of vibrations at a frequency of 18 Hz as outlined in Table 4-1. These tests 

were done in the environmental chamber at 80% RH. 

Table 4-1: Testing Cycles for Vibrational Loading (Teslík et al. 2014) 

Testing Cycle Time (seconds) 
1 20 
2 20 
3 20 
4 20 
5 20 
6 60 

 

Following each testing cycle, settlement of the fibre specimen was measured. The ruler was utilized 

to measure the distance from the top of the Lexan box in the same 12 locations as prior measurements.  

The settlement for that cycle was averaged over the 12 measurements.  
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Figure 4-11: Relative Humidity Cycle for Environmental Chamber 

 
After the settlement measurements were concluded, three tray specimens were formed from each of 

the samples. They were placed in airtight bags, and transported to the oven, where the original mass was 

measured. The moisture content of each bulk straw specimen was measured using ASTM D4442-16 

oven-drying method (ASTM D4442 2016) until a stable mass was obtained. Following oven-drying, the 

moisture content (MC) was calculated as: 

𝑀𝐶,% = (𝐴 − 𝐵)/𝐵	 × 100%     (1) 

Where, A= original mass (g) and B= oven-dried mass (g) 

The precision level for the moisture content is estimated as ±0.5%, based on a typical 200 g straw 

sample and 1g scale resolution. The moisture content was taken for two tray specimens after the 24-hour 

exposure at 50% RH. The final tray specimen was measured for the moisture content after the full 144 

hours of exposure.  
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4.3 Results and Discussion 

4.3.1 Natural Settlement 

Measurement of each specimen’s height was taken starting at time zero and at increments of 24 

hours thereafter. No exposure to mechanical vibration was conducted at this point. The vertical settlement 

of each of the specimens was progressive in nature and responded to the changes in relative humidity, as 

seen in Figure 4-12, 4-13 and 4-14 for each density respectively.  Each of the specimens had a significant 

increase in height (i.e. negative settlement), at the transition time between 50% RH and 80% RH. This 

change in specimen height could be due to an uptake in moisture in the straw, and a similar effect was 

noted by Böck et al., with cellulose shown to respond to changes in the relative humidity over 28 months 

(Böck et al. 2015). For both climatic exposure, and exposure to 65% RH, the cellulose experienced 

positive settlement, although fluctuations over the time period were observed.  

 

 

Figure 4-12: Vertical Settlement over 5-day exposure of 80% Relative Humidity for Loose-fill 

Wheat Straw (67 kg/m3) 
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Figure 4-13: Vertical Settlement over 5-day exposure of 80% Relative Humidity for Loose-fill 

Straw (75 kg/m3) 

 

The specimens at 67 and 75 kg/m3 density had nearly identical settlement in the first 24 hours as 

seen in Figure 4-12 and 4-13. Both experienced a nearly linear increase in settlement, with the 67 kg/m3 

density specimen having the largest settlement (approximately 5 mm) after all the cycles. The 75 kg/m3 

density specimen had a final settlement of nearly 2 mm. This is consistent with previous observations that 

settlement tends to decrease with increasing  density (Teslík et al. 2014; Labudek et al. 2014).  
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Figure 4-14: Vertical Settlement over 5-day exposure of 80% Relative Humidity for Loose-fill 

Straw (85 kg/m3) 

 

The 85 kg/m3 density specimen, shown in Figure 4-14, had only a slight increase in settlement 

over the initial 24 hours. Although it did show a noticeable change at the transition between 50-80% RH, 

there was little change in settlement (~2 mm) during the remaining exposure to 80% RH. The final 

resulting height of the specimen did not change between the post-conditioning phase at 24 hours and the 

final measurement at 144 hours.  

4.3.2 Vibrational Loading Settlement 

After the final 144 hour cycle was complete, each specimen was tested using the vibrational 

loading regime. Figure 4-15 shows the change in settlement over the six cycles of vibrations. Figure 4-16 

is a comparison of the final settlement measured for each density. This includes both specimens which 

were exposed to high humidity conditions (67, 75, 85 kg/m3), as well as those densities which were not 

(62, 70, 75, 75, 80, 85 kg/m3), as reported in Chapter 3.  

0

10

20

30

40

50

60

70

80

90

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 24 48 72 96 120 144

A
tm

os
ph

er
ic

 R
el

at
iv

e 
H

um
id

ity
 (%

)

V
er

tic
al

 S
et

tle
m

en
t (

m
m

)

Time (Hours)

Vertical Settlement (mm) Relative Humidity



76 

 

An increase in settlement over the vibration cycles was observed for densities 67, 70, and both  

75 kg/m3 specimens. However, the only density that had a higher settlement for high humidity conditions 

was 75 kg/m3, although its final settlement was nearly identical to the normal humidity value, as seen in 

Figure 4-16. The highest density tested was 85 kg/m3. When subjected to high humidity, it actually had an 

increase in height (negative settlement), whereas with normal humidity exposure the settlement was 

nearly zero.  

