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Consider again that dot. That's here, that's home, that's us. On it everyone you love, 

everyone you know, everyone you ever heard of, every human being who ever was, lived 

out their lives. The aggregate of our joy and suffering, thousands of confident religions, 

ideologies, and economic doctrines, every hunter and forager, every hero and coward, 

every creator and destroyer of civilization, every king and peasant, every young couple in 

love, every mother and father, hopeful child, inventor and explorer, every teacher of 

morals, every corrupt politician, every "superstar," every "supreme leader," every saint 

and sinner in the history of our species lived there – on a mote of dust suspended in a 

sunbeam. 

 

– Carl Sagan, 1934-1996 

Pale Blue Dot: A Vision of the Human Future in Space 

 

 

 

We do not ask for what useful purpose the birds do sing, for song is their pleasure since 

they were created for singing. Similarly, we ought not to ask why the human mind 

troubles to fathom the secrets of the heavens. …The diversity of the phenomena of 

Nature is so great, and the treasures hidden in the heavens so rich, precisely in order that 

the human mind shall never be lacking in fresh nourishment. 

 

– Johannes Kepler, 1571-1630 

Mysterium Cosmographicum 

 

 

 

I do not know what I may appear to the world; but to myself I seem to have been only 

like a boy, playing on the seashore, and diverting myself, in now and then finding a 

smoother pebble or a prettier shell than ordinary, while the great ocean of truth lay all 

undiscovered before me. 

 

– Sir Isaac Newton, 1643-1727 

Memoirs of the Life, Writings, and Discoveries of Sir Isaac Newton 

by Sir David Brewster, 1855 
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Abstract 

 The search for more sustainable construction methods has created a renewed 

interest in straw bales technology. Straw bales are a composite material that is energy 

efficient and durable. Rectangular straw bales stacked in a running bond and plastered on 

the interior and exterior faces have adequate strength to resist typical loads found in two-

storey structures. 

 The structural behaviour of a load-bearing plastered straw bale wall subject to 

uniform loading is well researched. However, door and window voids in the wall 

redistribute vertical load paths and produce areas of concentrated stress. This thesis 

describes experiments on small-scale plastered straw bale panels subjected to loading 

conditions that simulate the loading conditions experienced in areas around door and 

window voids. 

 Twenty-one specimens were tested under two main types of loading conditions. 

The specimens were rendered with lime-cement plaster, were one to three bales (0.33 m 

to 0.99 m) in height, and were either unreinforced, or contained metal diamond lath or 

chicken wire embedded within the plaster. The specimens were pin-supported at various 

centre-to-centre distances ranging from 200 mm to 500 mm and were loaded either 

uniformly or by a point load. 

 Two distinct types of failure were observed. Strut-and-tie models were developed 

to describe the structural behaviour of panels undergoing vertical cracking of the plaster 

skin at failure. Bearing models were developed to describe the structural behaviour of 

panels undergoing crushing of the plaster skin beneath the point of applied load. The 
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models predicted the correct failure mode of 92% of the specimens and had an average 

ratio of experimental strength to theoretical strength of 0.95 with a standard deviation of 

0.17. 

 The results show that the behaviour of plastered straw bale walls can be predicted 

using common methods of structural analysis. A parametric analysis of door and window 

voids within plastered straw bale walls is presented.  
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Chapter 1: Introduction 

 

 

 

 

 

 

1.1 Background 

In 2006, North American anthropogenic carbon dioxide emissions per capita were 

5120 tonnes (Boden et al., 2010). Nearly all structures in North America are currently 

built from concrete, steel, or timber. Each of these three building materials directly 

contributes to the global increase in carbon dioxide emissions. Of the total anthropogenic 

carbon emissions, 1% is attributed to cement production (Boden et al., 2010) and 2% to 

steel production (Worrell et al., 1999). Alternatively, the production of timber emits 

relatively no carbon, but mass deforestation erases the potential to sequester carbon 

dioxide, adding to the global atmospheric levels. Timber production contributes to the 

yearly loss of about 0.8% of the world‟s forests (FAO, 2001). If carbon neutral practices 

replaced today‟s building material trends in North America, each year 52 million metric 

tons of carbon dioxide would not be released into the atmosphere and the destruction of 

13 million hectares of the world‟s forests would be significantly reduced. 

The Green Building Revolution is a movement that is starting to address these 

problems. Current building trends are unsustainable and a paradigm shift is taking place. 
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Many countries have established incentives for sustainable construction, offering 

financial benefits to those who comply. Material efficiency is one of many categories that 

make a building sustainable. Using straw as a building material is one way to satisfy this 

category and its application in construction has re-emerged in today‟s society. To enable 

more widespread use, confidence is needed to predict the behaviour of straw under 

service conditions. Therefore researchers are turning their sights to straw. 

1.2 History 

 The oldest surviving straw bale building is 107 years old, as of 2010 (US DOE, 

1995). This structure, along with dozens of other straw bale buildings, was built by 

European settlers in the Sand Hills region of western Nebraska, USA at the turn of the 

20
th

 century. Sand Hills is a region of mixed-grass prairie on grass-stabilized sand dunes 

spanning an area of approximately 61,100 km
2
, no wooded areas existed within this vast 

region (FWS, 2010). At the time there was no rail system, the settlers transported the only 

timber available for building, so little was available. With only grass fibres to build with, 

the settlers used horse-powered baling machines to produce straw bale building blocks. 

Similar to a masonry wall, the blocks were laid in courses and stacked to create an 

outside wall of the building. The timber was saved for the main roof elements, which 

were placed atop the wall. Finally, the straw surfaces were rendered with an earthen 

plaster (Magwood and Mack, 2000). 

The settlers of Sand Hills were directly between two advancing rail systems. The 

Pacific Railroad was joined to the Eastern rail network in 1869 at Omaha, Nebraska 

(Cooper, 2004). The First Transcontinental Railroad was a source for modern building 

materials and acted as a catalyst to the decline of straw bale buildings in the Sand Hills 
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region and the beginning of the Industrial Revolution in the United States (Larsen and 

Cottrell, 1997). 

1.3 Construction Practices and Constitutive Materials 

Straw is the dry stalks of cereal plants and is an agricultural byproduct. Loose 

straw is collected from the field and put through a baling machine to produce all sizes of 

either cylindrical or rectangular bales. Baling produces densely packed units that are 

easily transportable. Straw has many uses such as biofuel, livestock bedding, and 

thatching. In some regions, due to the abundance of straw it is sometimes incinerated. 

Small rectangular bales are typically used as the building blocks for exterior walls of 

straw buildings. However, large cylindrical bales have been used to construct columns of 

higher storey structures (See http://www.artscentrehastings.ca/).  

Two methods of straw bale construction are used: Load-Bearing (Figure 1.1), and 

Post-and-Beam (Figure 1.2). Buildings constructed by the Load-Bearing method make 

full structural use of the straw bales and plaster. The roof assembly is attached to the top 

of the wall through a timber top plate (or box beam). Most of the roof loads travel 

through the plaster skin and into the foundation. Structurally, the straw laterally supports 

the plaster and reduces the likelihood of buckling. Buildings constructed by the Post-and-

Beam method do not make full structural use of the straw bale and plaster. Instead, the 

structure relies on beams and columns to carry the load. The straw bale and plaster are 

used both as insulative and fire retardant materials. 

http://www.artscentrehastings.ca/
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Figure 1.1: Load-bearing straw bale structure 

 

 

Figure 1.2: Post-and-beam straw bale structure 

 

Many different types of plaster are currently used in straw bale construction. The 

plaster‟s constituents, proportions, and moisture content depend on how the plaster is 

applied and the conditions that it will undergo during its life. Earthen plaster and 
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cement/lime stucco are the two major rendering materials for straw bale walls. Both have 

their advantages and disadvantages. Earthen plasters are made of clay, fine aggregate, 

and fibre, and are low in both toxicity and embodied energy. If the building is located 

close to a clay deposit, transportation costs are negligible. Earthen plasters are permeable 

to water vapour, an advantage discussed below. Alternatively, earthen plaster is weaker 

(with strengths in the range of 1.0 MPa or less) than cement stucco and if the mix 

proportions are not precise, problems such as dusting and cracking can occur (Magwood 

and Mack, 2000). Stucco is made of cement and hydrated lime binder and sand. The 

plaster‟s compressive strength is in the range of megapascals and is much more durable 

than its earthen counterpart. In most cases, it is easier to apply and is more workable. 

However due to the manufactured constituents, stucco must be delivered to the site and is 

higher in both toxicity and embodied energy. Plastering a straw bale wall with stucco of 

high cement content creates an almost airtight environment for the straw, potentially 

allowing moisture to accumulate inside and damage the bales. 

1.4 Advantages 

Straw is a very environmentally friendly building material. Because it is a 

byproduct of the farming industry and is sometimes incinerated, the use of straw presents 

an immediate positive environmental effect. Various cereal crops are grown across the 

globe. Since straw makes up about half the yield of cereal crops, it is globally available. 

In most places of the world a straw bale building can use all locally sourced straw, 

dramatically cutting down the transportation cost of materials. 

Highly trained professionals are not needed for construction. Most rural straw 

bale projects are completed with the help of community volunteers. Only a short 
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instructional course is needed to guide the volunteers for the majority of the work. A 

specialist is usually needed on-site to assist in the finer details. Straw bales are installed 

by stacking rows of bales on a raised foundation. Bales are run lengthwise and stacked 

either flat or on-edge. For their size, straw bales are light and a construction team can 

install and plaster the outer walls in just a few days. 

A major advantage of a straw bale structure is its ability to passively regulate the 

inside temperature. A plastered straw bale wall has both a high thermal mass and R-

Value, making it excellent for building insulation. Compared to a typical 2x6” 

[50.8x152.4 mm] timber studded wall with fibreglass insulation and an R-Value of 14 or 

R14 (Fugler, 2002), plastered straw bale walls of 18-inch [457 mm] thickness have an R-

Value of 30 (CEC, 2001). A high R-Value indicates a greater ability for a material to 

resist heat flow. A material of R30 is able to keep heat out during the summer and heat in 

during the winter. Its high thermal capacitance helps mitigate affects on indoor 

temperature due to diurnal temperature variation; for example, heat stored from the 

daytime high temperatures is released during the cool nights, and vice versa (Straube, 

2006). 

Another benefit of straw bale homes is their resistance to fire, offering up to three 

times more protection than a typical timber studded home (Intertek, 2006; Bénichou and 

Sultan, 2000). Loose straw is extremely combustible, but a densely packed straw bale 

makes it difficult for oxygen to penetrate and fuel a fire, increased fire protection is 

provided by the 1” [25.4 mm] plaster coating. Intertek Laboratories (2006) conducted a 

series of fire tests on plastered straw bale walls. The study showed that full-scale straw 

bale walls with a 1” [25.4 mm] stucco skin achieved a fire endurance rating of 2 hours 
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and a 1” [25.4 mm] earthen plaster wall achieved a rating of 1 hour (Intertek, 2006). 

Compared to a conventional timber studded wall with a fire endurance rating of 30 to 60 

minutes (Bénichou and Sultan, 2000), the results have shown that straw bale walls are a 

suitable alternative. 

1.5 Concerns 

All straw bale walls contain some amount of moisture within the straw core.  

Moisture in the form of wind-driven rainfall or local humidity can enter the wall through 

a permeable render, cracks, or improper detailing. An optimal combination of 

temperature, moisture, and oxygen within the straw core will lead to aerobic decay 

(Heath and Walker, 2009). Decay is one of the major concerns over the life of a structure 

but can be prevented by controlling the wall‟s moisture content. Walls with adequate 

render thickness, and details such as rain overhangs and drip details help keep the 

moisture content within acceptable levels. Renders that allow passage of water vapour 

equilibrate the moisture in the straw core to the ambient relative humidity (Heath and 

Walker, 2009). This helps to regulate the amount of moisture within the straw by wicking 

it away into the atmosphere. Renders that are mostly impermeable to water vapour, such 

as those with high cement content, trap moisture within the walls and create a humid 

environment for the straw. If cement stucco is used, steps must be taken to properly seal 

the wall to prevent excess moisture infiltration. 
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1.6 Research Objectives 

A plastered straw bale wall is equivalent to a composite sandwich panel. The 

rendered plaster acts as the thin stiff skin and the straw bale acts as the lightweight thick 

core. 

History has shown that these composite materials are strong enough for service 

loads and durable enough to stand for a century. Plastered straw bales have re-emerged as 

a novel building material, and like all novel building materials, rigorous structural testing 

must be performed to build confidence in the understanding of its behaviour. Uniform 

compression tests have formed the foundation of the structural research in this field. 

More recent research is aimed at exploring the behaviour of the plastered straw bale wall 

in finer detail in areas such as lateral loading, fatigue, and bending. 

The main objective of this thesis is to explore the effect of window and door voids 

on a load-bearing plastered straw bale wall. Extensive experimentation was performed on 

small-scale plastered straw bale panels. An existing model was adapted to predict the 

trajectory of the load paths, the ultimate strength, and failure mode of areas of wall close 

to window and door voids. Though designs vary widely for this type of construction, this 

thesis focuses solely on bales laid flat rendered with lime-cement plaster. Little research 

has been performed in the area of bending behaviour of plastered straw bales. By 

completing the following objectives of this thesis, it is the author‟s intention to fill this 

gap of knowledge within the straw bale community. The specific goals of this thesis are: 

1. To reproduce loading conditions found in full-scale plastered straw bale 

walls for application to small-scale plastered straw bale panels. Extensive 
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experimentation produced important results and observations and is 

described in Chapters 3 and 4. 

2. To adapt and experimentally validate an existing model to predict the 

structural performance of plastered straw bale panels subjected to in-plane 

bending. This objective is addressed in Chapters 3 and 4. 

3. To use the model to examine the effect of panel height, reaction spacing, 

and type of reinforcement on the response of a plastered straw bale wall 

subjected to bending. This objective will be achieved in Chapters 3 and 4. 

4. To propose specific design considerations for straw bale construction. This 

objective will build on Objectives 1 and 2, and will be presented in 

Chapter 5. 

