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Abstract 

Globally, there is a need for alternative building materials that require less energy to produce than 

conventional materials. These alternative materials have gained popularity in recent years, 

however there is a need to better understand their physical properties in order to increase 

confidence in their use. As such, a testing program was undertaken to investigate the structural 

properties of some of these materials.  

A series of compressed earth blocks made from a mixture of earth and cement compressed to 8 - 

12 MPa were tested for their compressive capacity in masonry prisms. The blocks had been 

weathered for one to two years. The blocks with no cement had a capacity of 2.22 MPa, while 

cement stabilized blocks had a capacity of 8.11 MPa. Weathering did not result in any significant 

reduction in the strength of the blocks. 

Bales of high density straw were tested both with and without cement plaster skins. Unplastered 

bales exhibited a stiffness between 0.3 - 0.7 MPa when oriented Flat, and 1.2 MPa on edge. The 

bales had a dilation ratio between 0.1 - 0.3 in the Flat orientation and averaging 3.5 in the Edge 

orientation. The high density bales plastered with cement plaster exhibited ultimate strengths 

averaging 171.2 kN/m. Capacity was heavily dependent on plaster strengths, and when 

normalized for plaster strengths, high density bales had capacities lower than those of regular 

density bales tested previously (34.1 kN/m/MPa compared to 44.3 kN/m/MPa).  

Three walls made of straw with cement plaster were constructed with pin-ended conditions to 

study the effects of buckling in straw bale walls. The average capacity was 12.8 kN/m/MPa when 

normalized for plaster strength. Pin ends resulted in plastic hinges forming more easily in the 

walls, and pin ended specimens had a 75% reduction in strength compared to previous tests of 

"standard" end conditions. Taller walls also resulted in reduced strengths. 
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Chapter 1 

Introduction 

1.1 Research Need 

Contemporary building practices use building materials with significant embodied energy and 

carbon footprint. In recent years, alternatives to these materials have been explored by builders 

and homeowners seeking to lower the total carbon footprint of their homes and buildings. 

Builders have begun exploring straw, earth, and other materials requiring less energy and carbon, 

to use as a building material. Consequently, as these innovative approaches and materials are 

discovered and utilized, testing is required to understand the behaviour of these materials in order 

to increase confidence in their use. While some testing and reporting on the properties of 

emerging natural building materials has been performed, there remains a gap in understanding 

that needs to be filled to increase confidence in their use. As confidence in their use increases and 

materials are used more often, they become accepted into mainstream design and their prevalence 

will further increase. If a standard for their use is to be developed, significant amounts of 

structural testing will be necessary to understand their properties and behaviour. 

1.2 Objectives 

The specific objectives for this thesis are as follows: 

1. Test Compressed Earth Blocks, high density straw bales, and pin-ended straw bale panels 

for their compressive structural strength. 

2. Report material properties in order to provide guidelines for designers and engineers 

currently working with natural building materials. 

3. Identify areas of knowledge requiring further testing and understanding. 
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1.3 Organization of thesis 

This thesis is presented in manuscript format as detailed by the School of Graduate Studies at 

Queen’s University. Chapter One is a general introduction followed by Chapters Two through 

Four, which are manuscripts detailing the testing and analysis performed. Conclusions for the 

whole thesis are presented at the end of the thesis in Chapter Five. 

In Chapter Two, results are presented from compressive testing of Compressed Earth Blocks 

(CEB’s), which are a building block formed by exposing clay-based soil to high pressure to form 

large blocks. The blocks, which were used in building a home in Cobourg, ON, are tested with 

and without cement stabilisation, and having been weathered for various amounts of time. 

In Chapter Three, straw bales of a significantly higher density than regular straw bales are tested 

to examine the relationship between bale density and compressive strength. Bales are tested in 

various orientations and with or without plaster  to understand how they perform compared to 

regular density straw, and their performance as part of a wall assembly. 

In Chapter Four, plastered stacks of standard density straw bales are tested with pinned end-

conditions to understand the effect of end conditions and height on the strengths of straw bale 

assemblies. Digital Image Correlation (DIC) is employed to help understand lateral deflection of 

walls and the potential for buckling at single-storey heights. 