 

 

Figure 4-15: Vertical Settlement of Wheat Straw under Vibrational Loading after Environmental 

Exposure to Increased Relative Humidity and Laboratory Settings 
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Figure 4-16: Total Vertical Settlement in Loose-fill Fine Cut Wheat Straw Under Vibrational 

Loading 

4.3.3 S1 Settlement Classification 

The S1 classification standards were evaluated for the specimens under elevated relative humidity 

exposure. A total percent settlement of less than 1% is associated with the classification of S1 according 

to the EN 14064-1:2018 standard (British standards Institution 2018). The percent settlement is calculated 

as: 

%	𝑆𝑒𝑡𝑡𝑙𝑒𝑚𝑒𝑛𝑡 = &'&()	%+,&-.()	/+&&)+0+1&
-1-&-()	/2+.-0+1	$+-3$&

× 	100%      (2) 

 

A positive percentage is associated with a decrease in specimen height, and a negative percentage is 

associate with an increase in specimen height.  

The comparison amongst each of the similar densities can be seen in Table 4-2, along with the 

associated percent settlement and final S1 classification being met or not. As the total vertical settlement 

under vibration loading had similar trends and final settlement data, the S1 classification fell in line with 
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the specimens which were not exposed to elevated relative humidity conditions. Of the three densities 

testing under high humidity conditions, the comparable average densities tested under normal humidity 

conditions were compared. The only specimens which met the S1 classification between both test 

conditions were specimens of the density 85 kg/m3. Both specimens had a negative percent settlement. 

The least difference in percent settlement (between high-humidity and no exposure) were the 75 kg/m3 

density specimens. Small deviations between the two show the little effect increase in relative humidity 

had on the final specimen behaviour both under natural settlement and vibrational loading.  

Table 4-2: Specimen Percent Settlement and S1 Classification Designation 

Density Exposure Specimen Height 
(cm) 

Settlement 
Percent (%) S1 Classification 

67 kg/m3 80% RH/ 23 ℃ 58.0 2.73 Does not meet 

75 kg/m3 80% RH/ 23 ℃ 58.3 1.32 Does not meet 

85 kg/m3 80% RH/ 23 ℃ 58.8 -0.43 Does meet 

70 kg/m3 Normal 50.4* 4.26 Does not meet 

75 kg/m3 Normal  50.5* 1.35 Does not meet 

85 kg/m3 Normal 50.0* -0.10 Does meet 
*Average of densities and percent settlement taken for comparison purposes 

 

 After exposure to elevated relative humidity for the total 144 hours, it appears to have no 

significant effect on the S1 classifications for wheat straw specimens of densities 67, 75 and 85 kg/m3. 

Each of the densities performed with similar results and the same S1 classification as the averaged 

densities which were not exposed to elevated relative humidity.  

4.3.4 Qualitative Assessment  

Qualitative assessment of the three specimens revealed discontinuous fill of the material, presenting 

as air voids. The largest and highest occurrence of air voids was present in the lowest density specimen at 

67 kg/m3 (Figure 4-17), while the lowest occurrence of air voids was seen in the highest density specimen 
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at 85 kg/m3. The size of the voids in the specimen of 67 kg/m3 was in the range of 10-50 mm in either 

length or width, whereas the voids seen in the highest density of 85 kg/m3 were in the range of 10-20 mm. 

The depth of the voids was unmeasurable, it is assumed they are on the same magnitude as the width and 

lengths measured.  

 

Figure 4-17: Air voids observed in specimen of density 67 kg/m3 

During the settlement of the specimens, the voids appeared to retain their shape and moved with the 

bulk specimen. No noticeable compaction of the voids was observed. The voids in the specimens were 

marked on the Lexan box, (Figure 4-18) to measure the location before and after the vibrational loading in 

the specimen of density 67 kg/m3. The final settlement of the low-density specimen (67 kg/m3) was 

approximately 16 mm, which is consistent with the observed void migration of 15±1 mm. The close range 

in settlement and void displacement, provides insight into the stability and resistance to compaction 

during vibrational loading.  
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Figure 4-18: Vertical movement of voids by 15±1 mm after exposure to vibration in specimen of 67 

kg/m3, a) Initial position of void prior to vibrational exposure, b) Position of void after the full cycle 

of vibrational exposure 

 Air voids and non-homogenous densities were present in both tests where specimens were 

exposed to high relative humidity, as well as specimens which were not. The finding of increased size and 

occurrence of air voids in lower density specimen is consistent over both wheat straw specimens of the 

two test groups. It is unknown whether the environmental exposure affected the voids. Further research 

would need to be conducted to see their reaction to cyclic or elevated environmental conditions.  

4.3.5 Moisture Content  

The monitored temperature and relative humidity in the environmental chamber are shown in 

Figure 4-19. The ambient relative humidity within the environmental chamber varied from the set point 

by up to 5%. 

a b 
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Figure 4-19: Relative Humidity and Temperature Profile in Environmental Chamber 

 The moisture content of the specimens was measured at time zero, after 24 hours of 50% RH 

exposure and 80% RH exposure for the remaining 5 days (120 hours). The moisture content is shown in 

Table 4-3 for each of the samples.  

Table 4-3: Moisture Content of Specimens 

Sample Condition Moisture content % 

Manufacturer source Laboratory  10.5 

Small tray - 1 50% RH for 24 hours 7.0 

Small tray - 2 50% RH for 24 hours 8.7 

Small tray - 3 50% RH for 24 hours, 80%RH for 120 hours 17.5 

Lexan sample – 67 kg/m3 50% RH for 24 hours, 80%RH for 120 hours 13.4 

Lexan sample – 75 kg/m3 50% RH for 24 hours, 80%RH for 120 hours 14.5 

Lexan sample – 86 kg/m3 50% RH for 24 hours, 80%RH for 120 hours 12.0 
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The moisture uptake of the specimens does show a slight increase from the initial baseline 

moisture content of 10.5% to the final specimens after 5 days of 80% RH. The increase in moisture 

content is lowest in the highest density specimen (85 kg/m3), by 1.5%. The specimen at 67 kg/m3 saw an 

increase by 2.9%, and the specimen of 75 kg/m3 saw a slightly higher increase by 4%. The deviation in 

moisture content amongst the three specimens could be due to the density, as well as placement within the 

environmental chamber. For the small tray specimen (tray #3), the moisture content reached 17.5%, 

although this could be due to the larger surface area exposed compared to the total volume. 