In order to develop this model, the following minor objectives will be met within 

Chapter 3: 

a. To determine how mix proportions and testing methods can affect the 

ultimate strength of plasters, and to understand the applicability of various 

techniques for estimating the strength of plasters. 

b. To develop a standard method of fabrication to produce identical test 

specimens. 

c. To find the optimum way to test and instrument the plastered straw bale 

panels in which their true behaviour under bending stress is revealed. 

 

 

 



1.0 Introduction 

 

10 

 

1.7 Thesis Outline 

The following sections compose the thesis: 

Chapter 2 presents a review of the literature related to straw bale construction. 

The focus will be on its structural behaviour but will encompass all of the current 

research to illustrate the state-of-the-art. 

Chapter 3 presents the results of preliminary non-uniform loading tests on 

plastered straw bale panels of various heights and types of reinforcement. The specimens 

were tested with various support configurations while resisting a uniform compressive 

load. Fabrication and testing issues were noted and used to form the procedures in the 

following chapter. 

Chapter 4 provides an in-depth experimental program of three point bending tests 

performed on plastered straw bale panels of constant height. Reinforced and unreinforced 

panels were tested using various spacing of reaction supports. The chapter establishes a 

relationship between the panel‟s behaviours based on an assortment of loading 

conditions. 

Chapter 5 presents a parametric analysis regarding the detailing of walls around 

windows and doors. The analysis is based on the results presented in previous chapters. 

Chapter 6 summarizes key findings and design recommendations, and suggests 

areas for future research. 
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Chapter 2: Literature Review 

 

 

 

 

 

 

2.1 Introduction 

 The use of alternative building materials is a response to the extensive use of 

unsustainable materials in modern construction. The modernization of antiquated 

building materials has been realized in the search for alternative building materials. 

However, now that standards and building codes exist, there is a need for rigorous 

scientific testing on these materials that were once based on anecdotal information. 

 No one standard of design for straw bale construction exists in Canada. The 

sudden resurgence and the variability of straw bale technology have resulted in a variety 

of designs recommended by prominent straw bale builders and researchers. A large 

variety of materials and methods of construction are available when building a straw bale 

structure. The design is governed by local conditions, available material, and the 

builder‟s personal preference. The variety of designs is the reason for the deficiencies and 

inconsistencies in the current literature and for the absence of a unified standard. If a 

standard straw bale design code were to exist, it would most likely be an amalgamation of 

the current building manuals. Different streams of thought exist within the straw bale 
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community and are represented by individual building manuals. These manuals contain 

guidelines for design details, material selection, and methods of construction and are 

supported by relevant scientific testing. The application of these manuals, however, does 

not grant the structure any sort of certification that a building code provides.  

 In Canada, certification of a structure‟s safety is a requirement. If the building‟s 

construction does not follow that of a standard building code, its certification must come 

in another form. An alternative form of certification is a professional engineer‟s approval 

and often involves third-party testing to evaluate the structural integrity of the building‟s 

design. This method of approval is not cost effective and hinders the progress of new 

straw bale construction. The body of scientific knowledge within the straw bale 

community must be further developed in order to develop a standard building code, 

which will allow straw bale structures to be erected and certified more freely. 

 This chapter will outline all of the research that makes up the state-of-the-art of 

straw bale technology. The leading designs and building techniques from available 

building manuals will be discussed. The properties of the constituent materials of a straw 

bale wall will be analyzed to establish their role in the composite system. A discussion of 

all structural research on straw bale wall assemblies will be presented to establish a state-

of-the-art of the technology. Finally, all other related research will be outlined and 

deficiencies in the literature will be discussed. 

2.2 Constituent Materials 

In order to understand the behaviour of a composite system such as a plastered 

straw bale wall, one must first understand the behaviour of its constituent materials. 
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2.2.1 Plasters 

Two major types of plaster renders are used in straw bale construction, earthen 

and cement-lime. Compression testing on earthen plasters includes works from Lerner 

and Donahue (2003), Taylor et al. (2006), and Ashour and Wu (2010). Earthen plasters 

have somewhat different properties than those of cement-lime plasters but will not be 

discussed because only cement-lime plasters are used in this thesis. 

Just like cement, lime is used as a binder in plaster. It is a common misconception 

that lime is more environmentally friendly and the replacement of a portion of the cement 

by lime creates a „greener‟ plaster mixture ideal for straw bale application. Compared to 

cement, lower temperatures are needed to produce hydrated lime. However, cement 

plants appear to be more efficient because the embodied energy of lime is higher than 

cement in most regions (Offin, 2010). The addition of lime into the mixture allows a 

higher amount of vapour permeability (Fugler and Straube, 2000) and better plasticity 

and workability. Cement-lime plaster has many of the same mechanical characteristics as 

conventional concrete. However, special curing conditions are needed for plaster 

containing non-hydraulic or hydrated lime (calcium hydroxide). Portland cement sets by 

reaction with water in the mix while hydrated lime must expel excess water before it can 

set by reaction with atmospheric carbon dioxide (Thomson, 2005). The setting process of 

hydrated lime is much slower than cement; therefore the cement-lime plaster is kept in 

moist curing conditions for the first few days to initiate the cement‟s curing process, at 

which point, the specimen is moved to a more arid environment (Vardy, 2009). 

Currently, sufficient data does not exist to determine precise relationships 

between dry material proportions and the compressive strength of cement-lime plaster. 
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Boynton (1999), Grandsaert (1999), Lerner and Donahue (2003), and Walker (2004) have 

reported experimental data on the compressive behaviour of cement-lime plaster. All 

observed an increase in ultimate compressive strength with increased cement content.   

The inclusion of an exact value of water content is not typical in straw bale 

reports. Authors usually add water to the dry mix until a desirable workability is 

achieved. However, it has been observed by Kosmatka et al. (2002) and Allen et al. 

(2003) that lime-cement plaster is very sensitive to water and that small increases in 

water content incur major reductions in the ultimate compressive strength of the plaster.  

The stress-strain behaviour of cement-lime plaster is similar to conventional 

concrete. Subjected to compression, both materials are characterized by identical stress-

strain curves, which contain an elastic region at small strains and a plastic region at larger 

strains. A large amount of research has been devoted to developing empirical equations 

describing the structural characteristics of conventional concrete. These relationships do 

not yet exist for cement-lime plaster because the effect of its dry proportions is not well 

understood. 

Fortunately, standard tests are available that generate accurate values for 

important structural characteristics of plasters such as cement-lime. ASTM C109 and 

C496 yield the compressive and tensile strength of plasters, respectively. From these 

values and the stress-strain curves that are generated, other important characteristics such 

as modulus of elasticity and modulus of rupture can be obtained. 

The relationship between tensile and compressive strength varies widely from 

author to author. Boynton and Gutschick (1964) observed that the tensile strength of a 

cement-lime plaster was 12% of the compressive strength while Lerner and Donahue‟s 
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(2003) results showed a tensile strength 30% to 60% of the compressive strength. Others 

have suggested that the relationship is identical to that of conventional concrete, such as 

the empirical relationship established by MacGregor and Bartlett (1999), which is 

referred to in later chapters of this thesis. 

Again, the nature of the mix designs and the infancy of research of cement-lime 

plaster have shown that consistent empirical relationships cannot yet be established. Only 

vague relationships exist between dry mix proportions, water content, and structural 

behaviour. For now, one must conduct tests on a particular plaster mix in order to gauge 

its structural characteristics. 

Due to the wide range of mix proportions and types of constituent materials, 

accurate empirical relationships linking type of plaster to its structural behaviour have not 

been established. However, standard tests exist that characterize a particular cement-

lime‟s structural behaviour. More research is needed to fully understand the empirical 

relationship between a plaster‟s constituent material type and proportion, and its 

structural behaviour. 

2.2.2 Straw 

Many sizes and types of straw bales are used in straw bale construction. 

Typically, small rectangular bales are stacked in a running-bond to create the exterior 

walls of the house. More recently, super-dense bales are being used experimentally as the 

main exterior wall components, and cylindrical bales have composed two-storey load-

bearing columns. Custom-made sizes can also be created as required by the design. 

Conventional straw bale design suggests rectangular bales be stacked in a 

running-bond on a timber bottom plate. The bales are usually stacked „flat‟ meaning the 
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straw fibres are oriented horizontally as opposed to „on-edge‟ where the fibres are 

oriented vertically. The bales are stacked lengthwise to provide the wall with a minimal 

thickness with a typical range of 400 to 600 mm. The bales in this thesis will be plastered 

flat and lengthwise in accordance with typical straw bale design (Figure 2.1). 

The strength of flat unplastered straw bales under uniform pressure has been 

explored by Bou-Ali (1993), Watts et al. (1995), Zhang (2000), Ashour (2003), and Field 

et al. (2005). Research was required in this area to determine the amount of strength the 

straw bale would contribute to a plastered straw bale wall system. It was found that the 

bales possess the characteristic of strain hardening. During the initial stages of loading, 

the stress-strain response is linear and the modulus of elasticity has been observed to be 

under 1 MPa. After the proportional limit has been reached, the bale undergoes strain 

hardening and typical modulii of elasticity are under 3 MPa. Watts et al. (1995) observed 

that “there is considerable variation in the Modulus of Elasticity between bales of the 

same type and bales of a different type”. Therefore an accurate prediction of the 

contributed strength of a bale would be difficult to make. Straw bales of 18-inch 

thickness [457 mm] have an approximate compressive strength 28 to 41 kN/m when 

loaded to its proportional limit and 232 to 347 kN/m (Bou-Ali, 1993) when the bale has 

deformed to half of its original height. The bales fully rebound after twenty-four hours, 

even when compressed to half of their original height. Based on these experiments, it is 

important to note that any significant strength developed in the bale would only occur at 

high levels of strain. The relatively low levels of strain under service conditions of a 

plastered straw bale wall would not generate significant strength contributions from the 

bale itself. 
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Like most observations of the behaviour of unplastered straw bales, the value of 

Poisson‟s ratio varies. Most of the aforementioned authors have published a value of 

Poisson‟s ratio for their bales. On average, the value of Poisson‟s ratio in the longitudinal 

direction is 0.3 and in the lateral direction is 0.1 for bales laid flat (Figure 2.1). In general, 

vertical deformation of a bale results in significant horizontal deformation longitudinally 

compared to laterally. 

 

Figure 2.1: Straw bale laid flat 

Although there is much discrepancy with numerical values in the literature, the 

general behaviour of unplastered straw bales to uniform compression is understood. The 

inherent variability and composition of straw bales should be taken into account when 

attempting to predict its strength contribution in a composite wall. Unless low-strength 

plaster is used, the strength contribution of the bale component of a wall system may be 

considered insignificant. 

Longitudinal Direction 

Lateral Direction 
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When loading a plastered straw bale system uniformly, the straw bale may not 

significantly contribute to the composite system‟s ultimate load. The failure strain of the 

plaster is relatively small and at this strain level significant strengths are not developed in 

the straw. 

2.2.3 Reinforcement Mesh 

 Reinforcement has been used in plastered straw bale walls since the return of the 

technology. Initially, the association of plaster and reinforcement in straw bale 

construction has most likely come from conventional construction. There are many 

misconceptions about reinforcement mesh in a straw bale setting. From improving the 

plaster-straw bond to increasing the compressive strength of a wall, the misconceived 

behaviours of reinforcement mesh are starting to be uncovered. 

 Typical reinforcement meshes used for straw bale wall application include various 

sizes and gauges of welded wire fabric, chicken wire, metal diamond lath, hemp netting, 

and plastic polypropylene mesh. The type of reinforcement usually depends on the 

designer‟s preference, local material, and structural application. Skin reinforcement is 

typically used to prevent microcracks, increase compressive and tensile strength, improve 

plaster-straw bond, and increase buckling and lateral loading resistance. In some cases, 

the application of mesh reinforcement is beneficial and in others, detrimental. 

 When testing cement-lime plastered straw bale wall segments under uniform 

compression, MacDougall et al. (2008) observed that the mesh did not improve the wall‟s 

compressive strength. In fact, the presence of mesh may decrease the strength by 

affecting the plaster-straw bond, leading to premature local buckling failure. Plaster 

bonds with straw very well, especially when the bale is plastered flat. Smith and 
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MacDougall (2008) observed that bales rendered flat with cement-lime plaster achieved 

average bond strength of 28.1 kPa. The presence of reinforcement mesh interferes with 

the plaster-straw bond leading to reduced lateral support resulting in a higher probability 

of skin buckling. 

 The presence of mesh does have positive effects in certain situations. MacDougall 

et al. (2008) noted that the wall had improved post-failure ductility to lateral deflections 

after the compressive failure had occurred. Parker et al. (2006) observed that mesh 

anchored into a sill plate gave the plastered straw bale wall more capacity to resist lateral 

loads. Reinforcement appears to be most beneficial during post-failure conditions and 

lateral loading due to wind and earthquakes. 

Reinforcement may also be beneficial in the form of fibre-reinforced plaster. Ashour 

et al. (2010) conducted tests on natural fibres such as wheat straw, barley straw, and 

wood shavings mixed into earthen plaster. The results revealed that the compressive 

strength increased with fibre content for all samples. The fibres formed an irregular 

network within the plaster and demonstrated a reinforcing effect due to the tensile 

strength of the fibres. The fibre-reinforced plaster was also observed to be tougher, 

contain less shrinkage cracks, be more ductile, and exhibited higher failure strains. 

Knowledge of reinforcement mesh behaviour is trailing that of straw bale walls. 

General characteristics of the mesh are understood, but their exact contributions have not 

been predicted. More research is required to quantify the behaviour of reinforcement 

mesh under different types of loading. 
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2.3 Leading Designs and Building Techniques 

 Successful straw bale builders and designers often reproduce their work into 

construction handbooks for the layman. King (2006), Magwood (2003), Corum (2005), 

Lacinski & Bergeron (2000), and Bingham & Smith (2007) are at the forefront of this 

field. Their manuals present appropriate construction techniques for load-bearing straw 

bale structures. While information regarding minor details such as connections, 

reinforcement, and materials may vary, the general principles of the collective straw bale 

wall system remain consistent. 