It should be noted that the testing program of unplastered high density bales described in Chapter 

Three was performed prior to beginning this thesis, however the plastered bale results and 

subsequent analysis were performed during this Master's program.  
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Chapter 2 

Compression Testing of Weathered Compressed Earth Block (CEB) 

Prisms 

2.1 Introduction 

One of the earliest building materials used by humans is earth, with estimates of approximately 

30% of people on the planet living in structures made from earth (Cofirman, 1990). Earth 

building can take various forms, including adobe, rammed earth, compressed earth blocks, and 

baked bricks (Guillaud, et al., 1985). Compressed Earth Blocks (CEBs), made by compressing 

soil until it achieves structural cohesion, are used worldwide and have been gaining popularity 

since their inception in the 1950’s (Minke, 2006). Some advantages include the use of local 

materials, and a reduced energy requirement compared to some conventional materials. Builders 

have experimented with adding cement in order to increase the strength of CEB’s, a practice 

known as ‘stabilising’ (Guillaud et al., 1985 and Walker, 1995), however due to the energy 

intensive nature of cement production, it is desirable to minimize cement content. Previous 

research has focused on compression strength. Walker has been comprehensive in regard to 

analyzing the effects of soil composition and cement content on block strength and durability 

(Walker, 1995;Walker, 1996), finding that generally blocks had increased strength with higher 

amounts of cement and with soil compositions lower than 15% clay. Blocks previously examined 

have been fabricated using manual pressing, with pressures typically below 2.0 MPa and have 

been tested immediately after sufficient curing of blocks. Furthermore, blocks were tested 

individually and not in block-mortar assemblies.  

 



 

4 

 

This paper outlines an experimental study using earth blocks fabricated using an industrial press 

and subjected to natural weathering for one to two years prior to testing. Blocks with different 

contents of cement and lime, as well as different dimensions will be examined and will be tested 

in mortared prisms in order to better simulate their behaviour in a wall or building set-up.  

2.2 Materials & Experimental Procedure 

Blocks were obtained from a building project in Cobourg, Ontario. All blocks were fabricated 

using an AECT 3500 Compressed Earth Block machine, which compressed soil-concrete 

mixtures to pressures of between 8.0 MPa – 12.0 MPa to create blocks. Soil used in block 

fabrication was measured for clay content by Henry Wiersma and a commercial laboratory prior 

to structural testing. Clay content was measured using clay fraction preparation by decantation to 

a nominal passing of five microns. X-ray diffraction and X-ray fluorescence analysis were also 

performed on the soil. The soil was found to contain approximately 23.3% clay, composed 

primarily of calcium carbonate, suggesting that it would have reduced strength compared to 

blocks with less clay content (Walker, 1995). Soil was also sifted for particles larger than 

approximately 25 mm, though no grain size distribution is available.  

 

Blocks were fabricated at two dimensions: 350 mm x 175 mm x 100 mm, and 350 mm x 250 mm 

x 100mm. Blocks were fabricated at different cement contents and stored outdoors for periods of 

one to two years prior to testing. Blocks were stored in an area exposed to weather from above, 

but were sheltered from wind by short walls on North, East, and West sides. Blocks were either 

left covered by a large plastic sheet or remained completely exposed to precipitation (Figure 2.1). 

Weather records for Cobourg, Ontario between July 2008 and April 2010 were obtained from 

Environment Canada and analysed to determine the total amount of precipitation and number of 
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freeze-thaw cycles the blocks experienced. Data did not distinguish between rain and snow as 

precipitation and a small amount (0.1%) of temperature and precipitation data was missing. 

 

Figure 2.1 - Example of Covered and Uncovered Blocks 

 

 Freeze-thaw cycles were counted by examining the hourly records and counting the number of 

times the hourly temperature changed from less than -2.2° C to above 1.0° C. This ensures that 

only “hard” freezes were recorded and is consistent with standard practices (Baker & Ruschy, 

1995). In typical construction, weathering would not occur in this way, because blocks would 

only be weathered on outside faces of the wall and not on their ends. However, this method of 

weathering can be considered conservative, because the blocks tested experienced more 

weathering and would therefore would have less total area compared to blocks built into a wall.  
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Blocks were sorted into groups according to dimensions, composition, and weathering amounts, 

then built into masonry prisms. Each group contained between two and seven prisms, depending 

on availability of blocks. Group composition and weathering information is shown in Table 2.1. 

Cement used for Group 3 was Type N mason’s cement, containing 50% cement and 50% lime by 

volume, and cement used for Group 4 was ordinary Portland cement. 

Table 2.1 - Block Composition and Weathering Details 

Group Cement 

Content 

(% by 

Mass) 

Lime 

Content 

(% by 

Mass) 

Weathering 

Length 

(Years) 

Covering 

Used 

Freeze-

Thaw 

Cycles 

Approximate 

Total 

Precipitation 

(mm) 

1 0 0 2 Yes 47 1740 

2 0 0 1 No 20 650 

3 1.5 1.5 1 No 20 650 

4 4.3 0 2 Yes 47 1740 

 

Because groups that used covering were weathered for an additional year prior to testing, it is not 

possible to conclude from their results whether covering or weathering length would affect 

strengths, because neither factor could be isolated. 