The measured moisture content of 7.9% after exposure to 50% RH aligns closely with the value 

predicted by the Lawrence et al. equation (~9% MC) as well as the in-situ data reported by CMHC (10% 

MC). After the 5 days of exposure at 80% RH, the moisture content for the small tray sample reached 

17.5% however, that in the three large specimens was much lower (12.0% - 14.5%). No condensation, 

concentrated areas of moisture, or visible degradation were observed. In addition, the moisture content for 

the three large specimens was below that predicted by Lawrence et al. equation (~17%) and CMHC 

(~19%) (Lawrence et al. 2009; CMHC 2007). However, it should be noted that the Lawrence et al. 

equation assumes equilibrium conditions. This may not have occurred in the large specimens. The small 

trays had a much larger surface area to volume ratio, thereby permitting the moisture content to reach 

equilibrium. As well, lower measurements of moisture content in the large specimens of wheat straw 

could be due to the use of Lexan for the container. Lexan has a low permeability, presumably limiting the 

sorption of water to the top surface only. With another material for the test apparatus (e.g. wood), 

moisture content could increase over the test period. The upper tolerable limit of moisture content in 

straw has been reported to be 20%. The levels of moisture content in the large specimens were much 

lower than this. It is possible that at the higher levels of moisture content that is permitted for straw, 

additional settlement could take place.  
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4.3.6 Comparative Analysis 

Between the three specimens, an increase in density has been shown to provide a higher 

resiliency to settlement during constant environmental exposure at 80% RH and 23 ℃. Each of the three 

specimens all reacted within similar magnitudes during the transition from 50% RH to 80% RH. The 

specimens which were not exposed to high humidity conditions followed the same trend, as increasing 

density was associated with reduced settlement (Chapter 3). As similar densities were tested under both 

environmental conditions, the current data suggests little change in settlement due to exposure to high 

humidity. It is possible this may have been influenced by the uptake of moisture causing an increase in 

volume that essentially counteracts out the settlement in the small volume Lexan test tanks.  

The settlement in the wheat straw specimens fell in line with the trend reported for LFCI for 

various environmental and exposure conditions. Böck et al. found constant exposure to a set relative 

humidity of 65% resulted in the lowest effect on vertical settlement of LFCI, with vibrational loading 

being slightly higher, and the most effected specimens being under variable environmental conditions for 

temperature and relative humidity fluctuations over the 28-month period (Böck et al. 2015). The current 

test data follows a similar trend, as the constant exposure to 80% RH resulted in the lowest overall 

settlement for wheat straw, followed by higher vertical settlement after exposure to vibrational loading. 

Although long-term testing was not conducted, the rapid change in specimen height during the step 

change of relative humidity, does allude to possible changes in performance if the wheat straw was 

exposed to cyclic or variable relative humidity for a longer period. It is suggested long-term testing under 

cyclic or variable relative humidity and temperature exposures be performed to evaluate whether it is in 

line with the loose-fill cellulose and if similar sharp changes in settlement are observed. Understanding 

each of the exposure conditions would allow to design for increased resiliency to settlement over time for 

loose-fill straw within a wall cavity.  

The current test does have limitations when extrapolating the results to real-world wall 

assemblies. It would be of interest to conduct the same experiment over a longer period of time or in a 

full-scale wall to confirm that equilibrium moisture content has been reached in the wheat straw 
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specimens, as this would limit the possibility of expansion counteracting settlement over a testing period. 

As well, an evaluation utilizing different materials of various permeability would provide further 

understanding of the moisture sorption within loose-fill wheat straw insulation.  

4.4 Conclusion 

The current study compared the effect of elevated relative humidity on the settlement of wheat 

straw specimens of varying densities. Both the effects of relative humidity on moisture content in wheat 

straw, and density stability was of interest for the study. The moisture uptake and vertical settlement were 

measured, both under static or “natural” settlement and settlement due to vibrational loading. The current 

study found little change in vertical settlement from vibrational loading when exposed to elevated relative 

humidity conditions at 80% RH for 5 days, compared to the specimens which were not exposed to 

elevated relative humidity. The moisture content of the wheat straw (a mean value of 7.9%) fell in line 

closely with literature when exposed to 50% relative humidity at. The moisture content of the wheat straw 

ranged from 12.0-14.5% when exposed to 80% RH for 5 consecutive days. The moisture content of the 

loose-fill wheat straw at 80% RH, is lower than the expected values from the predictive model by 

Lawrence et al by 2.5-5% and by 4.5-7% from the CMHC data. All specimens remained under the critical 

limit of 20% moisture content recommended by CMHC (2007). No visible degradation, occurrence of 

mold or rot was present after the completed 5-day exposure.  The natural settlement over the test period 

was minimal compared to the settlement from vibrational loading, and this result falls in line with the 

trend for LFCI (Böck et al. 2015). The highest averaged density specimen of 85 kg/m3 was the only 

specimen to pass S1 classification (less than 1% settlement) under elevated relative humidity conditions. 
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Chapter 5 