 More specific technical reports providing details on innovative techniques are also 

available. These papers focus on a single aspect of construction such as Recommended 

Mesh Anchorage Details for Straw Bale Walls (Parker et al., 2006) or Spar and 

Membrane Structure (Black and Mannik, 1997) which suggests a technique of tying the 

interior and exterior plaster skins through the bales in order to improve performance. 

These papers improve upon generally accepted techniques and represent the direction and 

progression of the research. 

2.4 Structural Research of Straw Bale Wall Assemblies 

Newly published reports represent the frontier of investigation and stem from the 

fundamental research. With respect to structural performance, the behaviour of a 

plastered straw bale wall under uniform compression represents the basis of the structural 

research in this field. 
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2.4.1 Concentric Loading 

Concentric compression tests of plastered straw bale panels were the first tests in 

this area. Bou-Ali (1993) were one of the first to develop an experimental program and 

test a straw bale wall system in compression. At this time, there was little research 

available to base an experimental procedure on. The tests were hardly reproducible and 

theoretical strengths were difficult to predict. Since then, many more reports were 

released, presenting results on concentric compression tests. Mar (1998), Riley et al. 

(1998), Grandsaert and Ruppert (1999), Blum (2002), Dreger (2002), Faine and Zhang 

(2002), Field et al. (2005), and MacDougall et al. (2008) represent the progression of the 

research. With every publication the experimental procedure had become more refined 

and the theoretical strength more predictable. Vardy (2009) developed a steel fabrication 

jig that produced identical specimens. The jig also served as the top and bottom loading 

plates during testing, offering reproducible test conditions. The highly controlled 

procedure resulted in an average experimental to theoretical strength ratio of 0.994. 

Vardy‟s innovative steel jig was used to fabricate all of the plastered straw bale panels 

presented in this thesis. 

The plastered bale assemblies of 0.99 m in height and a plaster skin design 

thickness of 25 mm were observed to achieve an ultimate compressive strength of 32.1 

kN/m and assemblies of 2.31 m had an ultimate compressive strength of 36.6 kN/m 

(Vardy, 2009). These particular wall specimens were observed to fail in pure 

compression, but others report alternative modes of failure such as severe cracking, and 

global and local buckling. Vardy (2009) compared the ultimate strengths of the walls to 

the requirements for typical wall strengths for residential construction using conventional 
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2” x 6” [38mm x 140mm] timber stud-wall construction (Riley and Palleroni, 2001) and 

found that each of the bales plastered flat had satisfied the limits. In fact, Vardy (2009) 

demonstrated that most concentric compression testing results satisfy the limits outlined 

by Riley and Palleroni (2001). 

2.4.2 Eccentric Loading 

Some papers reported observations of slight eccentric loading. The nature of the 

specimen fabrication and the load application resulted in imperfect concentric loading. 

Grandsaert (1999), Arkin and Donahue (2001), and Vardy (2009) conducted experiments 

on eccentrically loaded walls. “In this situation, the straw will act to tie the two plaster 

skins together, allowing them to work as a stressed skin panel to resist” the applied 

bending moment within the wall (Vardy, 2009). Donahue observed that the wall “panel 

behaved as a true sandwich panel with fully composite action” between the plaster and 

the straw and that “virtually all deflection [was] due to shear deformation of the straw 

bale”. Vardy observed horizontal cracking and delamination near the mid-height of the 

higher stressed plaster skin. The effect of eccentric loading must be considered when 

conducting structural testing of these panels because the characteristics of the specimen 

(i.e. differences in skin stiffness due to variations in strength and thickness) and the 

nature of applying the load usually result in imperfect concentric (eccentric) loading. 

2.4.3 Non-Uniform Loading 

 Non-uniform loading is achieved by applying a compressive load that is 

distributed along the top or bottom edge of a plastered straw bale assembly in a manner 

that is not uniform. These conditions are applied to achieve various stress distributions 

within the specimen. Two types of non-uniform loading conditions are employed in this 
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thesis; uniform load applied at top edge and pinned supports at bottom of the test panel, 

and point load applied at top edge and pin supports at bottom of the test panel. To date, 

there are no reports associated with applying compressive loads to plastered straw bale 

assemblies in this manner. 

2.5 Other Forms of Research 

 Straw bale technology is not only subject to structural testing. As a building 

material its characteristics such as durability and energy efficiency must be tested. 

2.5.1 Moisture Research 

 Since straw is an organic material, its use over the long term generates concern 

regarding decay. In order to dispel any misconceptions, much testing has been done in 

this area. An optimal combination of temperature, free oxygen, and free moisture is 

needed to initiate decay. The amount of free moisture is the governing factor for aerobic 

decay. Straw decay is not an issue if the proper precautions are taken to prevent moisture 

infiltration (Heath and Walker, 2009). In order to ensure the durability of straw bale 

walls, Lawrence et al. (2009) suggest implanting inexpensive moisture sensors within the 

wall during construction. Monitoring the moisture levels in the walls on a regular basis 

will guide the occupants to areas that may need repair before decay can initiate. 

 Besides cracks and poor detailing, moisture can infiltrate the straw by means of 

wind-driven rainfall. Chase (2009) observed that earthen plasters had higher rates of 

infiltration than cement-lime plasters. However, if the plaster was saturated, cement-lime 

plasters took much longer to dry. If the plaster does not completely dry before the next 

rainfall, the elevated amount of persisting moisture may initiate decay of the straw. Chase 



2.0 Literature Review 

 

24 

 

also observed that plaster coatings such as Linseed Oil and Flour Paste slowed both the 

rate of moisture infiltration and drying. 

2.5.2 Thermal Research 

Two major types of research have been conducted in this area: thermal transfer 

and capacitance tests such as those by Stone (2003), and Beck et al. (2004), and tests that 

monitor interior and exterior temperature conditions of straw bale structures in service, 

such as those by Chalfoun and Michal (2003), Goodhew and Griffiths (2005), and Elias-

Ozkan et al. (2006). 

Stone (2003) observed that an exact R-Value of a plastered straw bale wall is 

difficult to calculate because of the inherent variability of design. Tests have shown the 

R-Value to range from R-17 for an 18” [457mm] bale wall to R-65 for a 23” [584mm] 

bale wall. The California Energy Commission officially regards a plastered straw bale 

wall to have an R-Value of 30 (CEC, 2001). Thermal differences are minor for R-Values 

higher than R-30, but, compared to the average R-19 timber stud wall system the straw 

bale wall system is much more efficient. 

Elias-Ozkan et al.‟s (2006) research focused on the environmental performance of 

a selection of buildings in the Central Anatolian village of Sahmuratli, Turkey where the 

semi-arid upland region is characterized by long severe winters and hot, dry summers. 

Interior temperature and humidity were recorded during the un-heated conditions of 

summer and the heated conditions of winter. During summer and winter measurements, 

the author observed that due to the high thermal performance of the straw bale wall 

system, temperature and humidity remained within comfortable conditions during 

exterior diurnal fluctuations. 
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2.6 General Deficiencies in the Literature 

The literature review identifies influential works in an area while exposing gaps in 

research, which provides an intellectual context for new investigation. Fundamental 

research, and the lack thereof, of relevant topics is illustrated below to provide a 

foundation and purpose for this thesis. 

The science of straw bale construction is only now becoming refined. At first, 

anecdotal reports on design were published, followed by sporadic research papers. 

Currently there are individual streams of straw bale design represented by design manuals 

and relevant scientific testing. Researchers are starting to overcome variability issues in 

design resulting in highly reproducible end products. Eventually, this will lead to straw 

bale structures that are highly predictable under service conditions and the development 

of a unified standard of design. 

One of the goals of this thesis is to further refine the standard for plastered straw 

bale specimens used for straw bale research, which produce consistent results. Therefore, 

the fabrication and testing jig used by Vardy (2009) to achieve highly reproducible 

plastered straw bale panels has been used extensively to create the test specimens in this 

thesis. 
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Chapter 3: Preliminary Non-Uniform Compression  

   Testing of Plastered Straw Bale Panels 

 

 

 

 

 

 

3.1 Introduction 

 Structural tests such as those conducted by Vardy and MacDougall (2006) and 

Grandsaert (1999) have subjected plastered straw bale specimens to uniform compressive 

load resulting in vertical load paths flowing into the foundation. However, as shown in 

Figure 3.1, plastered straw bale walls must resist redistributed loading around window 

and door openings. The top plates of the walls are designed to ensure roof loads are 

distributed uniformly to the wall. Additionally, some builders are experimenting with 

more flexible top plates, and there is little guidance on the required stiffness to ensure 

uniform loading of the wall. As a result, more concentrated loads may travel from the 

roof joists vertically into the wall. 



3.0 Preliminary Non-Uniform Compression Testing of Plastered Straw Bale Panels 

 

27 

 

 

Figure 3.1: Compressive load paths imparted by roof joists 

 

 This chapter describes the testing of plastered straw bale assemblies subjected to 

concentrated loads causing non-uniform stress distribution within the plaster skins. The 

load is applied using rectangular hollow structural steel sections in direct contact with the 

plaster to simulate the joists. No timber loading plates were used between the plaster-joist 

interface so that the variables in the testing protocol were reduced, and so that the worst 

conditions were simulated. The spacing of the joists were varied, as well as the height of 

the panels, to simulate the loading conditions that may occur around a door or window 

void. In addition, reinforcement meshes typically used around door and window voids 

were used in a portion of the tests to quantify their effect. 
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 Research in this area of straw bale technology is extremely limited. Test standards 

do not exist for this type of testing, so, the experimental procedures were taken from 

testing  in other areas of straw bale research and adapted for use in these experiments. As 

a result, there were some fabrication and testing issues that resulted in inconsistent 

results. This chapter presents a preliminary investigation of plastered straw bale panels 

subjected to non-uniform loading, as well as a means to identify and refine fabrication 

and testing issues for application to Chapter 4. 

3.2 Experimental Program 

3.2.1 Test Program 

 Five unique test specimens were designed to test the effect of straw bale assembly 

height (one bale or three bales high), the number of concentrated loads (two or three), and 

reinforcement (none, and two types of wire mesh). Table 3.1 details each test specimen. 

Table 3.1: Description of test specimens 

Specimen Height Number of Reaction 

Supports 

Type of Reinforcement 

A One bale high Two None 

B One bale high Two None 

C One bale high Three None 

D One bale high Three None 

E One bale high Three None 

F Three bales high Two None 

G One bale high Two Chicken-wire 

H One bale high Two Metal diamond lath 

I One bale high Two Metal diamond lath 

 

 Figure 3.2 shows the fabrication and testing jig for use with these test panels. The 

fabrication/testing jig was manufactured out of welded rectangular hollow structural steel 

sections. The bale was centred on the bottom frame, posts were connected to each corner, 
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and the top frame was connected to the posts. The connection of the top frame 

compressed the bale to a height held constant throughout fabrication; longer posts were 

used to fabricate the three bale high specimen. Formwork was then clamped on each side 

of the jig allowing two 600mm x 330 mm x 25 mm spaces for plastering, centred on each 

of the two trimmed bale surfaces. 

 

Figure 3.2: Straw bale in fabrication jig ready for plastering 

 The reaction supports were placed on the top edge and ran perpendicular to the 

plaster skins. They were spaced at a centre-to-centre distance of 400 mm. The widths of 

the supports ranged from 35 mm to 51 mm and were square hollow structural steel (HSS) 

sections and were long enough to make adequate contact with both plaster skins. When 

testing required three support reactions, a third HSS section was placed at mid-specimen. 

This reduced the centre-to-centre spacing of the supports to 200 mm. Dimensions are 

shown in Figure 3.3. 

600 mm by 330 mm 

surface 25 mm plastic forms 

Fabrication/testing jig 
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Figure 3.3: Dimensions of test specimens (one bale in height shown here) and support reactions in 

mm 

 

3.2.2 Materials 

 The plaster was a mixture of 3 parts masonry sand, and 1 part St. Lawrence High 

Bond Portland Lime (Type N), by volume. The St. Lawrence binder contained equal 

portions (by volume) of Type 10 Portland cement and hydrated lime. Water was added to 

the dry proportions until a desired level of workability was achieved. The measure of 

workability was subjective. A plaster that can be easily applied and adhere to a vertical 

surface is considered workable. A constant cube compressive strength throughout all 

samples was desired. The plaster was prepared, applied, and tested in accordance to 

ASTM C109. The desired plaster strength was between 10 MPa and 15 MPa. Typical 

plaster strengths used in straw bale construction range from less than 1 MPa to greater 

than 20 MPa. 

 The straw bales were composed of hollow stalks of wheat and were stored in a 

cool, dry area remaining in good condition until fabrication and testing. Before 

fabrication, the bales had bulk densities ranging from 78 to 112 kg/m
3
 and measured 375 
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± 10 mm high, 475 ± 10 mm wide, and 700 ± 50 mm long. The bales were trimmed to the 

dimensions given in Figure 3.3. 

 Two types of plaster skin reinforcement were used; chicken wire (Figure 3.4) and 

diamond lath (Figure 3.5). The chicken wire was composed of 1 mm flexible, galvanized 

wire. The height and width of the hexagonal openings were 35 mm and 30 mm, 

respectively. The diamond lath was composed of approximately 2 mm
2
 rectangular 

galvanized metallic strands. The height and width of the diamond-shaped openings were 

8mm and 12 mm, respectively and the sheet weighed 0.95 kg/m
2
. Diamond lath is 

commonly used to reinforce plastered straw bale walls around door and window 

openings. The lath was manufactured by Bailey Metal Products Limited. 

 

Figure 3.4: Chicken wire (dimensions in mm) 

 

Figure 3.5: Metal diamond lath (dimensions in mm) 
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3.2.3 Fabrication of Test Specimens 

 Each bale was individually placed flat in a wooden jig and compressed to a height 

of 330 mm. The jig was used as a template and the bale was trimmed with an electric 

trimmer to achieve a flat consistent surface and to allow each bale to have a consistent 

thickness of 400 mm ± 10 mm. If reinforcement was to be installed, it was first placed 

flat underneath the bale, as shown in Figure 3.6. The reinforcement was then bent 

upwards to be flush against the bottom and the two trimmed surfaces. Twine was then 

threaded and tied through the reinforcement with a baling needle to connect the opposing 

surfaces. 