Unweathered blocks were previously analysed for absorption, density, and individual core 

compressive strength by St. Lawrence Cement’s Mississauga Concrete Laboratory. Only those 

blocks with Ordinary Portland Cement and Highbond mason’s cement were analysed. Blocks 

were analysed according to CSA standard A23.2-04-14C, ' Concrete Materials and Methods of 

Concrete Construction/Test Methods and Standard Practices for Concrete' and ASTM standard 

C140-02a, 'Standard Test Methods for Sampling and Testing Concrete Masonry Units and 
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Related Units.' Results are shown in Table 2.2. Cores were tested saturated in accordance with 

CSA-A23.2-14C-04. 

 

Table 2.2 - Initial Testing of Unweathered Blocks 

Block 

Composition 

Absorption 

(%) 

Density 

(kg/m3) 

Average Core 

Compressive 

Strength (MPa) 

5% Cement 8.3 2140 5.83 

5% Highbond 7.6 2180 7.6 

 

Blocks from Groups 1 and 2 had considerably more physical evidence of the weathering than 

those of Groups 3 and 4, with the corners of most blocks having been eroded (Figure 2.2). 
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Figure 2.2 - Weathering of Group 1 blocks (Note that cracks (circled) are due to 

compressive testing rather than weathering) 

Prisms of blocks of the same group were constructed according to ASTM C1314-09. Prisms 

consisted of three to five blocks with mortar in between. The mortar used was a combination of 

the sifted soil used for Group 4, and enough water to achieve the desired workability. 

Approximately 5 mm of mortar was used between each block.  

 

All prisms were constructed and tested according to ASTM C1314 using a Riehle compression 

machine. The spherical head diameter of the machine was 226 mm, and a bearing plate of 

dimensions 595 mm x 405 mm was used, which exceeded the size of the prisms by more than the 

10 mm required by the ASTM method. The lower platen was a solid steel girder far exceeding the 

size of the specimens. A picture of the testing set-up is shown in Figure 2.3. Specimens were 
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loaded at a rate of 0.8 mm/min until failure and then allowed to continue loading until a failure 

mode could be determined, as specified in ASTM C1314. The testing plates were then wiped 

clean and another specimen was loaded, aligned and tested. All blocks were tested dry (ambient). 

 

Figure 2.3 - Typical Testing Set-up for Compression Testing (Note: rope shown carries no 

load) 

2.3 Results 

The results of individual prism testing are summarised below in Table 2.3. Results are reported 

according to ASTM C1314. Compressive strengths are rounded to the nearest 0.05 MPa. The 

loaded area was taken as prism length multiplied by prism width, and all specimens were tested at 

an age of 7 days following prism fabrication. Correction factors are calculated according to 

ASTM C1314 based on the ratio of prism height to least lateral dimension of the prism (hp/tp) and 

are used to correct reported strength for slender prisms. Correction factors are multiplied by the 

ultimate prism strength to determine the reported compressive strength in MPa. Failure modes 

reported are summarised in Figure 2.4. 
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Table 2.3 - Individual Prism Test Results Reported According to ASTM C1314-09. 
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Figure 2.4 - Prism Failure Modes (ASTM C1314, 2012) 

Averaged compression strength results are summarised in Table 2.4. Standard Deviation is not 

available for Group 1 because only 2 specimens were tested. 

Table 2.4 - Averaged Compressive Masonry Strength for Block Compositions. 

Group Compressive strength 

of masonry, fmt 

(MPa) 

Standard Deviation 

(MPa) 

1 1.75 N/A 

2 2.52 0.46 

3 6.30 0.80 

4 8.89 1.42 

 

The failure mode of the prisms was not always clear, but the best estimate was given in all cases. 

A typical failure is shown below in Figure 2.5. 
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Figure 2.5- Typical Prism Following Failure (Failure mode shown is ‘Semi-Conical Break’) 

Blocks which were broken sufficiently to expose the prism core revealed a change in colour 

(Figure 2.6). This may indicate different strengths or compositions between the core and shell of 

the blocks and may explain why face-shell separation occurred in some prisms. This would also 

explain the lower core strength seen in the compression testing performed by St. Lawrence 

cement of unweathered blocks, which examined only the inside of the blocks, which may not 

have experienced the same compressive curing as the outside shells. 
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Figure 2.6 - Prism Core Discoloration. 

2.4 Discussion 

Results of all tests were promising, with strengths exceeding the minimum recommended for 

earth walls of 1.0 MPa (Guillaud, et al., 1985). Cement was the largest factor when it came to 

compressive strength. Blocks without cement averaged compressive strengths of 2.22 MPa 

(standard deviation of 0.55 MPa), while blocks with cement or lime in any combination averaged 

8.11MPa (standard deviation 1.75 MPa).  

 

As discussed earlier, it cannot be determined from these tests whether covering provided an 

increase in strength because all groups where covering was used also was weathered for an 

additional year prior to testing, potentially skewing results because of the effects of weathering. 
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Results from group 4 can be compared to the unweathered samples tested in core samples by St. 