Design of Large-scale Experimental Test Walls to Evaluate Long-term 

Settlement in a Laboratory Environment 

5.1 Introduction 

The use of alternative building materials such as straw bale has provided a potential means to reduce 

the carbon footprint of buildings (Sodagar et al. 2011). Amongst construction materials, steel and 

concrete can contribute up to 60-67% of embodied energy within a building. In efforts to reduce the 

embodied energy and embodied carbon of a building, the use of straw bale has been proposed as a means 

of sustainable development utilizing local products. Straw bale construction has been used in various 

assemblies as an insulation material and in some load bearing walls (Milutiene 2010). When straw bale 

construction is compared to masonry construction both straw bale construction with timber framing and 

straw bale load bearing walls have the potential to reduce the embodied carbon by 12-14 tonnes of CO2 in 

a one and a half story house construction (160 m2 footprint) (Milutiene 2010). Traditional straw bale 

construction has numerous drawbacks including its susceptibility to moisture damage especially during 

the construction phase, and its lack of architectural flexibility. In traditional straw bale wall assemblies, 

plaster and timber are used, but both of these materials can increase the embodied carbon of a building.  

Some builders have responded to this by incorporating straw as the insulation core in prefabricated 

wall panels. Yin et al. point out that prefabricating straw bale panels reduces the risk of moisture damage 

during construction (Yin et al. 2020). Two current prefabricated panels utilizing straw (PSBC) are 

produced by ModCell and EcoCocon, where ModCell utilizes straw bale and EcoCocon utilizes dense 

packed loose straw (“ModCell - Sustainable Pre-Fab Straw Bale Panel Construction” n.d.; “A 

Construction System Designed by Nature | EcoCocon” n.d.). Although prefabricated panels provide ease 

of installation, it is difficult to integrate such panels into existing and retrofitted buildings. This has been 

the motivation for some builders to investigate the use of dense packed, blown-in straw in wall cavities. 
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Loose-fill insulation is a common insulating material in attics and horizontal cavities (Svennerstedt 

1990), however for vertical wall cavities utilizing loose-fill insulation is not as common and introduces 

new design parameters. When introducing loose-fill insulation into vertical cavities, settlement within the 

wall, thermal performance, design density and the integrity of the material long-term needs to be 

considered. Models of granulated materials and their internal stresses have been utilized to model stable-

volume densities for loose-fill insulation design (Rasmussen 2001). Factors which have been shown to 

affect the settlement of loose-fill cellulose are the friction between the fibres and the friction of the 

enclosure material (Böck and Treml 2014), where the surface roughness was shown to have an effect on 

the settlement. With an increase in surface roughness, a decrease in settlement of LFCI occurred (Böck 

and Treml 2014).  

Limited research has been conducted assessing these parameters for loose-fill straw insulation. 

Chopped straw ranging in density from 57.0-82.0 kg/m3 was found to have a low variability in thermal 

conductivity across the densities, with the highest density having the lowest thermal conductivity 

(Vejeliene et al. 2011). The settlement of crushed straw was evaluated by Teslík et al. under both 

vibrational and constant loading under a 1 kg mass. The stable density under the testing regime was 120 

kg/m3, which also met the S1 classification of having less than 1% settlement (Teslík et al. 2014).  

5.1.1 Objectives 

In the following study, the settlement of loose-fill straw insulation within a double stud wood frame 

wall is evaluated. The objectives have been divided into current and future objectives due to the nature of 

the 2020/2021 pandemic and research restrictions in place.  

Current Objectives 

I. Design a representative large-scale wall assembly to evaluate long-term testing of loose-fill straw 

insulation. 

II. Provide test methodology to isolate and test the influence of various wall parameters on the long-

term behaviour and settlement of loose-fill straw.  
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Future Objectives 

I. Determine the deflection of a wall enclosure panel (OSB, gypsum and Lexan) under installation 

of loose-fill blown insulation. Determine limiting density if any, and the effects of long-term 

settlement for the enclosure panel.   

II. Evaluate the long-term settlement of loose-fill straw and cellulose within a double-stud wall 

cavity.  

a. Qualitatively evaluate the installation of loose-fill straw within a wall cavity with typical 

building obstructions such as plumbing and electrical.  

b. Assess the influence of surface roughness for loose-fill straw and 3 enclosure panels, 

OSB, gypsum board and Lexan on settlement.  

5.2 Materials and Methodology 

5.2.1 Experimental Set Up  

Two typical designs used in practice for wall frames with loose-fill insulation are shown in Figures 5-

1 and 5-2: a staggered double stud wall (Figure 5-1) and an aligned stud aligned wall (Figure 5-2). The 

interior gap between the studs ensures adequate insulation thickness. The staggered stud design is 

purported to reduce thermal bridging. 
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Figure 5-1: Staggered Double Stud Wall Design with 2-inch interior gap. 
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Figure 5-2: On-Center Double Stud Wall Design with 3-inch interior gap. Modified Wall to 

Accommodate Laboratory Tests. 