 

Figure 3.6: Mesh installation 

 The bale was placed in the steel fabrication/test jig (Figure 3.2) and the plaster 

was applied in three coats. The first plaster coat was worked into the straw by hand. The 

second was applied by trowel and was measured flush with the formwork by eye. The 

Metal diamond lath 

with twine tied through 

Trimmed surface 
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third coat was applied by screeding. Three 51 mm plaster cubes were cast at the same 

time as the fabrication of each specimen. 

 After fabrication, the cubes were placed atop the jig and all were covered in moist 

burlap for three days. 

3.2.4 Test Setup and Instrumentation 

 The specimens were tested in a universal testing machine, as shown in Figure 3.7, 

after seven full days of curing. Figure 3.8 shows a schematic of the test setup. 

 

Figure 3.7: Three bale high specimen ready for testing 

Fabrication/testing jig 

Linear potentiometer 

HSS Support 
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Figure 3.8: Test setup 

 

 Four linear potentiometers (LPs) were installed, one measuring the vertical 

deflection of the reaction support at each of the bearing points. The load and stroke 

applied by the machine were also recorded. Additional information regarding 

experimental instrumentation and apparatus can be found in Appendix D. 

 The specimen was loaded at a rate of 1 mm/min until the maximum load was 

observed. The loading rate was then increased to 4 mm/min for the remainder of the test. 

 After completion of the test, holes were drilled into the plaster at regular intervals 

and the depths were measured to obtain the average plaster thickness. Thicknesses 

obtained by drilling are presented in Appendix C. 

3.3 Results and Discussion 

 Figure 3.9 shows a typical load-deflection plot, in this case for Specimen B. The 

load was plotted against the vertical deflection of each skin. 
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Figure 3.9: Load-deflection plot for Specimen B 

 

 From a stroke reading of 0 mm to 3.3 mm, the vertical displacements of the joists 

began to diverge, indicating greater deformation in one of the skins. Failure occurred at 

an ultimate load (Pult,exp) of 37.9 kN. At the ultimate load, one skin had failed (referred to 

as the “failed skin”) by crushing of the plaster skin beneath the joists, while the other 

remained intact (referred to as the “intact skin”). At this point, the joist deflections over 

the failed skin increased dramatically, while the intact skin‟s joist deflections reversed 

directions. This portion of the plot represents the sudden bearing failure of the failed skin 

observed during testing. For the remainder of the test, the load leveled off and the 

supports continued to cut through the plaster skin. Only slight cracking was observed in 

the intact skin, which propagated near the end of the test. 
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 The trends shown in Figure 3.9 were typical of all tests. In each case, one plaster 

skin always failed before the other. The remaining experimental plots are shown in 

Appendix A. 

 Two types of failure modes were observed, as shown in Figure 3.10 and Figure 

3.11. Note the figures show specimens after drilling of the plaster was performed, 

measuring the skin thickness at various points. The most prevalent failure mode was 

bearing failure; the crushing of plaster in the immediate vicinity of the bearing/plaster 

interface, vertical cracks then propagated from the zone of crushing. The other failure 

mode occurred only in Specimens A and B and was a combination of bearing failure and 

vertical flexural cracking of the plaster skin at mid-span, as seen in Figure 3.11. 

 

Figure 3.10: Bearing failure Specimen D 

 

Figure 3.11: Bearing/flexural failure Specimen A 

 

 Table 3.2 summarizes all relevant information acquired during testing. The value 

„tavg‟ was the average measured plaster thickness for each specimen. The value „b‟ was 

the width of the joist, and „n‟ was the number of contact points between the joists and the 

plaster skins. The values of „f
‟
c‟ were average cube strengths of the plaster used for each 
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Crack 
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specimen. The predicted strength was calculated as the product of the total bearing area 

and the plaster‟s compressive strength: 

                  
  3.1 

 Note that Equation 3.1 assumes that failure occurs simultaneously under each 

bearing point. Table 3.2 summarizes the predicted failure loads and the ratio of the actual 

failure loads to the predicted. On average, the unreinforced specimens (A to F) had an 

experimental to predicted ratio of 0.48 with a standard deviation of 0.18. The reinforced 

specimens (G to I) had, on average, much higher ratios than the unreinforced specimens 

(1.12 with standard deviation of 0.32). 

Table 3.2: Test results 

Spec. Pult,exp 

(kN) 

tavg 

[Standard 

deviation] 

(mm) 

b 

(mm) 

n f’c 

[Standard 

deviation] 

(MPa) 

Pult,theo 

(kN) 

Exp./Pred. 

A 42.1 33 [5] 40 4 15.2 [0.7] 79.5 0.53 

B 37.9 30 [5] 51 4 16.0 [1.2] 97.2 0.39 

C 37.6 31 [6] 35 6 19.3 [1.6] 103.7 0.36 

D 64.3 32 [5] 35 6 11.5 [0.9] 77.3 0.83 

E 61.3 26 [7] 51 6 17.2 [1.3] 136.8 0.45 

F 23.7 39 [6] 40 4 13.3 [1.2] 82.8 0.29 

G 57.9 35 [5] 40 4 13.5 [2.1] 74.5 0.78 

H 24.3 31 [5] 40 4 3.2 [1.5] 15.8 1.54 

I 116.4 35 [5] 51 4 16.1 [0.9] 113.2 1.03 

 

 The results indicated that the bearing capacity of an unreinforced straw bale wall 

was much lower than would be predicted on the basis of the cube strength of the plaster 

and the total area in bearing. It was observed that despite the best efforts at fabricating the 

specimens, in general there was not full contact between the steel reaction support beams 
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and the plaster skins (Figure 3.12). This would lead to a much higher stress than the 

uniform condition assumed for Equation 3.1. 

 

Figure 3.12: Example of poor contact between steel reaction support beams and the plaster skins 

 Vertical cracks appeared at the mid-point between supports at failure of Specimen 

A and B. Analysis using both simple beam bending assumptions and a strut-and-tie 

model suggests significant tensile stresses that could account for this cracking. Vertical 

cracks were not observed for Specimens G, H, and I, which had steel mesh 

reinforcement. The presence of reinforcement contributed to the tensile resistance of the 

plaster skin in the tensile region. Note the experimental to predicted ratios of the three 

reinforced specimens were on average more than double that of the unreinforced 

specimens indicating an increase in ultimate strength due to the presence of 

reinforcement, although it must be emphasized that this is based on a limited number of 

tests. 

 Specimen F was also supported on only two joists but was three bales high, 

however unlike Specimen A, it did not exhibit vertical cracking between the supports and 

Support lifting off 
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the failure mode was bearing failure at the contact points between the joists and the 

plaster skins. Specimens C, D, and E were supported by three joists, effectively halving 

the joist spacing. Vertical cracking was not observed at mid-specimen or between 

supports. The absence of vertical flexural cracking in Specimens C through I suggests 

that cracking is avoided at lower ratios of the spacing of joists to the plaster skin height. 

3.4 Experimental Recommendations 

 Some fabrication issues were noted that resulted in inconsistent specimens: 

 Issue: The plaster was applied to the bale on a vertical plane. During rendering, 

the plaster in some areas of the jig-plaster interface began to settle. This resulted in 

inconsistent plaster contact with the top jig-plaster interface; this sometimes occurs in 

practice but is undesirable. The application of load to the steel jig would result in stress 

concentrations at the top edge of the plaster skin. Solution: The jig would be rotated a 

quarter turn to allow plaster to be applied on a horizontal plane. This would result in 

better plaster-straw penetration and smooth, consistent contact at the jig-plaster interface. 

 Issue: The plaster mix was inconsistent with respect to the slump and compressive 

strength. The issue was attributed to the imprecise method of measuring water content. 

The behaviour of cement-lime plaster for straw bale application is not well understood. 

The use of plaster of such variability adds to the uncertainty of the data collected through 

experimentation. Solution: The water content would be controlled precisely. Prior to 

mixing the dry proportions in the mixing drum, the sand would be oven-dried overnight 

so it would be completely free of moisture upon addition to the mixture. The plaster 

mixture would be optimized for maximum workability and that water content would be 

used consistently for all plaster batches. 
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 Issues regarding testing procedure and application of load were noted that resulted 

in undesirable test conditions:  

 Issue: The loading frame did not properly fit atop the specimen. As the test 

proceeded, the frame was too rigid to stay in perfect contact with the specimen. This 

resulted in undesirable stress concentrations and load eccentricities. Solution: Gauging 

plaster would be used to make consistent contact between various points of the loading 

frame to allow for more uniformity of load distribution. Bearing pads equipped with a 

roller would replace the rectangular hollow structural steel sections used at the bearing 

points on the plaster. This would allow a consistent contact area at the plaster-pad 

interface if the loading frame were to become skewed during loading. 

 Some data were collected that may not have represented the true behaviour of the 

specimen: 

 Issue: After failure of a specimen, holes were drilled in the plaster skins at regular 

intervals to measure the average skin thickness. The average skin thickness was used to 

calculate the theoretical strength displayed in Table 3.2. The use of the average skin 

thickness implies the load was distributed evenly throughout entire skin. However, the 

nature of the applied load suggests that the plaster local to the bearing points were more 

highly stressed. Solution: In addition to the average, the thickness of the plaster would be 

measured at important points on the skin such as points close to bearing zones. 

3.5 Conclusion 

 The following conclusions were drawn from the testing of small-scale plastered 

straw-bale walls subjected to non-uniform loading: 
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 When straw-bale panels were subjected to loading due to joists spaced 200 mm 

apart, failure occurs due to crushing of the plaster bearing against the joist. 

 When joist spacing is increased to 400 mm for a panel a single bale high, vertical 

flexural cracks occur in addition to bearing failure. For assemblies‟ three bales 

high, vertical cracks were not observed, even for a joist spacing of 400 mm.  

 The presence of steel mesh reinforcement prevented flexural hairline cracking in 

tensile regions of the plaster even when joist spacing was 400 mm. The 

reinforcement did not make any other significant structural contributions. 
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Chapter 4: Non-Uniform Compression Experiments  

   of Plastered Straw Bale Panels 

 

 

 

 

 

 

4.1 Introduction 

 The main objective of this chapter was to illustrate the behaviour of plastered 

straw bale panels subjected to three-point compressive loads and to validate theoretical 

models of assembly strength.  

 To achieve this objective, twelve plastered straw bale panels, with a height of one 

bale, were tested under three-point bending. Nine unreinforced bales were tested with 

various support spacing and three reinforced specimens were tested using constant 

reaction spacing. Two separate models were derived to predict the bale assembly 

strength. 

 The load was applied at a concentrated point at the top of the panel, as opposed to 

the uniformly applied load in Chapter 3. The method of load application was changed 

because a different stress distribution within the plaster skins was desired. 
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4.2 Design and Fabrication 

4.2.1 Materials 

 Two-string rectangular wheat bales were used for all experiments in this chapter. 

The straw bales were sourced from local Ontario farms and were stored in a cool, dry 

area throughout the experimental process. Before fabrication, the bales had bulk densities 

ranging from 78 to 112 kg/m
3
 and measured 375 ± 10 mm high, 475 ± 10 mm wide, and 

700 ± 50 mm long. 

 The plaster used for each of the nine specimens was a lime-cement plaster with 

volumetric proportions of 6 : 1 : 1 of sand, cement, and lime, respectively. The water to 

cement (w/cm) ratio of the plaster was 0.76, by mass (or water to cement and lime ratio 

of 0.36, by mass. See Appendix E for calculations). The sand was completely dry 

masonry sand, and the water was from the laboratory tap. The cement and lime were 

sourced from Mason‟s Choice High Bond Portland Lime Type N, a mixture of 1 part 

Type 10 Portland cement and 1 part hydrated lime. As in Chapter 3, a high strength 

plaster was desired (10-15 MPa). 

 Three of the specimens contained a sheet of galvanized diamond metal lath. The 

lath was composed of 2 mm
2
 rectangular strands. The height and width of the diamond-

shaped openings were 8 mm and 12 mm respectively and the sheet weighed 0.95 kg/m
2
. 

The material is commonly used to reinforce plastered straw bale walls around door and 

window openings. The lath was manufactured by Bailey Metal Products Limited. 
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4.2.2 Fabrication Procedure 

 The fabrication/testing jig is presented in Figure 3.2. The jig was designed to 

produce specimens of consistent dimensions and plaster wall thicknesses, and to allow 

specimens to be moved without damage. 

 First, each bale was individually placed flat in a wooden jig and compressed to a 

height of 330 mm. The jig was used as a template to trim each bale to a consistent 

thickness with an electric string trimmer. After trimming, each bale had a constant 

thickness of 400 ± 10 mm and a consistently flat surface upon which to apply plaster. 

 If the bale were to be reinforced, the diamond metal lath was wrapped tightly 

around the bale. A baling needle was used to thread twine through the bale and connect 

the opposing lath surfaces. The twine was then tied tight to achieve tight, flush contact 

between the lath and the bale (Figure 3.6). 

 The trimmed bale was then transferred to the steel fabrication jig. The bale was 

placed flat between the bottom and top plates and four posts were attached, maintaining 

the 330 mm height. 

 Two plastic strips were installed on each of the two plastering surfaces. The strips 

were the same height of the bale, were 25 mm thick, and were placed 600 ± 1 mm apart. 

The plastic strips helped maintain the plaster skin dimensions, 600 by 330 by 25 mm, for 

all specimens. 

 The fabrication jig was rotated so the plastering surface was facing upwards; this 

was done to facilitate the plastering of that side. The plaster was applied in three layers. 

The first layer was worked into the straw by hand to a depth of approximately 10 mm to 

create an optimal bond between the straw and the plaster. The second layer filled the 
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formwork to the approximate plaster thickness. The third layer was a thin coat, applied by 

trowel, to ensure a smooth, true surface. A single batch of plaster was required per plaster 

skin. During the fabrication of the skin, three 51 mm cubes and three 76 by 152 mm 

cylinders were cast from the batch. The skin was allowed to set, then covered by moist 

burlap. After six to 12 hours, the jig was rotated 180 degrees and the plastering process 

was repeated for the opposing face. 