Lawrence cement. Group 4 had a higher strength than the cores tested, suggesting weathering 

does not play a role in strength reduction. In blocks without cement stabilisation, physical 

deterioration was observed in those blocks left uncovered, which would reduce the total area, 

reducing the total load they would carry. 

 

The pressure used to compress the blocks in fabrication also appears to play a role. Tests 

performed by Walker (1996) of blocks of similar clay content and cement soil ratio as Groups 3 

and 4, but compressed to only 2.0 MPa - 4.0 MPa during fabrication, exhibited dry compressive 

strengths of approximately 5.0 MPa, compared to the blocks tested in this paper which were 

exposed to 8.0 MPa – 12.0 MPa during fabrication and exhibited compressive strengths closer to 

9MPa. 

 
It is noted that while the blocks exhibited high strengths in vertical compression, they had poor 

cohesion between blocks, and little lateral force was required in order to unseat blocks from the 

prism. Although this test did not examine the lateral strength between these blocks, it could 

potentially be examined in the future. 

2.5 Conclusions 

Prisms of Compressed Earth Blocks (CEB's) were created from individual blocks created by 

compressing soil to between 8.0 MPa and 12.0 MPa. Blocks were created with and without 

cement stabilisation and weathered for between one to two years. Prisms were tested in vertical 

compression according to ASTM C1314 and exhibited an average compressive strength of 2.22 

MPa for unstabilized blocks, and 8.11 MPa for stabilized blocks. Both exceed the recommend 
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capacity of 1.0 MPa for use in walls. Weathering did not result in significant strength reduction in 

blocks, but it did result in physical deterioration of unstabilized blocks, potentially reducing their 

usability. It is unclear whether covering used during weathering had an effect on strength. Further 

tests on lateral stability are recommended to ensure the safety of block use in construction. 
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Chapter 3 

Structural Testing of High Density Straw Bales 

3.1 Introduction 

Currently in Canada, it is estimated that residential and commercial buildings account for 

approximately 30% of the nation’s greenhouse gas emissions, 33% of total energy use, and 50% 

of natural resource consumption (Sangster, 2006). Conventional building materials such as 

gypsum (drywall) and glass wool (insulation) require 7.4 MJ and 22.7 MJ of energy per kg 

respectively to manufacture (Raymond & Rousseau, 1992). With 57% of energy use within the 

manufacturing industry coming from non-renewable energy sources such as coal, oil, natural gas, 

and refined petroleum products (Statistics Canada, 2008) it is clear that in order to reduce 

greenhouse gas emissions and natural resource consumption, alternatives must be found both in 

generation of electricity and building materials.  

 

Straw bale construction, in which straw, confined by straps or bailing twine to form a bale, is 

stacked to form a wall and plastered with cement plaster, has been gaining popularity in the past 

15 years due to its excellent thermal (Cripps et al., 2004) and sound (Dalmeijer, 1993) insulation, 

as well as its low energy consumption (Cripps et al., 2004) and sequestration of CO2. Various 

tests have been performed to estimate the strength of straw bales under compressive loading 

(Bou-Ali, 1993;Watts et al., 1993;Vardy, 2009). These tests have generally focused on 

determining the stress-strain relationship and elastic modulus of bales. For straw bale tests 

performed under stress conditions typically found in a wall set-up (less than 0.06 MPa in the 

straw) (Watts et al., 1993), the modulus is found to be generally between 0.05 MPa and 0.7 MPa 
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(Watts et al., 1993) (Vardy, 2009) but it was found in tests done by Ashour (2003) that bales with 

higher densities exhibited a higher modulus, though no direct relationship was reported. Typical 

bale densities tested were between 80 kg/m3 to 150 kg/m3 (Vardy, 2009;Ashour, 2003;Field et al., 

2003). 

 

In a straw bale wall set-up, the plaster skin is the least environmentally friendly material, with the 

cement requiring approximately 5.9 MJ of energy per kg to manufacture (Raymond & Rousseau, 

1992), but also provides nearly all of the structural support (Vardy, 2009). Therefore, if the 

amount of plaster required can be reduced by increasing the stiffness of the bale, the 

environmental impact of straw bale construction can be further reduced. Therefore, the objectives 

of this testing program are as follows: 

1. To determine the effect of a straw bale's density on its elastic modulus 

2. To determine if orientation or number of straps in high density bales has any effect on 

stiffness. 

3. To determine if high density straw bales allow for a reduction in plaster thickness  in 

wall assemblies. 