The final wall frame design was chosen to be double-stud 16” on center framing with each stud 

aligned to ensure ease of installation of the loose-fill insulation. All sides except the front are enclosed 

with OSB. Gypsum dry-wall or a Lexan pane was used for the front of the panel. The top of each wall has 

an OSB panel with hinges to provide an initial means of installation as well as to fully contain the wall 

cavity with access for ongoing measurements of the insulation. As well, metal screw eye hooks are to be 

attached to the top and side faces of each wall frame for transportation. Access for moisture content 
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measurements will be through ¼” diameter holes in the back side OSB panel of each wall, with 4 holes 

aligned in the 3 cavities of the wall, as seen in Figure 5-3. The holes are of adequate size to accommodate 

a Delmhorst F-2000 10” probe, which can measure the moisture content of straw between 6-40% (“F-

2000 | Moisture Meters | Delmhorst” n.d.), the expected range in moisture content based on prior testing 

(Chapter 4). Each of the holes will be covered when measurements are not being conducted to maintain 

the internal cavity environment. 

 

Figure 5-3: Front View of Single Wall Panel with 12 Access Points for Moisture Probe Monitoring.  
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Six test walls were designed to account for different parameters which were hypothesized to have an 

effect on the installation and long-term settlement of dense packed loose straw. As mentioned, common 

construction elements within a wall cavity can include, but are not limited to, plumbing and electrical 

receptacles and wiring. Each of the six walls are outfitted with a single gang receptacle and wiring 12” 

above the bottom plate. One of the walls is also outfitted with horizontal 1 ½” ABS plumbing pipe and a 

vertical 3” plumbing stack also of ABS pipe. The plan for electrical wiring is seen in Figure 5-4.  

 

Figure 5-4: On-Center Double Stud Wall Design with Obstructions at 1-foot above bottom plate. 



94 

 

To support the six test walls, a test frame was designed to ensure each of the walls can be 

vertically aligned with adequate space between each wall for installation and measurements. The frame 

supports two walls wide and 3 walls deep. The test frame proposed is shown in Figure 5-5. It is also 

proposed to be supported within a rectangular steel frame which is located within the structural research 

lab of Ellis Hall, Queen’s University, it is shown in Figure 5-6. Larger view of Figure 5-5 and Figure 5-6 

are found in Appendix A, AutoCAD drawings for the wall design plans can be found in Appendix B.  

 

Figure 5-5: Top and Front View of Timber Test Frame. Secures 6 walls in line, 2 walls wide and 3 

walls deep allowing for space between each wall for monitoring and sufficient installation space. 
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Figure 5-6: Red Steel Frame within Ellis Hall, Queen’s University 

 

5.2.2 Test Wall Parameters 

Key parameters under assessment which are hypothesized to influence the settlement of loose-fill 

insulation are:  

1. Material (cellulose vs. fine cut straw)  

2. Density (80 kg/m3 vs. 85 kg/m3) 

3. Friction (OSB vs. gypsum board vs. Lexan)  

The elements which could affect each of these parameters have been isolated within the six walls. 

Walls 2 through 4 are designed to be identical, providing a means of comparison and assessing the 

repeatability of installation. The final design elements of each wall are listed in Table 5-1.  
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Table 5-1: Wall Design Elements 

Wall Insulation Type Front Panel Design Elements 

1 Cellulose – 50 kg/m3 ½” gypsum • Single gang receptacle and wiring at 12” 
above bottom plate  

2 Straw – 80 kg/m3 ½” gypsum • Single gang receptacle and wiring at 12” 
above bottom plate 

3 Straw – 80 kg/m3 ½” gypsum • Single gang receptacle and wiring at 12” 
above bottom plate 

4 Straw – 80 kg/m3 ½” gypsum • Single gang receptacle and wiring at 12” 
above bottom plate 

5 

Straw – 80 kg/m3 ¼” Lexan • Single gang receptacle and wiring at 12” 
above bottom plate 

• ABS plumbing horizontal and vertical 
stack with 90º elbow 

6 Straw – 85 kg/m3 ½” gypsum • Single gang receptacle and wiring at 12” 
above bottom plate 

 

5.2.3 Materials 

For each wall panel Table 5-2 details the materials for the walls shown in Figures 5-6 and 5-7. 

Each wall is outfitted with one electrical receptacle box with wiring at one foot (30 cm) from the bottom 

plate. One wall (Table 5-3) is outfitted with vertical and horizontal ABS plumbing to simulate common 

obstacles within a wall cavity, and this wall has a ¼” Lexan front pane in place of the ½” gypsum board.  

Table 5-2: Single Wall Assembly Materials  

Material Size Quantity 

OSB sheathing  4x8’ x 7/16”  2 

lumber 2x4”x8’ 11 

Single gang receptacle box N/A 1 

Electrical wiring 5’ 1 

Gypsum board 4x8’ x ½”  1 

Note: Sheathing and drywall thicknesses vary from original design dimensions outline in AutoCAD drawings 

(Figure 5-1, 5-2, 5-4) 
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Table 5-3: Wall Five Materials List  

Material Size Quantity 

ABS pipe  3” diameter x 8’ long  1 

ABS tee 3” to 1-1/2” diameter 1 

ABS cap 3” diameter 2 

Lexan 4x8’ 1 

 

Additional materials to complete the assembly includes nails, drywall screws and construction screws. 

Wall 1-4, 6 to be enclosed with gypsum is seen in Figure 5-7. Wall 5 with the Lexan enclosure is seen in 

Figure 5-8.  
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Figure 5-7: Front/Interior view of constructed 16” on-center double stud wall framing with OSB 

enclosure. 
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Figure 5-8: Front View of Wall #5 with Lexan Pane, Electrical Receptacle and Vertical and 

Horizontal ABS plumbing.  