 Upon setting of the plaster, the cubes and cylinders were removed from their 

forms and placed with the specimen under moist burlap and wrapped in plastic. The 

burlap was kept moist and the cubes, cylinders, and the specimen were cured under these 

conditions for three days. The cubes, cylinder, and specimens were stored in a cool, dry 

area until testing. 

4.3 Experimental Program 

 The objective of this experimental program was to investigate the behaviour of 

the plastered straw bales when subjected to bending. To do this, plastered straw bales 

were subjected to three-point bending (Figure 4.1). 

 

Figure 4.1: Three-point bending applied to panel, load applied on the top edge of the skin and two 

reaction supports with centre-to-centre spacing ‘L’ 
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 The main test parameters were the spacing between supports and the effect of 

steel reinforcement as outlined in Table 4.1. 

Table 4.1: Experimental parameters 

Specimen Reaction Spacing (mm) Reinforcement 

1,2,3 500 None 

4,5,6 400 None 

7 300 None 

8 250 None 

9 200 None 

10,11,12 400 Metal diamond lath 

 

 Unreinforced specimens were subjected to bending with a centre-to-centre 

support spacing of 200, 250, 300, 400, and 500 mm. Replicates were performed for the 

400 mm and 500 mm spacing tests. 

 The effect of steel reinforcement was examined by subjecting reinforced bales to 

bending with a span of 400 mm. Three replicates were tested. 

4.3.1 Instrumentation 

 The instrumentation consisted of the load cell integrated with the universal testing 

machine, two 100 mm Linear Potentiometers (LPs), and six 100 mm PI Gauges. The 

information was collected using the System 5000 Data Acquisition Unit at ten readings 

per second. Additional information regarding experimental instrumentation and apparatus 

can be found in Appendix D. 

 The LPs were placed at positions enabling measurement of vertical deflections of 

each skin at the point of applied load (the top bearing pads) and were used, in part, to 

gauge the uniformity of load distribution to the skins. Three PI Gauges were installed on 

each skin to measure horizontal strains along the vertical centreline. They were installed 
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50 mm, 100 mm, and 200 mm from the bottom. In later tests, a higher resolution of 

horizontal strain data was desired; the PI Gauges were shifted towards the skin‟s lower 

edge at a distance of 20 mm, 50 mm, and 100 mm from the bottom. 

4.3.2 Procedure 

 Within four to six weeks after fabrication, each specimen was placed in a 

universal testing machine, instrumented, and tested (Figure 4.2). As shown in Figure 4.3 

and Figure 4.4, two-inch square steel pads with rollers were placed at each of the six 

contact points. One was placed on top of the skin at the midpoint of the specimen and two 

were placed on the bottom surface of each skin spaced at distances of 200 to 500 mm 

centre-to-centre, depending on the spacing requirement of that test. The load was applied 

concentrically by the loading head of the machine (Figure 4.3), through a gauging plaster 

to a four inch deep steel I-beam, to the top bearing pad, and finally, into the specimen. 

Figure 4.4 shows the reaction supports. 

 

Figure 4.2: Bale assembly in universal testing machine 
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Figure 4.3: Point of applied load onto specimen (top bearing pad in circle) 

 

Figure 4.4: Reaction supports (L = 400 mm) 

 The panels were tested in stroke-control mode at a rate of 0.1 mm/min. The test 

proceeded until a few minutes after the ultimate load was reached to record the pre- and 

post-failure behaviours. 
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 Immediately after each test, the six 51 mm plaster cubes associated with that 

particular specimen were tested in compression to determine the plaster compressive 

strength. The cubes were tested in a Forney universal testing machine at a rate of 1-

mm/min. The procedure for fabricating and testing the cubes was in accordance with 

ASTM C109. The cylinders were tested in the Reihle machine under split-cylinder 

conditions to determine the plaster‟s tensile strength. The cylinder fabrication and testing 

were performed in accordance with ASTM C496. 

 Upon completion of each test, 15 holes were drilled in each of the two plaster 

skins of the straw bale and the depths were recorded to approximate the skin thickness at 

various locations. These data are presented in Appendix C. 

4.4 Results 

 Each of the 12 tests exhibited some of the same characteristics at failure. One of 

two failure modes was observed in each of the tests. However at the ultimate load of each 

test, one plaster skin reached failure while the other remained intact. Table 4.2 shows the 

characteristics of the plaster for each skin of the 12 tests. The „Plaster Strength‟ was the 

average compressive strength of three cube specimen results. The „Average Skin 

Thickness‟ was the average depth of 15 holes drilled after experimentation. The „Bottom 

Edge Skin Thickness at Mid-Panel‟ was the skin thickness at the bottom edge of the skin 

along the vertical centreline of the panel. The „Top Bearing Edge Skin Thickness‟ was 

the thickness of the plaster in immediate contact with the top bearing pad. 
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Table 4.2: Summary of plaster skin results 

Test Skin Plaster 

Strength, f’c  

[Standard 

deviation] 

(MPa) 

Average 

Skin 

Thickness, 

tavg  

[Standard 

deviation] 

(mm) 

Bottom 

Edge Skin 

Thickness at 

Mid-Panel, 

tS&T (mm) 

Top Bearing 

Edge Skin 

Thickness, 

tb (mm) 

1 Failed 15.8 [1.2] 25 [4] 23 20 

Intact 13.6 [0.3] 35 [7] 35 43 

2 Failed 15.3 [0.3] 31 [4] 28 36 

Intact 13.0 [0.2] 34 [4] 27 31 

3 Failed 14.3 [1.3] 36 [7] 29 36 

Intact 13.0 [1.6] 37 [7] 46 40 

4 Failed 13.6 [0.3] 32* 32* 31* 

Intact 19.6 [0.7] 32* 32* 31* 

5 Failed 14.6 [0.6] 32* 32* 31* 

Intact 16.5 [0.3] 32* 32* 31* 

6 Failed 20.5 [0.7] 32* 32* 31* 

Intact 17.0 [0.4] 32* 32* 31* 

7 Failed 17.4 [2.8] 22 [4] 26 15 

Intact 16.8 [0.4] 33 [4] 41 27 

8 Failed 14.6 [0.8] 35 [4] 33 28 

Intact 17.7 [1.6] 29 [4] 29 24 

9 Failed 16.4 [0.3] 27 [4] 27 27 

Intact 16.3 [0.4] 39 [5] 40 34 

10 Failed 17.0 [0.1] 31 [5] 30 23 

Intact 16.2 [0.5] 33 [3] 35 35 

11 Failed 16.7 [1.0] 31 [4] 27 32 

Intact 16.6 [0.5] 33 [4] 27 36 

12 Failed 17.0 [2.5] 31 [2] 30 32 

Intact 19.2 [0.9] 31 [3] 37 32 

*thickness measurements were not taken, the average of measured thicknesses in the 

particular column were used 

 

4.4.1 Unreinforced Specimens; 500 and 400 mm Reaction Spacing 

 The load-deflection curve for Specimen 6 is shown in Figure 4.5. The „Top 

Deflection” values on the x-axis represent the vertical deflection of the top bearing pads. 

The curve‟s general shape was typical and represents all the characteristics of the curves 
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found for the five other unreinforced specimens subjected to three-point bending with 

400 and 500 mm reaction spacing.  

 Each of the six specimens failed in the same manner. At the ultimate load, one 

plaster skin experienced failure by cracking (referred to as the “failed skin”) while the 

other (referred to as the “intact skin”) remained intact, showing no signs of failure. A 

large crack initiated at the bottom edge of the plaster skin halfway between the two 

reaction points and was approximately 5 mm in width. The crack immediately propagated 

upwards vertically, penetrating the top edge of the plaster skin. The integrity of the 

bearing points remained, no crushing of the plaster beneath the bearing pads was 

observed. Figure 4.6 shows a failure of this type. 

 

Figure 4.5: Load-deflection curve, Specimen 6 

 The dotted line in Figure 4.5 represents the load vs. vertical deflection curve of 

the intact skin while the solid line shows that of the failed skin. 
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Figure 4.6: Plastered straw bale panel, failed by vertical tensile cracking 

 Initially, the deflection in both skins was similar. This indicates that the top beam 

was loading the bale uniformly. At about 15% of the ultimate load, the curves for each 

skin begin to diverge. The deflection of the intact skin increased at a much slower rate 

than the failed skin (note that at this point, neither skin has failed). This indicates that the 

top beam was rotating. At failure, there was about a 0.5 mm difference in the vertical 

deflection of the intact and failed skins. This is equivalent to a top beam rotation of 0.05 

degrees (See Appendix E for calculations).  

 The reason for this divergence in deflections is related to the difference in 

strength and stiffness of the plaster composing each skin. In general, there were small 

differences in the compressive strength of the plaster on each side of the bale (Table 4.2). 

As loading increased, the weaker skin would begin to develop microcracks first, leading 

to a reduction in stiffness and increased deflections on that side.  

 After failure, the crack split the plaster skin in two and only the straw resisted the 

load. As a result, the loading frame became highly tilted (Figure 4.7). 
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Figure 4.7: Typical position of loading frame after failure of specimen (this specimen is from a 

preliminary test) 

 The consistency of the Load-Displacement curves for specimens spaced 400 and 

500 mm can be seen in Appendix A. 

 The strain distributions of the two plaster skins at the ultimate load of the panel 

are shown for Specimen 6 (Figure 4.8). 

 

Figure 4.8: Strain distribution of plaster skins at failure of Specimen 6 
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 At a height of 50 mm from the bottom of the failed skin, a longitudinal strain of -

267 microstrain (tensile) was recorded at the ultimate load. The extreme tensile strain was 

consistent with the observation of a tensile crack forming at failure. The tensile strain 

decreased with height and was approximately linear. The size of the tensile zone was 

approximately 150 mm from the bottom, or 46% of the plaster skin height. When 

considering these data it is important to note that the strain distribution is based on only 

three measurements. The limited data means observations should be approached with 

caution. Firstly, the point at which the strain in the failed skin transitions from tensile to 

compressive may differ from 150 mm. The height of the tensile zone may be as low as 

100 mm or 30% of the height. Secondly, the strains measured in the intact skin were 

entirely compressive. It would appear that the compressive strains in the intact skin have 

transitioned to a tensile strain at a height less than 50 mm. Thirdly, the ultimate tensile 

strain of the failed skin was not captured by the strain gauges. If the strain distribution 

curve is extended to a height of 0 mm, the value appears to be in the range of 300 to 400 

microstrain. 

4.4.2 Unreinforced Specimens; 300, 250, and 200 mm Reaction Spacing 

 As the span length was reduced, the failure mode was observed to change from 

vertical tensile cracking at mid-panel to bearing failure at the loading point. The load-

deflection curve for Specimen 8 is shown in Figure 4.9. The general trend of the response 

is typical of that observed for unreinforced bales with span lengths of 200 mm, 250 mm, 

and 300 mm. At the ultimate load, one plaster skin experienced failure by crushing of the 

plaster beneath the top pad, while the other skin remained intact.  
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Figure 4.9: Load-deflection curve of Specimen 8 

 Up to 15% of the ultimate load, the load deflection response of each plaster skin 

was identical. At this point, the curves began to diverge. Unlike the bales with 400 and 

500 mm span lengths, the failure was not accompanied by a total loss of load capacity. 

After the ultimate load was reached, the top bearing pad continued to crush the plaster 

beneath it. At this point, the resistance of the straw bale assembly was 40% to 60% of the 

ultimate strength. 

 The strain distribution at the ultimate load for Specimen 8 (Figure 4.10) indicates 

that the tensile strains that were developed in the failed skin were less than those 

measured for the 400 mm and 500 mm span length tests. Another note is that the strains 

in the intact skin were significantly less than those in the failed skin at the ultimate load. 

The strain distribution, for both skins, appears to transition to compressive strain between 

a height of 100 mm to 150 mm. Once again, if more data points were taken along the 
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height of the bale, an approximate height of the tensile zone can be deduced. Based on 

this data, the height of the tensile zone cannot be determined. 

 

Figure 4.10: Strain distribution of plaster skins at failure of Specimen 8 

 Figure 4.11 shows a typical failure. At the ultimate load, one skin crushed while 
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Figure 4.11: Plastered straw bale panel failed by plaster crushing at point of load application 

4.4.3 Reinforced Specimens; 400 mm Reaction Spacing 

 Reinforcing the straw bale plaster with steel mesh did not change the failure 

mode. The load-deflection curve for Specimen 11 is shown in Figure 4.12. The curve‟s 

general shape was typical and represents all the important characteristics of the curves 

found for the three reinforced specimens with 400 mm span length. At the ultimate load, 

a vertical tensile crack developed in one of the plaster skins while the other remained 

intact. The remaining load-deflection curves are shown in Appendix A. 
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Figure 4.12: Load-deflection curve, Specimen 11 

 As observed for the unreinforced bales, the behaviour of the two skins was similar 

up to 15% of the ultimate load. At that point, the deflections in the failed skin increased 

faster than the intact skin. At the ultimate load sudden vertical cracking failure of the 

bottom plaster edge at mid-panel led to a rapid loss of strength. The crack immediately 

propagated upwards, penetrating the top edge of the plaster skin. Unlike the unreinforced 

specimens of 400 and 500 mm spacing, residual strength was present after the maximum 

load. The integrity of the bearing points remained, no crushing of the plaster beneath the 

bearing pads was observed. Figure 4.13 shows a failure of this type. No rupture of the 

steel reinforcement was observed at failure. Instead, the plaster and diamond lath became 

debonded and the geometry of diamond shaped openings became skewed slightly. 
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Figure 4.13: Reinforced plastered straw bale panel failed by vertical tensile cracking 

 The strains measured at failure for Specimen 11 are shown in Figure 4.14. The 

strains were tensile towards the bottom of the panel. As expected, the tensile strains in the 

failed skin were higher than those in the intact skin. The transition point from tensile to 

compressive strain was not captured by the strain gauges. Based on the strain data 

obtained from Specimen 6 and the general direction of the curve in Figure 4.14, the 

height of the tensile zone was estimated to be between 30% and 60% of the height of the 

panel. The ultimate tensile strain of the plaster was not captured by the strain gauges. If 

the curve is extended down to a height of 0 mm, where tensile failure initiated, the strain 

can be estimated to be between 250 and 300 microstrain. 
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Figure 4.14: Strain distribution of plaster skins at failure of Specimen 11 

4.5 Discussion 

 Two analytical models were developed to help predict the structural behaviour of 

the plastered straw bale panels subjected to three-point bending. The strength contributed 
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load was not applied to the straw bale, only to the plaster skins. If both 51 mm wide top 

bearing pads were connected, extending across the bale, the straw would have contributed 

approximately 1% of the ultimate strength of the panel. This calculation is demonstrated 

in Appendix E. 