3.2 Materials and Experimental Procedure 

High density or ‘Supercompressed’ straw bales were acquired from an industrial supplier (Olds 

AgTech) in Alberta for the purpose of testing. Supercompressed bales were made by exposing 

large amounts of straw to compressive stresses upwards of  20 MPa, in order to reduce their size 

significantly, then applying strapping to hold the compressed straw in place. This is typically 

done to prepare bales for transport overseas in shipping containers. 
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The bales were stored dry and uncovered prior to testing, however no readings of moisture 

content or humidity were recorded. Using a tape measure, the dimensions of the bales were 

recorded to within an accuracy of ±40 mm. This large inaccuracy is a result of the ends of bales 

being frayed, and it being unclear where the end of a bale is. From these recordings the volume 

was calculated. Bales were then weighed on a scale with an accuracy of ± 0.1 kg and using 

volume data, densities were calculated in kg/m3.  

 

Typical bales are contained by twine wrapping which runs the length of the bales, however these 

high density bales were enclosed in flat strapping made from plastic in order to contain more 

straw within a smaller space (Figure 3.1). All bales tested were contained by four straps, except 

for one bale which had 11 straps and was tested to determine if the straps affected the strength of 

the bales. 

 

 

Figure 3.1 - High Density Straw Bale with Strapping 

3.2.1 Unplastered Bales 

Straw in the bales was generally arranged in flat layers. Testing of unplastered bales was done 

with these layers oriented both parallel (flat) and perpendicular (edge) to the applied loading 
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(Figure 3.2) to determine if this would affect the bulk structural properties of the bales. Details of 

density, straps and testing orientation for unplastered specimens can be found in Table 3.1. 

Table 3.1 - Physical Properties of Unplastered Bales 

 

Bale 

Length 

(m) 

Width 

(m) 

Height 

(m) 

Mass 

(kg) 

Density 

(kg/m3) 

Number of 

Straps 

Testing 

Orientation 

A 0.51 0.30 0.31 12.35 274 4 Flat 

B 0.50 0.29 0.30 13.23 294 4 Edge 

C 0.57 0.30 0.30 13.9 309 4 Flat 

D 0.49 0.28 0.30 12.52 278 4 Flat 

E 0.51 0.30 0.30 11.62 258 4 Flat 

F 0.52 0.30 0.30 7.84 174 4 Flat 

G 0.5 0.30 0.30 12.69 282 11 Edge 

H 0.52 0.30 0.30 12.52 278 4 Edge 

 

 

 

Figure 3.2 - Straw Layer Testing Orientations 
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For compression testing, a Riehle testing machine was used to apply compression to the bales. 

Loads were transferred through two HSS 254x152x8 sections to a 25 mm x 400 mm x 600 mm 

steel plate, which transferred loads evenly to the bale. Displacement was recorded both by the 

Riehle and through four Linear Potentiometers (LP’s) secured to the Riehle. The LPs were placed 

underneath the HSS sections to record vertical displacement of the bale (Figure 3.3). 

 

 

 

Figure 3.3 - Compression Testing Set-up 

The LP’s had a maximum stroke of 100 mm which was exceeded during the loading and 

therefore loading had to be paused twice during each test in order to reset the LP’s further down 

to allow for compression beyond 100 mm. 

 

Bales were compressed at a constant rate of 4.0 mm/min with pauses to reset LP’s. Once a 

maximum force of 500 kN was reached, the bales were released at a rate of 20 mm/min. It was 

determined after analysis of the first six bales that the modulus could be interpreted well below 

the maximum load being applied, so Bales G and B were only taken to a maximum load of 150 

kN. Bale D, which was the first bale tested, was loaded to a maximum of 700 kN, however this 
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produced slight local deformations in the steel HSS sections and as such, the maximum force was 

reduced to 500 kN.  

 

Lateral deflections of the unplastered bales were measured using Digital Image Correlation 

(DIC). A digital SLR camera was placed approximately three metres away facing the bale face 

and was programmed to capture images every 10 seconds during testing. Images were then 

analysed using GeoPIV8, developed by White et al. (2003), which tracks the movement of 

individual patches between different images to provide an approximation of displacement. Image 

patches were digitally identified on the bales (Figure 3.4) and were tracked as they moved with 

the compression test. Displacements were outputted in pixels, which were then converted to SI 

units using known measurements of the bales.  

 

Using this data, displacements of the middle third of the bale were used to obtain the dilation ratio 

of the bales. In previous testing, Poisson’s ratio of bales is typically reported as the ratio of lateral 

strain to vertical strain. However, this is not an accurate use of Poisson's ratio as straw is a bulk 

material and not an entirely uniform. Therefore, in this paper, results are presented as the dilation 

ratio rather than as Poisson's ratio, however their calculation follows the same method. 