 

Wall 5 (Figure 5-8) was designed to qualitatively assess the installation of loose-fill straw. The 

Lexan pane provides the ability to see where any air voids are occurring, how the insulation can be 



100 

 

installed around the obstacles, as well provide a means to view the settlement behaviour in a large-scale 

wall. 

5.2.4 Proposed Methodology 

Due to the 2020/2021 global pandemic the following methodology is written as a projected future test 

plan. The remainder of the proposed long-term test has not been carried forward and is suggested as 

future work from the preliminary research of loose-fill insulation.  

The six walls are to be aligned in the test frame, 2 walls wide and 3 walls deep, as shown in Figure 5-

5. Once each of the walls are fastened and secured to the test frame, seven linear potentiometers (LP) are 

to be installed against the interior face of a wall. The interior face is the gypsum board or Lexan panels. 

There are five 100 mm LPs and two 25 mm LPs. The LPs will be placed on the interior panel at locations 

depicted in Figure 5-9, with four 100 mm LPs located in the wall corners, one 100 mm LP located along 

the top middle line, and two 25 mm LPs located at the middle and bottom of the center line of the wall. 

The LPs will be mounted utilizing Z45 clamps and connected to a System 5000 data acquisition system 

for recording of displacement over time.  
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Figure 5-9: Linear potentiometer locations on test wall frame. 100 mm LP located in each corner, 6 

inches in from either side. 1 100 mm LP located 6 inches from the top along center line of wall. 2   

25 mm LP along center line, 2 feet and 4 feet from top plate.  

 

The collection of displacement data will commence when the installation of blown in cellulose or 

straw is commenced, with the LP arrangement to be moved wall to wall between installations. It is 

suggested the LP continue to collect data for Wall 2, where the influence of straw settlement will be 

evaluated for whether it affects the gypsum board displacement over a longer duration of time. The 

installation of insulation will follow current industry techniques utilizing an insulation blower used for 

LFCI.  
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The initial height of the insulation in each of the walls will be measured across both front and back 

panel faces every 6 inches. Collection of insulation settlement is suggested to be taken daily until limited 

change occurs, where the duration between measurements increases to weekly and monthly if no plateau 

is experienced. Over this time period, the temperature and humidity shall be collected within the 

laboratory environment utilizing a mobile weather collection device. Over the data collection period, 

qualitative assessment of the wall panel with Lexan shall be observed for any voids, localized settlement 

and densification of straw.  

The settlement of straw along the OSB, gypsum and Lexan panes shall be compared to assess the 

influence of friction and surface roughness. Settlement profiles can be formed if non-homogenous 

settlement does occur.  

The moisture content of interior insulation shall be measured utilizing the Delmhorst F-2000 10” 

probe in each of the 12 access points for each wall (Figure 5-3). The frequency of measurement is 

suggested to align with the measurements of settlement. The measurement frequency is proposed to be 

adjusted if changes of less than 1% moisture content is occurring day to day, where the frequency of 

measurements can be increased to weekly.  

5.3 Discussion 

As the current research plan was not executed to the installation phase, the following outlines 

parameters which would be considered in the proposed research plan.  

The first property of the wall to be evaluated is the perpendicular displacement of the gypsum or 

Lexan panel during installation of the loose-fill insulation. Prior installation of high density loose-fill 

cellulose insulation has been noted in industry to have sufficient pressure to deflect the wall panel, ie. 

gypsum board. The densities which have met S1 classification in prior small-scale tests (Chapter 3) are to 

be evaluated in terms of the installation weight and pressure now in a wall cavity to ensure minimal to no 

displacement occurs during installation and settlement. It is desirable to achieve a density which does not 

displace the enclosure panel and meets sufficient density to limit vertical settlement within the wall. An 



103 

 

installation of LPs over a long-term period would be beneficial to evaluate any displacement in the lower 

area of the wall if measurable settlement of the insulation does occur.  

The second parameter to monitor in the wall assemblies is the settlement of the loose-fill straw and 

cellulose. Cellulose is to be installed at a density of 50 kg/m3, as this density has proven vertical stability 

meeting S1 classifications (Chapter 3). The loose-fill straw will be installed at two densities of 80 kg/m3 

and 85 kg/m3, as they both met S1 classification and stable-volume densities in small scale tests (Chapter 

3). The long-term settlement behaviour within each of the walls is to be evaluated over a period of at least 

1 month. The effect of density is to be compared to prior small-scale tests which indicated these densities 

to be stable-volume and meet S1 classification. It will be of interest to validate whether these densities in 

a large-scale wall assembly have the same stable behaviour with minimal to no settlement.  

A third parameter is the potential influence of surface roughness and texture on the settlement of 

insulation. Of the six test walls, there are three different wall enclosure materials, gypsum board, OSB, 

and Lexan. It is of interest to evaluate whether the surface roughness has an effect on the long-term 

settlement for both cellulose and straw. Only straw will be utilized for the Lexan wall. From the walls 

with straw, it would be expected to see the highest settlement along the Lexan pane, a middle range 

settlement along the gypsum board pane and the least settlement along the OSB pane as it has the highest 

roughest surface. Surface roughness has been shown to have an influence on settlement for loose-fill 

cellulose insulation (Böck and Treml 2014), and similar results would be expected for loose-fill straw.  