4.5.1 Analytical Models 

4.5.1.1 Strut-and-Tie Model 
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shows the proposed Strut-and-Tie Model (only one plaster skin is shown for clarity). The 

compression forces were assumed to follow the two diagonal struts. The width of the 

compressive load paths were based on the width of the bearing pads along with the angle 

of the strut. In order to maintain static equilibrium, a tensile tie was required to form, 

creating a triangular truss. In typical strut-and-tie models, reinforcing steel resists the 

tensile force. In the case of an unreinforced plaster skin, only the tensile strength of the 

plaster provides this force. The skin is laterally supported by its bond to the straw, 

therefore local and global buckling does not occur. In this model, it is assumed that the 

straw carries negligible load. „tB‟ and „tS&T‟ represent local thicknesses of plaster at 

important regions of the skin. 

 

Figure 4.15: Strut-and-tie model of a single skin, all dimensions are in mm 

 The force, „T‟, developed in the tensile region is described in Equation 4.1: 
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                      4.1 

 where „0.85‟ and „0.90‟ are stress block reduction factors (described below), „hT‟ 

was the height along the Failed Skin subjected to tensile stresses, „ft‟ was the tensile 

strength of plaster composing the skin, and „tS&T‟ was the thickness of the plaster skin in 

the area where tensile cracking initiated. 

 According to MacGregor (1999) the strain distribution in the tensile region of 

concrete undergoing strut-and-tie action is approximately triangular. Similarly, the tensile 

stress distribution is identical to that of concrete undergoing compressive failure (Evans 

and Marathe, 1968; Raphael, 1984). The area of the equivalent stress block that 

represents the area under the stress distribution curve was desired. Factors, equivalent to 

those applied to the compressive stress distribution of concrete, „0.85‟ and „0.90‟ (CSA 

A23.3-04), were applied to transform the curve into the equivalent stress block in Figure 

4.16. 

 

Figure 4.16: Analysis of the tensile region of the plaster skin 
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 Saad and Hendry (1961) examined deep beams of photoelastic material under 

three-point bending and found that for a beam depth to span ratio of 1.59, the bottom 

19% of the beam was in tension, while for a depth to span ratio of 1.0 it was 30% and for 

a depth to span ratio of 0.67 it was 50%. The results from the photoelastic experiments 

are shown in Figure 4.17. The straw bale specimens tested had depth to span ratios 

ranging from 0.61 to 1.52. By linear interpolation of the data from Saad and Hendry 

(1961), empirical values for the tensile height were obtained for each straw bale specimen 

and were substituted for „hT‟ in Equation 4.1. The resulting theoretical strength 

predictions did not accurately predict the experimental strength. Saad and Hendry (1961) 

made no mention of the relationship between „H/L‟ and „hT‟. The relationship may not 

have been linear, therefore linear interpolation may have not have yielded correct results. 

Instead, the average of the tensile heights obtained by Saad and Hendry (1961) of 30% of 

„H‟ was substituted for „hT‟ in Equation 4.1. A value of 30% of „H‟ was within the range 

given by both the photoelastic experiments of Saad and Hendry (1961) and the strain 

measurements of the plastered straw bale test panels. The resulting theoretical strength 

predictions accurately predicted the experimental strength. 
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Figure 4.17: Stress patterns for deep beams of various ‘H/L’ ratios (Saad and Hendry, 1961) 

 The strength of the plaster in tension was determined by establishing a 

relationship between the tensile strength from the split cylinder tests and the compressive 

strength from the cube compression tests. The values obtained from the split cylinder test 

were not used directly because tests were only introduced later in the experimental 

process. However, the relationship was found to agree within 1% of Equation 4.2 (See 

Appendix B), which relates tensile to compressive strength of concrete (MacGregor and 

Bartlett, 1999). The tensile strength obtained from Equation 4.2 was multiplied by the 

equivalent stress block area and the average skin thickness in Equation 4.1 to calculate 

the force in the tensile region of the plaster skin. 

          
  4.2 

 An expression for the ultimate load developed by the plastered straw bale panel 

can be obtained by examining the static equilibrium of the Strut-and-Tie Model. Using 

the point of applied load as a pivot point, moment arms were extended vertically to the 

centre of the equivalent stress block area and horizontally to the edge of the bottom 

bearing pad support resulting in Equation 4.3: 
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4.3 

4.5.1.2 Bearing Model 

 The Bearing Model was developed to analyze plastered straw bales subjected to 

three-point bending and failing by vertical crushing of plaster beneath the point of 

applied load. Based on these observations, Equation 4.4 was developed to predict the 

ultimate load of the panel when this type of failure was observed. 

                
  4.4 

 where; „b‟ was the width of the bearing pad applying the load, „tB‟ was the skin 

thickness of the Failed Skin in contact with the bearing pad (Figure 4.15), and „f‟c‟ was 

the compressive strength of the plaster. At failure, the Failed Skin was subjected to a load 

of „P/2‟. „P‟ was isolated to produce Equation 4.4. 

 Detailed calculations are provided in Appendix E. 

4.5.2 Evaluation of Models 

 Table 4.3 summarizes the predicted ultimate loads for each straw bale and the 

ratio of experimental strength to theoretical strength. The predicted ultimate load was 

calculated using the Strut-and-Tie Model and the Bearing Model for both the intact and 

failed skins. The minimum limiting value from these four calculations was intended to 

predict the correct failure mode of the correct skin. If the experimental and predicted 

failure modes coincide, the „Failure Mode Prediction‟ column indicates „Correct‟. For 

example Specimen 1 failed by crushing, however, a tensile cracking failure was 

predicted. The models predicted the failure of the correct skin but an incorrect failure 
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mode, therefore the „Failure Mode Prediction‟ read „Incorrect‟. The limiting value for 

Specimen 2 predicted a cracking failure of the failed skin, which was „Correct‟. 

 The thickness of the plaster of the Failed Skin local to where the tensile crack 

initiated, „tS&T‟, was used in Equation 4.3 to calculate the predicted ultimate strength of 

the panel using the Strut-and-Tie Model. The thickness of the plaster of the failed skin 

just underneath the top bearing pad, „tB‟, was used in Equation 4.4 to calculate the 

predicted ultimate strength of the panel using the Bearing Model. 
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Table 4.3: Evaluation of the Strut-and-Tie and Bearing Models 

Spec. Skin Ultimate 

Load 

[Failure 

Mode] 

(kN) 

Predicted Failure 

Mode 

Prediction 

[Model 

Used] 

Exp./Theo. 

S&T 

Model, 

Cracking 

Failure 

(kN) 

Bearing 

Model, 

Crushing 

Failure 

(kN) 

1 Failed 17.55 

[Crushing] 

18.3 32.0 Incorrect 

[S&T] 

0.96 

Intact 25.8 59.3 

2 Failed 18.42 

[Cracking] 

21.9 55.9 Correct 

[S&T] 

0.95 

Intact 19.5 40.9 

3 Failed 16.93 

[Cracking] 

22.0 56.7 Correct 

[S&T] 

0.77 

Intact 33.3 53.0 

4 Failed 25.38 

[Cracking] 

30.4 42.9 Correct 

[S&T] 

0.83 

Intact 36.5 61.8 

5 Failed 29.58 

[Cracking] 

31.5 46.1 Correct 

[S&T] 

0.94 

Intact 33.5 52.0 

6 Failed 26.97 

[Cracking] 

37.3 64.4 Correct 

[S&T] 

0.79 

Intact 34.0 53.6 

7 Failed 19.47 

[Crushing] 

39.1 26.5 Correct 

[Bearing] 

0.73 

Intact 60.6 46.0 

8 Failed 39.69 

[Crushing] 

56.9 41.5 Correct 

[Bearing] 

0.96 

Intact 55.1 43.2 

9 Failed 43.38 

[Crushing] 

65.9 44.9 Correct 

[Bearing] 

0.97 

Intact 97.3 56.3 

10 Failed 30.02 

[Cracking] 

31.8 39.7 Correct 

[S&T] 

0.94 

Intact 36.3 57.7 

11 Failed 31.23 

[Cracking] 

28.4 54.4 Correct 

[S&T] 

1.10 

Intact 28.3 60.7 

12 Failed 44.85 

[Cracking] 

31.8 55.1 Correct 

[S&T] 

1.41 

Intact 41.8 62.5 

 

4.5.3 Model Accuracy 

 The models predicted the correct failure mode 11 times out of 12. If the limiting 

value was incorrect but was within 10% of the correct value, the failure mode prediction 

was taken as „Correct‟. The numerical values of the predicted ultimate loads were also 

reasonable. The average experimental strength to theoretical strength ratio was 0.95 with 
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a standard deviation of 0.17. There were several sources of error associated with these 

experiments that may have contributed to this significant range. 

 The plaster thickness had a large influence on the ultimate load predictions. A 

difference of 1 mm could change the prediction by as much as 5%. Thickness 

measurements around the circumference of a single drill-hole yielded varying results. 

Although the skin surface was flat, the bond between the skin and the straw was not. The 

variance associated with measuring the plaster thickness was, at most, 5 mm. Therefore, 

the standard deviation of the strength predictions can be attributed partly to the variance 

with measuring the skin thickness. 

 The plaster for each of the 12 tests were of an identical mixture, applied in an 

identical manner, and cured in identical conditions. The conditions for mixing and 

applying the plaster were consistent. The compressive strengths of the 24 batches of 

plaster had a standard deviation of 1.93 MPa. Just like the plaster thickness, the strength 

had a large influence on the ultimate load predictions. A difference of 1.93 MPa can 

change the strength predictions by as much as 7%. The standard deviation of the strength 

predictions can be attributed partly to the standard deviation of the plaster‟s compressive 

strength. 

 Preliminary experimentation and research has shown that a tensile region of 

height 0.3H works reasonably when trying to predict the ultimate load using the Strut-

and-Tie Model. Saad and Hendry (1961) suggested that the height of the tensile region of 

photoelastic material is inversely proportional to its depth-to-span ratio. The specific 

values of tensile height given in their report do not work well with the proposed models. 

Two significant differences between the testing of Saad and Hendry (1961) and this 
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thesis may have contributed to the discrepancy. Firstly, the material tested in the 

photoelastic experiments was 10% longer than the reaction spacing, compared to 20% to 

50% longer for the tests performed herein. The extra material produced different 

boundary conditions and may have altered the strain distribution compared to what was 

seen in the photoelastic experiments (1961). Secondly, the behaviour of photoelastic 

material may be significantly different than cement-lime plaster on a straw bale surface 

and may have a slightly different stress distribution. Compared to the photoelastic 

experiments (1961), the plastered panels did not behave linear elastically and were 

susceptible to cracking and stress redistribution. A strut-and-tie model that incorporates a 

tensile region of varying height modified for plastered straw bale panels may provide 

more accurate predictions. 

 The average experimental to theoretical strength ratio of the reinforced Specimens 

10, 11, and 12 was 1.15. It was hypothesized that the reinforcement would significantly 

increase the specimens‟ resistance to tensile failure resulting in an experimental to 

theoretical strength ratio well above 1.0. A value of 1.15 suggested that the diamond lath 

reinforcement made no significant tensile strength contribution to the tensile zone of the 

plaster skin since the increase is well within the variance of the data. The presence of 

reinforcement mesh did provide residual strength during post-failure conditions. 

Inspection of the tensile cracks showed no rupturing of the reinforcement. Instead, the 

reinforcement became debonded from the plaster and the diamond openings of the 

reinforcement were slightly skewed.  Typical installation of reinforcement onto straw 

bales is to attach the steel mesh flush against the trimmed straw bale. This technique was 

reproduced for Specimens 10 to 12. More tensile action of the steel mesh reinforcement 
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may have been achieved if it was installed at a distance from the trimmed straw surface to 

allow for an optimum embedment depth. If the mesh was fully embedded in the plaster, it 

may have contributed more tensile resistance before debonding or rupturing. 

4.5.4 Effect of Span 

 The „H/L‟ value governed how the panel failed. Since the height was held 

constant for all 12 specimens, the span length „L‟ had a large influence on the behavior 

and the strength of the panels. When the supports were spaced 300 mm or less, the panel 

failed by crushing of the plaster beneath the point of applied load and the strength is 

predicted most accurately by the Bearing Model. When the supports were spaced at 400 

mm or greater, the panel failed by vertical cracking of the skin at midpanel, the strength 

was most accurately predicted by the Strut-and-Tie Model. The span at which the failure 

mode transitions from crushing to cracking failure is between 300 mm and 400 mm. 

4.5.5 PI Gauge Data 

 The use of pi gauges on the plaster skin demonstrated some inconsistencies when 

attempting to predict the strain distribution curve along the vertical centreline of the 

plaster skin. However, the data obtained by these instruments did confirm the 

assumptions made while developing the structural models. Further investigation is 

needed to determine the strain distribution of a plaster skin in finer detail. 

4.5.5.1 Inconsistencies 

 The optimum bonding arrangement of pi gauges to plaster skins of straw bales has 

not been explored. Vardy (2009) attempted to determine the strain distribution of plaster 

skins subject to uniform loading with the use of pi gauges. The plaster in those tests was 
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weaker than the plaster presented herein and could not hold an epoxy bond with the 

gauge. 

 Space limitations on the plaster skin prevented the actual ultimate tensile strain 

from being recorded. Due to installation requirements, the strain gauges could not be 

placed directly at the bottom edge of the skin. Instead, the gauge was placed 20 mm from 

the bottom edge and the trend of the strain distribution curve was projected downwards to 

approximate the ultimate tensile strain. 