 

Deflections were measured in the middle third of the bale because lateral deflection in the top and 

bottom of the bale would be significantly affected by interaction with the loading plates. the 

middle of the bale would still have some restriction due to the loading plates, but would provide 

the best estimate for a specimen of this size. 
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Figure 3.4 - DIC Identifier Patches 

3.2.2 Plastered Bales 

Following testing of unplastered bales, three bales were fabricated with plaster skins. PVC 

formwork was mounted on the sides of the bales to ensure consistency in the plaster thickness. 

Bales were compressed to height of approximately 280 mm between plywood sheets and then 

held in place by straps to keep the height constant. Bales were then plastered on one side with 

approximately 25 mm thick plaster at a length of 400 mm. After curing for 24 hours with wet 

burlap covering the plaster to provide a humid environment, bales were turned over and plastered 

on the other side. (Figure 3.5). Following plastering, bales were covered in wet burlap to provide 

a humid environment for three days, after which burlap was removed and specimens were 

allowed to cure uncovered. 
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Figure 3.5 - Plastered Bales During Fabrication 

Plaster was made using custom mixes of cement, lime, and sand. The cement and lime was pre-

mixed and produced by King Packaged Materials of Brantford, ON. Cement used was made up of 

Mason’s Choice High Bond Portland Lime Type N, produced by St. Lawrence Cement. Type N 

cement contains equal parts cement and lime by volume. The lime from type N Highbond made 

up part of the lime content, while the remaining lime came from Bondcrete ® Mason’s Lime 

produced by GraymontDolime (OH) Inc. Masonry sand and tap water were used for the 

remaining ingredients. Sand was dried in an oven at 200° C for approximately 24 hours before 

mixing to remove additional moisture.  

 

Mix proportions were determined from earlier cube tests performed by Vardy (2009), and 

modified to achieve a target 14 day strength of 5.0 MPa. Mixes were created by combining dry 

ingredients in a drum mixer, then adding water while mixing until a desired workability was 

reached. Water amounts added were measured and used to calculate the ratio of water to cement 

by mass. 
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Cubes of each plaster were also made from the same batch as each skin in order to provide an 

estimate of plaster strength. Cube dimensions were 50 mm x 50 mm x 50 mm and were tested 

according to ASTM C-109 for compressive strength on the same day as the testing of each bale-

plaster assembly. Cubes were tested in compression at 1mm/min until they reached ultimate load, 

which was used to determine the cube strength of each plaster. 

 

Bale densities and plaster mixes and strengths are shown in Table 3.2. It should be noted that 

cubes for Bale K contained significantly sized air holes at edges, which would reduce the cross-

sectional area of the cube and reduce the actual strength of the plaster. All plastered bales were 

tested on edge. 

Table 3.2 – Plaster Mix Proportions 

 Cement:Lime:Sand 

(By Volume) 

W/CM 

Ratio 

(By Mass) 

Testing Age 

(days) 

Cube 

Strength 

(f’c) (MPa) 

Bale Density 

(kg/m3) 

Side 1 Side 2 Side 

1 

Side 

2 

Side 

1 

Side 

2 

Side 

1 

Side 

2 

I 328 .67:1.33:5.33 .67:1.33:5.33 2.38 2.38 14 13 5.02 6.28 

J 309 .67:1.33:5.33 .67:1.33:5.33 2.38 2.38 13 12 7.3 6.7 

K 310 1.67:1.33:5.66 1.67:1.33:5.66 .95 .95 12 11 6.8 7.2 

 

Prior to testing, plaster of Paris was used between the top plywood and the plaster skins to 

provide a level, even loading surface. The Riehle testing machine was also used in the testing of 

the plastered bales. Load was applied through the same steel plate on to a piece of plywood which 
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was flush with the plaster-bale assembly. The head was free to rotate, allowing unequal stresses 

to form on weaker sides. Loading rate was 1.0 mm/min.  

 

Deflection was measured only by LP’s placed under the steel plate. LP's were placed 

approximately 25 mm out from the corners of the plaster skins (Figure 3.6). 

 

 

Figure 3.6 - LP Locations for Plastered Bale Testing (Top View) 

3.3 Instrumentation 

Measurements of force were accurate to approximately ±0.3 kN due to signal noise from the 

input, while stroke was accurate to approximately ±0.3 mm for the same reasons. Raw input from 

the LP’s was in volts (V) and ranged from 0V (fully compressed) to 10 V (fully extended) with an 

accuracy of ±0.01 V due to signal noise. Volts were then converted to mm using known 

calibration data for each LP. DIC measurements were calibrated by measuring the height between 

plates before testing with measuring tape (±10 mm) and then by measuring the distance in pixels 
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of the initial image, creating a conversion factor for each test, which were used to derive 

displacements in mm. 