The fourth proposed area to evaluate during testing is the installation procedure of loose-fill straw as 

well as maintaining a consistent fill of materials around obstructions within the wall cavity. Wall Five 

was designed with both electrical and plumbing obstructions which occur in typical wall construction 

(Figure 5-8). Evaluating the procedure and potential difficulties during installation is a practical focus to 

ensure the installation technique is viable. Wall Five was also designed with a Lexan pane to assist in 

visually observing how the straw would compact and move around these elements in the cavity. As 

plumbing introduces another smooth surface, it is unsure whether that would influence localized 
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settlement or movement of the insulation over time. As well, it will be of interest to assess any large voids 

or localized settlement which occurs both in installation as well as over time. As voids were experienced 

in the small-scale straw specimens (Chapter 2, Chapter 3), it is expected to see similar voids within the 

large wall cavity.  

5.4 Conclusion 

This research addresses the need to evaluate loose-fill straw in a large-scale wall assembly. The 

framework to simulate loose-fill insulation in a double stud wall cavity within a building has been 

constructed. The test wall assemblies have been designed to accommodate long-term testing within a 

laboratory environment, while incorporating common construction elements in a wall cavity to evaluate 

obstacles, equipment technique and repeatability of installing straw as a blown in insulation. As factors 

such as surface roughness (Böck and Treml 2014) and density (Teslík et al. 2014) have been found to 

influence loose-fill cellulose insulation, the current test wall designs have simulated different wall 

properties to evaluate whether it influences loose-fill straw in a similar manner.  

 It is proposed future work to be conducted utilizing the current wall assemblies to evaluate long-

term settlement of straw. It is suggested the laboratory environment be monitored over the long-term, and 

straw moisture content measured. Environmental changes have been found to have an influence on loose-

fill cellulose (Böck et al. 2015), and similar behaviours could be hypothesized for loose-fill straw. 

Overall, the current research aims to gain a better understanding of loose-fill straw within a vertical wall 

cavity. It provides context for future development and wall design when incorporating alternative loose-

fill insulation materials.  
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Chapter 6 

Conclusion and Future Recommendations 

6.1 Summary of Conclusions 

This chapter presents a summary of key conclusions from the evaluation of loose-fill fibrous 

insulation as a low embodied carbon alternative. The materials used when developing new infrastructure 

can directly reduce the embodied carbon of a building and the overall carbon emissions of construction 

(Hammond and Jones 2011). The integration of alternative materials, as seen in straw bale construction, 

provides a means for sustainable development. As the interest in prefabricated panels and use of loose-fill 

fibres grows, there is a need to evaluate the physical properties of the fibres as they can impact the 

performance of the building envelope.  

Chapter three evaluated five loose-fill fibrous materials; fine and coarse cut wheat straw, 

hammer-milled hemp, rice hulls and cellulose.  The intent of the chapter was to establish further 

understanding on the behaviour of loose-fill fibres under rapid vibrational loading, as well as determine 

the stable-volume density for each of the fibres. For each of the materials, increasing the bulk density 

decreased the total vertical settlement after testing. This observation was consistent with those reported 

for crushed straw and cellulose tested under the same regime (Teslík et al. 2014; Labudek et al. 2014). 

The settlement of the five fibres in the current study, was found to be strongly co-related to density. The 

correlation between settlement and density was not as strong for cellulose. The S1 classification was 

utilized as a comparative measure between each of the fibres and the associated stable volume density 

(British standards Institution 2018). In order from lowest density to highest, the following are the lowest 

densities for each material meeting S1 classification: cellulose (49.1 kg/m3), coarse cut wheat straw (50.7 

kg/m3), fine cut wheat straw (75.1 kg/m3), hammer-milled hemp (113.4 kg/m3), and rice hulls (155.1 

kg/m3). The length of wheat straw fibres had an influence on the vertical settlement and overall baseline 

density, with increasing fibre length by 57.5-72.5% a lower baseline density by 51.7% was observed, and 
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a lower total vertical settlement of 30 mm was observed by the coarse cut baseline density, compared to 

the 44 mm for the baseline fine cut baseline density.  

Chapter three also evaluated the specimens and settlement qualitatively, observing air voids or 

pockets within the specimens and localized settlement in the corner regions. Air voids up to 300 mm in 

size have been reported in baled straw construction (Seitz et al. 2018). The current voids were of a much 

smaller size for hammer-milled hemp (3 ±0.5 cm in height and width) and both wheat straw specimens (2 

±0.5 cm). Localized settlement of the loose-fill fibres was observed in the corners, where the influence of 

surface roughness is hypothesized to have an effect on the settlement.  

 Chapter Four had the objective of assessing the effect of high humidity exposure for wheat 

straw on total vertical settlement and stable-volume densities. Three fine cut wheat straw specimens of 

densities, 67, 75 and 85 kg/m3 were exposed to elevated humidity and stable temperature conditions (80% 

RH, 23 ºC) for 5 days following a conditioning period of 24 hours. The vertical settlement over the 

exposure period (5 days) was minimal for each of the specimens, for a total height change by 4.8 mm,   