 Because of the limited instrumentation in the laboratory, only three pi gauges per 

skin were available for the tests and this presented some issues. If one out of three points 

was faulty, the entire distribution can be misinterpreted. Therefore, there was more 

skepticism when considering what the pi gauge data suggested, such as the height of the 

tensile zone or the ultimate tensile strain. A higher number of data points were required to 

accurately record the strain distribution on the skin. 

4.5.5.2 Confirmations 

 The data obtained from the strain gauges did reinforce the assumptions made 

when developing the theoretical structural models. The general trend of the strain data 

suggests that the height of the tensile zone was between 30% and 60% of the panel height 

and reinforces the use of 0.3H in Equation 4.1. A projection of the trend of the strain data 

suggests that the ultimate tensile strain was between 300 and 400 microstrains for the 

specimens that failed by vertical tensile cracks. This range of ultimate tensile strains is 

slightly higher than the typical values for cementitious plasters and concretes (Evans and 

Marathe, 1968; Raphael, 1984). Finally, the trend-line of the strain gauge data suggests 



4.0 Non-Uniform Compression Experiments of Plastered Straw Bale Panels 

 

72 

 

that the ultimate tensile strain was not reached while testing panels that failed by 

crushing. 

4.5.5.3 Recommendations 

 More data points were needed to accurately model the strain distribution curve 

along the vertical centreline of the plaster skin. This may be accomplished with the use of 

more strain gauges along the height of the bale. A method to produce an even higher 

resolution of data would be the use of particle image velocimetry (PIV). PIV would track 

the movement of the plaster skin through the duration of the test and provide a two-

dimensional strain map of the entire skin face. This would result in highly accurate 

predictions of tensile zone height and ultimate tensile strain. 

4.6 Conclusions 

 Twelve plastered straw bale panels of equal height but of varied reaction lengths 

and reinforcement type were tested under three-point bending. The panels failed by either 

crushing of the plaster skin at the bearing-plaster interface or by vertical cracking 

propagating from the bottom edge at mid-panel. Due to the relative shortness of the 

panels global buckling was assumed to be negligible. Evidence of local buckling was not 

observed. The results have shown that the ultimate strength of the panels can be 

accurately predicted based on the strength of the plaster, the dimensions of the specimen, 

and the geometry of loading. 

 The pi gauges yielded inconclusive results but confirmed the assumed areas of 

tensile strains. The size of the tensile zone used in analysis was within the range of 

typical sizes for concentrically loaded deep beams. 
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 The experiments conducted on the twelve panels and the plaster used for their 

skins produced a few notable conclusions related to the behaviour of such panels under 

three-point bending: 

 Fabrication and test methods produced consistent results. 

 Evaluation of both structural models resulted in a correct prediction of failure 

mode 11 out of 12 times. 

 Panels with „H/L‟ ratios ranging from 0.66 to 1.65 were tested. Panels with „H/L‟ 

ratios greater than 0.825 failed due to plaster crushing at the top bearing-plaster 

interface. Those equal to and less than 0.825 failed by vertical cracking at mid-

panel. 

 The ultimate strength of the plastered straw bale panels were predicted accurately 

with an average experimental to theoretical strength ratio of 0.96. 

 The specimens reinforced with diamond lath were not significantly stronger than 

the unreinforced specimens but did provide a level of residual strength during 

post-failure conditions, whereas the unreinforced specimens of 400 and 500 mm 

spacing did not. 

 The fabrication methods proposed by Vardy (2009) produced consistent test 

specimens. Chapter 3 exposed some testing issues that were addressed in this 

Chapter. The modified test method produced consistent test conditions that 

resulted in highly accurate theoretical strength predictions for plastered straw bale 

panels subjected to three-point bending. The predictability of the panels provides 

a solid basis for estimating actual plastered straw bale wall strengths with window 
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or door voids. The following Chapter provides a structural analysis and design 

recommendations for load-bearing plastered straw bale walls. 
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Chapter 5: Implications for Straw Bale Construction  

   and Design 

 

 

 

 

 

 

5.1 Introduction 

 The ultimate goal of this thesis was to expand the breadth of knowledge of the 

structural behaviour of load bearing plastered straw bale structures. Full-scale walls were 

not tested in this report. Instead, panels representing important regions of the wall were 

tested under conditions similar to those of a full-scale wall. The tested panels were meant 

to represent the „Important Region‟ of a full-scale wall, shown in Figure 5.1 and Figure 

5.2. This chapter conducts a parametric analysis based on the main findings from the 

preceding chapters. The parametric analysis should be considered as extremely 

preliminary practical design suggestions for full-scale straw bale structures. 

Appropriately large factors of safety must be used when considering this analysis. 

5.2 Parametric Analysis 

 The intent of this Chapter is to answer the following questions related to door and 

window voids in a plastered straw bale wall: 
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1. What is the wall‟s overall strength reduction when a door or window void is 

present? 

2. What mode of failure is to be expected in sections of wall containing a door or 

window void? 

3. What assumptions were made when translating the aforementioned results? 

 The answers to these questions depend on the characteristics of the wall. Consider 

both 3 m by 3 m plastered straw bale walls shown below. The first wall (Figure 5.1) 

contains a 1000 mm high window void in the centre while the second wall (Figure 5.2) 

contains a 2700 mm high door void. The plaster skin is 25 mm thick on either side of the 

wall. 

 

Figure 5.1: Wall with 1000 mm high window 

void in centre 

 

Figure 5.2: Wall with 2700 mm high door void 

 Figure 5.3 and Figure 5.4 represent the strength interaction diagrams for the walls 

containing the window void and the door void, respectively. The ultimate strength, in 

kN/m, was evaluated using the following term: 
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5.1 

 The first term of Equation 5.1 is the ultimate strength of the wall assuming failure 

occurs due to plaster crushing of the net cross-section of the wall. The second term of 

Equation 5.1 was constructed using Equations 4.1, 4.2, and 4.3 from the Strut-and-Tie 

Model and represents the ultimate strength of the wall at Section 3 in Figure 5.1 and 

Figure 5.2.  

 The curves of the interaction diagrams were plotted using a constant value of the 

height above the void, „H‟, but varying values of both plaster compressive strength, „f‟c‟, 

and length of void, „L‟. The minimum, critical, value produced by Equation 5.1 was 

plotted. 

 

Figure 5.3: Strength interaction diagram for a wall with a window void, H=1000mm 
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Figure 5.4: Strength interaction diagram for a wall with a door void, H=300mm 

 The interaction curves represent the ultimate strength of the wall as a function of 

the void length. Walls of a particular plaster strength and void length that fall to the right 

of the „Transition Point‟ are governed by the second term of Equation 5.1 and fail by 

vertical cracking. To the left of the „Transition Point‟, the first term of Equation 5.1 

begins to govern and the wall would fail by uniform crushing of the plaster skin. 

 According to the interaction diagrams, walls containing door voids are more 

sensitive to increases in void length. Door voids have a greater height than window voids 

resulting in less height of plaster skin between the top edge of the void and the box beam 

(where the load is being applied). Therefore, the „H/L‟ ratio of the „Important Region‟ is 

much smaller. Loads travel through material with a smaller „H/L‟ ratio at smaller angles, 
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resulting in much larger tensile stresses, reducing the wall‟s overall ultimate strength 

(Figure 5.5). 

 

Figure 5.5: At smaller angles of ‘θ’, the ‘Tensile Tie’ force must be greater to create equilibrium with 

the two compressive struts 

 As a result of the interaction curves, preliminary design guidelines can be made. 

According to Figure 5.3, a small 100 mm by 100 mm void or a 500 mm by 500 mm 

window void would not significantly reduce the ultimate strength of a wall with 0.5 MPa 

plaster. The ultimate wall strengths would be approximately 24 kN/m and 21 kN/m, 

respectively. But, a 2700 mm by 500 mm door void in a wall of 0.5 MPa plaster would 

significantly reduce the wall‟s ultimate capacity, reducing it to approximately 5 kN/m, 

according to Figure 5.4. 

 The wall containing the 500 mm wide door void has strengths of 5, 7, or 11 kN/m 

depending on the strength of plaster used, according to Figure 5.4. 

5.3 Assumptions 

 Equation 5.1 uses the relationship established herein between the compressive and 

tensile strengths of plaster of compressive strength greater than 10 MPa. Lower strength 

plasters, also typical in straw bale construction, were used in the parametric analysis to 

exclude failure modes that occur at higher applied loads, such as global buckling. Note, 
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the relationship between compressive and tensile strength of lower strength plasters may 

differ from the empirical relationships established herein. 

 The height of the void had no effect in the models presented. The void height‟s 

only effect on the ultimate strength of the wall would be a reduction by global buckling. 

However, the inclusion of global buckling in the analysis was outside the scope of this 

thesis. 

 The panels were tested under simple support conditions. The test conditions are 

different than those within a monolithically plastered region of a wall. The plaster section 

above the void is supported by a continuously fixed connection to the rest of the wall. 

When subjected to compression, the „Important Region‟ would be stiffer when supported 

by fixed connections rather than simple supports. This adds a level of conservatism to the 

proposed analysis.  

 Equations 4.1, 4.2, and 4.3 describing the Strut-and-Tie model is based on the 

load being applied by a 51 mm bearing pad. In Chapter 4, the strength of the panel was 

governed by vertical cracking at large reaction spacing (or void lengths) and by crushing 

of the plaster skin underneath the top bearing pad at small reaction spacing. In this 

chapter, the wall‟s strength, like the panel in Chapter 4, was governed by vertical tensile 

at large void lengths. However, at small void lengths, the strength of the wall was 

governed by the capacity of the net cross-sectional area of the skin. In Section 3 of the 

design wall, the applied load was uniformly distributed over the length of the void „L‟ 

instead of a length of 51 mm as in Chapter 4. Crushing of the plaster skin at the top edge 

of Section 3 was found to never govern the strength of the wall. Additionally, Equation 
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4.3 was created for a deep beam with a central concentrated load; its application to a deep 

beam section with a uniform load adds a level of conservatism to the design wall. 

 Global buckling would introduce an upper limit to the wall‟s strength. For 

example, a wall with a plaster compressive strength of 5 MPa and a skin thickness of 25 

mm would produce a theoretical strength of 250 kN/m, but global buckling would 

prematurely fail the wall. The upper limit introduced by global buckling was not shown 

in Figure 5.3 and Figure 5.4 because it was outside the scope of this thesis. 

 Additionally, an upper limit to the void length exists. The interaction curve 

equation crosses the x-axis at a void length of 3000 mm. In fact, the wall‟s strength 

would be zero at void lengths of much less than 3000 mm. The upper limit on the void 

length would be governed by the self-weight of the wall above the void. This was left out 

of the analysis to retain simple calculations. 

 The „H/L‟ value of the test panels ranged from 0.66 to 1.65. Therefore, the 

parametric study and the interaction diagrams are only valid within those limits. When 

„H‟ is 300 mm, the interaction diagram is only valid between void lengths of 182 mm and 

455 mm. When „H‟ is 1000 mm, the interaction diagram is only valid between void 

lengths of 606 mm and 1515 mm. Walls with void lengths below the lower limit is still 

assumed to crush based on the net cross-sectional area and the plaster‟s compressive 

strength. However, behavior of walls with void lengths above the upper limit may not be 

accurately described by a strut-and-tie type analysis. Behavior of walls with lengths 

above the upper limit established by experimentation may be better predicted by beam 

analysis. 
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5.4 Alternative Methods of Construction 

 Straw bale builders have realized that areas of the wall surrounding window and 

door voids are susceptible to premature failure. During construction, efforts are made to 

strengthen these areas using various techniques. 

 One method of strengthening is to use reinforcement, such as diamond lath, to 

increase the wall‟s resistance to tensile stresses. This method may be suitable for regions 

of the wall subjected to small amounts of tensile stress, preventing microcracks and other 

cosmetic issues. 

 For areas required to resist major tensile stresses, the use of window and door 

bucks (structural window or door frame) is suggested. A frame inserted into the wall void 

of sufficient strength and stiffness will redistribute vertical loads more efficiently. The 

plaster at the top edge of the void would be uniformly supported, preventing significant 

tensile stresses from developing. A wall with a properly designed buck would be identical 

to a uniformly loaded wall without voids. 

5.5 Conclusion 

 Details were omitted from the interaction diagrams because they were either 

outside of the scope of the thesis or for the sake of simple calculation. The interactions 

curves represent the general behaviour of various configurations of straw bale walls with 

voids. The interaction curves were based on small-scale laboratory tests and while the 

trends of the curves appear to be accurate, the values of wall strength may not be. The 

development of an all-enveloping and detailed interaction diagram containing aspects of 
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global buckling, uniform crushing, and bending would be premature given the infancy of 

the state of research of straw bale wall structural mechanics. 
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Chapter 6: Conclusions 

 

 

 

 

 

 

6.1 Summary 

 The main objective of this thesis was to add to the breadth of knowledge of the 

structural behaviour of plastered straw bale walls. Experiments with plastered straw bale 

panels subjected to non-uniform compression have shown the viability of installing door 

and window voids in a plastered load-bearing straw bale wall, given certain length and 

height restrictions are met The models developed herein have resulted in highly accurate 

predictions for the ultimate strength and failure mode of the panels. Given the ability to 

predict the structural behaviour of the panels, design guidelines were postulated for full-

scale plastered straw bale walls containing voids, thus providing preliminary design and 

construction recommendations for those in the straw bale building community. 

6.2 Key Findings 

6.2.1 Major Conclusions 

 The main conclusions are: 

 The structural models proposed in this thesis provided an accurate representation 

of the structural behaviour of panels subjected to three-point bending. The 
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average ratio of experimental to theoretical strength was 0.96 with a astandard 

deviation of 0.17 and the mode of failure was predicted for 11 of 12 specimens. 

 Based on postulation of the experimental results, walls of 0.5 MPa plaster 

containing typically sized window voids can withstand vertical loads of at least 20 

kN/m, higher than typical strengths required for single-storey residential 

buildings. Alternatively, walls containing door voids of large height develop 

substantially lower strengths. 