3.4 Results 

3.4.1 Unplastered Bales 

A typical load-deflection plot is shown below in Figure 3.7. Readings of displacement from the 

Riehle and LP’s generally fell within 1% of each other for all tests. Slight aberrations in the load 

can be seen when testing was paused to reset the LP’s, which caused slight relaxing of the bale, as 

the displacement was held constant during pauses. Bales returned to full stiffness upon restarting.  

 

 

Figure 3.7 - Typical Load-Deflection Graph 

Using measured values of distance between plates taken before compression, displacement values 

were converted to strains by dividing the displacement by the original height. Loads were 

converted to stresses by dividing the force by the cross-sectional area of the bale. Using these 

values, stress-strain plots were developed for each test, and a typical plot is shown below in 

Figure 3.8. 
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Figure 3.8 - Stress-Strain Diagram for Bale E 

Young's Modulus (E) or stiffness of each individual bale was measured as the slope of the stress-

strain plot. Typical wall failures occur at a compressive stress in the straw of 0.06 MPa (Watts et 

al., 1995) so slopes were measured at this stress for all bales. Dilation ratio was determined using 

vertical and lateral deflections from the middle third of the bale according to equation 3.1. 

  (3.1) 

Where: 

ν is the dilation ratio; 

εlateral is the lateral strain, taken as the change in width divided by the original width; 

εaxial is the axial strain, taken as the change in height divided by the original height. 

 

Lateral and axial deflections were taken from DIC analysis. Dilation ratio was calculated 

throughout the test, but reported results were taken at compressive stress of 0.06 MPa. An 
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example of the changing dilation ratio throughout a test can be seen in Figure 3.9.  The graph 

reverses after load was removed from the bale.   

 

 

Figure 3.9 - Typical Dilation Ratio Diagram 

 

A summary of results can be found in Table 3.3 and the relationship of modulus and density is 

shown graphically in Figure 3.10. Bales tested flat generally exhibited dilation ratios between 0.1 

and 0.3, however bales tested on edge experienced buckling within straw layers, which caused 

severe lateral deflection and skewed estimates of dilation ratio to greater than 0.5. These values 

are reported, but it should be noted that they represent an anisotropic material. 

 

The dilation ratio for Bales B and F could not be estimated because the camera equipment was 

moved during testing, preventing accurate assessment of deflection using DIC. Figure 3.10 shows 

the results of stiffness at various densities. It can be seen that orientation played a larger role in 
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determining stiffness than density. Additional data is necessary to establish a direct relationship, 

and lower density edge oriented bales would be useful in determining such a relationship. 

Table 3.3 - Unplastered Bale Testing Results 

Bale Density 

(kg/m3) 

Orientation Modulus 

(MPa) 

Dilation 

Ratio 

A  274  Flat  0.519  0.09 

B  294  Edge  1.331  n/a 

C  309  Flat  0.443  0.15 

D  278  Flat  0.636  0.15 

E  258  Flat  0.575  0.30 

F  147  Flat  0.362  n/a 

G  282  Edge  1.26  3.5 

H  278  Edge  1.01  3.5 

 

 

Figure 3.10 - Density Modulus Relationship 
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The DIC software provides only an estimate of the displacement of particles and its accuracy 

suffers from modeling the side of the bale as a two dimensional face, which ignores displacement 

towards the camera. Furthermore, it is prone to ‘chasing particles’ whereby it can report 

displacement of only small pieces of straw as it moves, which may not reflect the overall 

movement of the material. This has been corrected by taking an average location of sets of 

particles making up the edges of width and height being measured (Figure 3.11). It should also be 

noted that while this does provide an estimate of dilation ratio in the width-wise direction, this 

does not necessarily provide an estimate of dilation ratio in the lengthwise direction, or towards 

the camera. 

 

 

Figure 3.11 - Dilation Ratio Estimation Location 

 

Edge tested bales show a generally positive correlation between density and stiffness, and 

potentially gain more stiffness with higher density. This could be explained by higher densities of 

straw laterally supporting other layers and making it more difficult for straw to buckle outwards, 

however more testing is needed to confirm this relationship. It was also observed during testing 
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that straps on bales tested flat were generally loose and not providing any reinforcement, but in 

bales that were tested on edge, the straps helped prevent outward buckling and further stiffened 

them. 

 

It is clear that bales tested on edge perform better than those tested flat, with moduli typically two 

to three times higher for a bale of similar density. It should be noted however, that this only holds 

for the first 10-15% strain after which point edge bales experience softening to levels consistent 

with flat bales. This softening generally occurs after a stress of 0.06 MPa however and therefore 

in a wall system, bales would not experience this softening (Watts et al., 1993). 

 

Strapping was shown not to have an effect on strength. Bale G, with 11 straps, exhibited similar 

stiffness to Bales B and H, which had 4 straps and the same orientation. However, a larger sample 

size would increase confidence in this conclusion. 