1.9 mm, and 0 mm for densities 67, 75 and 85 kg/m3 respectively. The specimens underwent the same 

vibrational loading testing regime as in chapter 3. It was observed that the vertical settlement was much 

higher than the static or ‘natural’ settlement experienced. From densities 67, 75 and 85 kg/m3, the total 

vertical settlements experienced were 15.8 mm, 7.7 mm, and -2.5 mm. Of each of the densities, only the 

highest density of 85 kg/m3 met S1 classification of less than 1% total vertical settlement when exposed 

to vibrational loading. Comparative to the densities of fine cut wheat straw, under normal humidity 

conditions, the total vertical settlement after vibrational loading was not much different. The only density 

to meet S1 classification under both exposure conditions were the specimens at an average density of 85 

kg/m3. The closest performance in settlement was experienced by specimens at a density of 75 kg/m3 for 

both groups, deviating by a 0.03% decrease in percent settlement when exposed to high humidity 

conditions.  
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 Similar to the prior test trial, the occurrence of air voids was observed, with a size range of 10-50 

mm in the 67 kg/m3 specimen and 10-20 mm in the highest density 85 kg/m3 specimen. This trend of 

smaller voids in higher density specimens was observed in chapter 3. The stability of voids was consistent 

over the vibrational loading, and the migration of voids was within the range of the total vertical 

settlement, suggesting that the internal collapse of voids was not occurring. As indicated in chapter 3, the 

range in void size was much lower than prior voids reported by Seitz et al. for baled straw construction 

and would indicate that loose fill should have less thermal bridging than an equivalent baled straw wall 

(Seitz et al. 2018).  

The moisture uptake under the test trial of high humidity conditions was lower than the reported 

moisture content expected in straw for exposure to 80% RH. In the three large specimens, a moisture 

content between 12.0-14.5% was reported, whereas the predicted moisture content percentage by 

Lawrence et al. equation was 17% and by CMHC was 19% (Lawrence et al. 2009; CMHC 2007). The 

specimens did not have observed signs of degradation, mold or rot, and the moisture contents fell below 

the recommended upper tolerable limit of 20% for straw bale construction (CMHC 2007).  

Chapter Five addresses the need for long-term testing on a large-scale for loose-fill insulation. 

The chapter provides the framework for six large-scale wall assemblies, which were designed for 

laboratory testing. The designed wall assemblies included elements which were hypothesized to influence 

the long-term settlement of the insulation, including surface roughness, common construction elements, 

and installation density for loose-fill insulation. The laboratory methodology aimed to assess the 

repeatability of the installation at a desired density, the potential deflection of the wall enclosure panels 

and vertical settlement within the cavity under natural conditions with no mechanical loading. The 

chapter outlines the future framework for continued research for this topic of interest and is suggested to 

be completed for further understanding and extrapolating the small-scale test results into a large-scale 

wall assembly over increased time period.  
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6.2 Future Recommendations 

The current research has presented small scale laboratory testing for wheat straw, hammer-milled 

hemp, rice hulls and cellulose under rapid settlement testing. The influence of high humidity conditions 

has been assessed for wheat straw comparative to normal humidity conditions in the laboratory. Large-

scale wall assemblies have been designed and constructed to account for various parameters which are 

hypothesized to influence the long-term settlement and integrity of loose-fill wheat straw as a viable 

insulation alternative. Although the research has provided further insight into the physical behaviours of 

these fibres, there are other factors which should be evaluated to address the viability of wheat straw as a 

suitable loose-fill insulation. The following are areas recommended for future research which would 

further add to the literature of loose-fill bio-fibre insulation, specifically straw.  

1. Evaluate the installation techniques and repeatability for loose-fill wheat straw using 

conventional industry methods and equipment. Investigate sources of potential thermal 

bridging in the wall assembly, commonly seen in the small-scale tests as air voids and 

localized settlement in upper corner regions of the test tank. Evaluate the influence common 

construction elements have on installation. 

2. Determine a stable-volume density for large-scale wall assemblies, minimizing the vertical 

settlement to less than 1% over an extended testing period. 

3. Determine the thermal performance of the proposed wall assembly, in terms of stable-volume 

density and installation limitations. Evaluate thermal bridging and potential areas for concern 

when introduced to in-situ wall conditions.  

4. Evaluate the influence of external climate fluctuations on settlement and moisture content of 

wheat straw. Monitor the moisture content of interior wheat straw in a wall assembly, observe 

wall conditions such as signs of degradation, mold and rot. Use software such as WUFI 

software to investigate moisture migration through wall assemblies with loose-fill straw 

insulation.  
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5. Investigate the behaviour of loose-fill wheat straw when exposed to high temperature 

conditions and potential fire hazards. The rate of combustion and loss of material should be 

measured. Further fire code safety should be evaluated to assess the integrity of loose-fill 

wheat straw insulation under such situations where fire occurs.  
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Appendix A 

Additional Large-scale Test Wall Design Images from Chapter 5  

 
Figure A. 1: Front View of Supported Test Wall Frame. Two test walls wide, Three test walls deep. 
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Figure A. 2: Top View of Supported Test Wall Frame. 
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Figure A. 3: Red Frame - Suggested Future Test Area for 2x3 Wall Support Frame.  

  

9ft. 8 in.  

11ft. 5 in. 
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Appendix B 

AutoCAD Drawings for Wall Designs in Chapter 5 
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Figure B 1: Lab Test Wall Frame Staggered Double Stud Frame 
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Figure B 2: Lab Test Wall Frame On-Center Double Stud Frame 
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Figure B 3: Wall Design Modifications for Experimental Work 
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Figure B 4: Wall Obstruction Design - Original Plan 
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Figure B 5: Moisture Probe Location on Single Test Wall 
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Figure B 6: Proposed Wall Support Frame Design 