6.2.2 Conclusions from Preliminary Experiments on Plastered Straw Bale 

Panels Subjected to Non-Uniform Compression 

 Preliminary investigation into non-uniform compression of plastered straw bale 

panels in Chapter 3 has led to the following changes in the experimental program to 

allow for specimens that are more consistent and tests that are more ideal: 

 When plastering the wall, care must be taken to ensure flush contact between the 

plaster and the top-plate (or box beam). 

 Stringent fabrication methods are required to produce a plaster that is consistent. 

 Steps must be taken to ensure the test specimen is loaded under conditions that 

replicate real-world circumstances. 

 Based on the results of non-uniform compression experiments conducted on 

plastered straw bale wall panels in Chapter 3, the following important observations were 

made: 

 Vertical cracking at mid-panel occurred at lower „H/L‟ ratios, suggesting that 

areas of tensile stresses were developing in that region. 
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 The strength of the panel was equal to the compressive strength of the cross-

sectional area of plaster that underwent bearing failure. 

6.2.3 Conclusions from Experiments on Plastered Straw Bale Panels 

Subjected to Three-Point Bending 

 Based on results of three-point bending experiments conducted on plastered straw 

bale panels in Chapter 4, the following conclusions were drawn: 

 Through experimental observation and analysis of test data, two analytical models 

were proposed in an attempt to characterize the structural behaviour of the 

plastered straw bale panels subjected to three-point bending. 

 The „Strut-and-Tie Model‟ was based on the loading geometry, panel dimensions, 

and tensile strength of the lime-cement plaster. Panels that behaved according to 

this model were observed to fail by vertical cracking at mid-panel initiated by 

exceeding the ultimate tensile strain at the bottom edge of the plaster skin. 

 The „Bearing Model‟ was based on the area of plaster in contact with the point of 

load application and the compressive strength of the lime-cement plaster. Panels 

that behaved according to this model were observed to fail by plaster crushing just 

under the bearing pad where the load was applied. 

 Evaluation of the two models produced a minimum governing value that 

accurately predicted the ultimate structural behaviour of the panels. The average 

experimental to theoretical strength ratio of 0.96 with a standard deviation of 0.17 

and the accurate predictions of 11 out of 12 failure modes for the specimens 

shows the applicability of the two proposed analytical models. 
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 Reinforcement installed in specimens did not increase the ultimate strength of the 

panels. Reinforcement did add a level of residual strength during post-failure 

conditions. 

6.3 Design Guidelines for Straw Bale Construction 

 Based on the experimental findings presented in Chapter 3 and 4, the following 

straw bale construction design suggestions can be made: 

 To avoid premature bearing failure of the plaster skins on a straw bale wall, best-

practice construction techniques must be used. This includes techniques such as 

ensuring:  

o flush plaster skin and straw bale contact to the box beam and base plate 

enabling uniform load transfer between structural elements, 

o the plaster is effectively worked into the bale surface allowing a strong 

plaster-straw bond and preventing local buckling of the skin, 

o the plaster is of sufficient thickness in all areas of the skin to prevent zones 

of significant weakness and walls that are plumb, and 

o the conducting of plaster cube compression tests prior to and slump tests 

during rendering of the wall to ensure a plaster that has consistent strength 

and workability. 

 In some situations, voids in load bearing plastered straw bale walls may 

significantly reduce the wall‟s overall strength. For a 3 m by 3 m wall of 0.5 MPa 

lime-cement plaster, voids up to 600 mm in length do not significantly reduce the 

wall‟s ultimate strength as long as the top edge of the void is at least 1000 mm 

from the box beam (such as a window void). A reduction in the distance between 
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the top plate and the top edge of the void reduces the overall strength of the wall. 

For the same 3 m by 3 m wall, if the distance between the box beam and the top 

edge of the void is 300 mm (such as a door void) the strength of the wall is 

significantly reduced for void lengths over 200 mm. 

 Equation 5.1 may be used to construct strength interaction diagrams for design, 

but because of the small amount of research in this area, an appropriately large 

strength reduction must be used. 

 Reinforcement may be installed to strengthen the wall during post-failure 

conditions. 

 Other loading conditions must be considered in design such as: in-plane and out-

of-plane lateral loading, and global buckling. 

6.4 Recommendations for Future Research 

 Although the presented report represents an advance in the knowledge of 

structural behaviour of plastered straw bale walls, further study is required to develop 

new and refine existing structural models resulting in a greater knowledge of their 

behaviour over the course of their service life. The following are recommendations for 

further research: 

 Additional experiments are needed relating compressive and tensile strengths for 

lime-cement plasters of compressive strengths ranging from less than 1 MPa to 

greater than 15 MPa. 

 Duplication of experimental programs using lower strength lime-cement plaster to 

verify behavioural trends and the existence of alternative failure modes. 
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 Additional tests of panels implementing a wider range of height to length, „H/L‟, 

ratios to reinforce the proposed analytical models. 

 Full-scale wall tests of varying void length, height to box beam, and strength of 

plaster to validate proposed interaction diagrams. 

 Implementation of window and door bucks (structural housing or frame) of 

various designs into experimental programs to record the influence on strength in 

this region. 

 A similar experimental program implementing earthen plaster is warranted to 

verify behavioural trends and the existence of alternative failure modes. 

 In some cases, a gap in the quality of workmanship exists between walls 

fabricated in the laboratory and in the field. An evaluation of differences in 

fabrication is required to develop appropriate factors of safety when scholarly 

research is implemented in design. 
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Appendix A: Supplementary Plots 

 

Figure A.1: Load-Deflection Plot, Specimen A 

 

Figure A.2: Load-Deflection Plot, Specimen B 
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Figure A.3: Load-Deflection Plot, Specimen C 

 

Figure A.4: Load-Deflection Plot, Specimen D 

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

A
p

p
li

e
d

 L
o

a
d

 (
k

N
)

Top Deflection (mm)

Failed Skin

Intact Skin

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60

A
p

p
li

e
d

 L
o

a
d

 (
k

N
)

Top Deflection (mm)

Failed Skin

Intact Skin



Appendix A: Supplementary Plots 

 

98 

 

 

Figure A.5: Load-Deflection Plot, Specimen E 

 

Figure A.6: Load-Deflection Plot, Specimen F 
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Figure A.7: Load-Deflection Plot, Specimen G 

 

Figure A.8: Load-Deflection Plot, Specimen H 
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Figure A.9: Load-Deflection Plot, Specimen I 
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Figure A.10: Load-Deflection Plot, Specimen 1 

 

Figure A.11: Strain distribution of skins at ultimate load, Specimen 1 
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 Note: The immediate divergence of the curves in Figure A.12 and Figure A.14 

occurred due to settling of the loading frame. The bearing pads were pushed up slightly 

from the rebounded straw. A small amount of load applied to the bearing pads eliminated 

the rebounded straw and set the loading frame in place. At this point, the load-deflection 

curves for the two skins are diverged but the effect is minimal. The actual rotation of the 

loading frame is less than 1° and the skins were loaded evenly. 

 

 

Figure A.12: Load-Deflection Plot, Specimen 2 
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Figure A.13: Strain distribution of skins at ultimate load, Specimen 2 
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Figure A.14: Load-Deflection Plot, Specimen 3 

 

Figure A.15: Strain distribution of skins at ultimate load, Specimen 3 
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Figure A.16: Load-Deflection Plot, Specimen 4 

 

Figure A.17: Strain distribution of skins at ultimate load, Specimen 4 
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Figure A.18: Load-Deflection Plot, Specimen 5 

 

Figure A.19: Strain distribution of skins at ultimate load, Specimen 5 
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Figure A.20: Load-Deflection Plot, Specimen 6 

 

Figure A.21: Strain distribution of skins at ultimate load, Specimen 6 
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Figure A.22: Load-Deflection Plot, Specimen 7 

 

Figure A.23: Strain distribution of skins at ultimate load, Specimen 7 
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Figure A.24: Load-Deflection Plot, Specimen 8 

 

Figure A.25: Strain distribution of skins at ultimate load, Specimen 8 
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Figure A.26: Load-Deflection Plot, Specimen 9 

 

Figure A.27: Strain distribution of skins at ultimate load, Specimen 9 
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Figure A.28: Load-Deflection Plot, Specimen 10 

 

Figure A.29: Strain distribution of skins at ultimate load, Specimen 10 
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Figure A.30: Load-Deflection Plot, Specimen 11 

 

Figure A.31: Strain distribution of skins at ultimate load, Specimen 11 
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Figure A.32: Load-Deflection Plot, Specimen 12 

 

Figure A.33: Strain distribution of skins at ultimate load, Specimen 12
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Appendix B: Split Cylinder Test Results 

 This Appendix provides the results from 36 cube compression and split cylinder 

tests on the cement-lime plaster used throughout this thesis. 

Table B.1: Results from 36 cube and split-cylinder tests on various plaster batches 

Average Cube Strength of 

Batch (MPa) 

Average Split-Cylinder 

Strength of Batch (MPa) 

13.6 1.81 

15.8 2.25 

15.3 2.11 

13.0 2.45 

13.0 1.72 

14.3 1.47 

 

 

Figure B.1: Graphical relationship between compressive and tensile strength of plaster used in 

fabrication of straw bale panels 
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Appendix C: Plaster Skin Thicknesses 

 This Appendix provides plaster thickness maps showing the data obtained by 

drilling and depth measurement of the plaster skins. 

 

Figure C.1: Thickness Plot of Specimen 1, Failed Skin 

 

Figure C.2: Thickness Plot of Specimen 1, Intact Skin 
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Figure C.3: Thickness Plot of Specimen 2, Failed Skin 

 

Figure C.4: Thickness Plot of Specimen 2, Intact Skin 
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Figure C.5: Thickness Plot of Specimen 3, Failed Skin 

 

Figure C.6: Thickness Plot of Specimen 3, Intact Skin 
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Figure C.7: Thickness Plot of Specimen 7, Failed Skin 

 

Figure C.8: Thickness Plot of Specimen 7, Intact Skin 
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Figure C.9: Thickness Plot of Specimen 8, Failed Skin 

 

Figure C.10: Thickness Plot of Specimen 8, Intact Skin 
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Figure C.11: Thickness Plot of Specimen 9, Failed Skin 

 

Figure C.12: Thickness Plot of Specimen 9, Intact Skin 
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Figure C.13: Thickness Plot of Specimen 10, Failed Skin 

 

Figure C.14: Thickness Plot of Specimen 10, Intact Skin 
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Figure C.15: Thickness Plot of Specimen 11, Failed Skin 

 

Figure C.16: Thickness Plot of Specimen 11, Intact Skin 
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Figure C.17: Thickness Plot of Specimen 12, Failed Skin 

 

Figure C.18: Thickness Plot of Specimen 12, Intact Skin 
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Appendix D: Experimental Instrumentation 

 This Appendix provides detailed information pertaining to the instrumentation 

and apparatus used during the experimental program. 

Table D.1: Instrumentation 

Experiments Device Manufacturer 

(Model #) 

Capacity Approx. 

Precision 

All Panels Load Cell Sensotec 111 kN 0.1 kN 

All Panels Linear 

Potentiometer 

Novotechnik 100 mm 0.01 mm 

All Panels PI Gauge TML 

(PI-5-100) 

5 mm 0.001 mm 

All Panels Data Acquisition Vishay Micro-

Measurements 

(5100B Scanner) 

 - 

 

Table D.2: Apparatus 

Experiments Device Manufacturer 

(Model #) 

Capacity Approx. 

Precision 

All Panels Universal Testing 

Machine 

Riehle Set at 100 kN 0.001 kN 

Cubes, A to I Compression 

Tester 

Unitomatic 

(MG-37074) 

50 kN 0.05 kN 

Cubes, 1 to 9 Block Tester Forney 

(F-502-F) 

2224 kN 0.2 kN 

Cubes, 10 to 12 Universal Testing 

Machine 

Riehle Set at 100 kN 0.001 kN 

Cylinders, 10 

to 12 

Universal Testing 

Machine 

Riehle Set at 100 kN 0.001 kN 

Plaster Mixing Counter Current 

Batch Mixer 

Lancaster 

(LVD-1980-277) 

~16000 cm
3 

- 
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Appendix E: Calculations 

Water to Cementitious Materials Ratio, by Mass: 

 Proportions of material used 6 : 1 : 1, sand to cement to lime, by volume. 

Table E.1: Characteristics of constituent materials in plaster 

Type of Material Volume of Material 

in Batch (cm
3
) 

Density of Material 

(g/cm
3
) 

Mass of Material 

(g) 

Portland Cement 1647.4 2.01 3311.3 

Hydrated Lime 1647.4 2.24 3690.2 

Water 2500.0 1.00 2500.0 

 

Water to cement ratio: 

 
      

      
      

Water to cementitious materials ratio: 

 
      

             
      

Moment-arm calculations: 

 Using the point of applied load as the pivot point, the product of the moment-arm 

taken to the edge of the bearing pad support and the force at that reaction is: 

 
 

 
 

 

 
  

 

 
  

(1) 

The product of the moment-arm taken to the centre of the equivalent stress block area and 

the tensile force in that region is: 

   
      

 
     

(2) 

Substitute 0.3H for hT and equate (1) and (2) to establish static equilibrium, solving for 

„P‟: 
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Top beam rotation: 

 The total length between the LPs on either side of the top beam was 

approximately 560 mm. Each LP was positioned approximately 50 mm from the skin 

face, the skin was approximately 30 mm thick, and the bale was approximately 400 mm 

thick. 

                    

The angle of the top beam is described below. The value of 0.5 represents a typical 

difference in vertical displacement measured by the LPs, in mm: 

 

        
   

   
        

 

Contribution of straw to ultimate strength of panel 

 The load was applied to the plaster skins only with 51 mm steel pads; no load was 

applied to the straw. The following calculation assumes the pads extend across the panel 
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so it is contact with both plaster skins and the straw bale. If this was the case, the strength 

contribution of the straw would be: 

       
                    

 
 

(1) 

The equation is based on that used in solid mechanics: 

  
  

  
 

Substitute numerical values into (1). Worst-case values are used for „Estraw‟ and „δfailure‟: 

       
                           

      
             

The strength contribution of the straw is approximately 1% of the average ultimate load 

of the plastered straw bale panels illustrated in Chapter 4. 