 

The biggest limitation of this testing was the small sample size. Though stiffness seems to 

increase with higher density in the edge orientation, confidence could be improved through a 

larger sample. More testing is needed to confirm the seemingly rapid increases of modulus with 

density. Acquiring bales of higher density than those tested would be difficult however, as it was 

observed that bales at densities this high were seen bulging between straps and would likely no 

longer be contained at higher densities. 
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3.4.2 Plastered Bales 

A typical plot of the load-deflection relationship is shown below in Figure 3.12. LP locations are 

shown above in section 3.2.2. Side two began deflecting more until finally buckling at 66.3 kN, 

which released most of the load. 

 

Figure 3.12 - Typical Load-Deflection Plot for Plastered Bale Test 

 

In all three tests, a horizontal crack would form on one of the plaster skins and continue to grow 

larger until eventually failing suddenly in a buckling type failure (Figure 3.13). 



 

34 

 

 

Figure 3.13 - Buckling Failure Seen During Plastered Bale Tests 

The results of all three tests are shown below in Table 3.4. Ultimate loads are the maximum load 

reached during testing prior to failure and normalised strengths are determined by dividing the 

ultimate load by the plaster length (0.4 m). Plaster strengths are for the failed skin and taken from 

the mean of cube tests performed. 

Table 3.4 - Plastered Bale Testing Results 

Bale Failed Skin 

Plaster 

Strength 

(MPa) 

Plaster 

Strength 

Standard 

Deviation 

(MPa) 

Ultimate 

Load 

(kN) 

Normalised 

Load 

(kN/m) 

Plaster 

Normalized 

Bale Strength 

(kN/m/MPa) 

I 5.0 1.1 55 137.5 27.5 

J 6.7 1.0 66 165 24.6 

K 6.8 1.1 94 235 34.6 
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Results can be compared to a number of previous results and standards. Vardy (2009) performed 

a number of tests on plastered bales of densities ranging between 78 and 112 kg/m3. Although 

specific bale densities for each test were not reported, these results can be used as a standard 

density for comparison with these high density tests. Plastered bale results from Vardy and this 

thesis are summarized below in Table 3.5. 

Table 3.5 - Comparison of Results with Vardy (2009) 

Test Plaster 

Strength 

(MPa) 

Ultimate 

Strength 

(kN/m) 

Plaster 

Normalized 

Strength 

(kN/m/MPa) 

Vardy 1  1.43  59.1  41.3 

Vardy 2  1.43  57.6  40.3 

Vardy 3  1.43  61.2  42.8 

Vardy 4  1.12  51.8  46.3 

Vardy 5  1.12  41.3  36.9 

Vardy 6  1.12  57.4  51.3 

Vardy 7  0.8  49.3  61.6 

Vardy 8  0.8  48.4  60.5 

Vardy 9  0.8  31.6  39.5 

Vardy 10  1.43  34.7  24.3 

Vardy 11  1.43  38.2  26.7 

Vardy 12  1.43  33.2  23.2 

Vardy 13  1.43  82.7  57.8 

Vardy 14  1.43  68.6  48.0 

Vardy 15  1.43  91.5  64.0 

Tattersall 1  5.0  137.5  27.5 

Tattersall 2  6.7  165  24.6 

Tattersall 3  6.8  235  34.6 
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High density bales attained higher ultimate strengths, averaging 179.2 kN/m (Standard Deviation 

of 50.3 kN/m), compared to Vardy's tests, which averaged 53.7 kN/m (Standard Deviation of 17.6 

kN/m). The significantly larger deviation in these tests compared to Vardy's results can be 

attributed to the larger overall strengths being obtained in these tests. When the coefficient of 

variation is calculated, these tests achieve a coefficient of 0.28, while Vardy's have a coefficient 

of 0.33, suggesting a larger spread in Vardy's data.  

 

The high density bales also used a higher strength plaster, skewing their overall strength results. 

When normalized for plaster strength, the high density bales actually underperformed compared 

to Vardy's tests, averaging 28.9 kN/m/MPa, compared to Vardy's 44.3 kN/m/MPa (Standard 

deviations of 5.14 kN/m/MPa and 13.25 kN/m/MPa respectively). 

 

The reduction in normalized strength compared to standard density bales could potentially be a 

result of the poor adhesion between plaster and straw observed following testing. Also, because 

all high density bales were tested on edge, which was shown to increase stiffness, buckling of 

straw causes significant lateral deflections in bales, potentially increasing lateral force on the 

plaster skins and contributing to buckling. 

 

High density bales should not be dismissed outright however. Typical wall strengths for 

residential construction using conventional timber stud wall construction (38 mm x 140 mm) falls 

between 12 and 18 kN/m (Riley and Palleroni, 2001), well below the ultimate strengths of the 

high density bales. While promising, further testing of full size wall specimens using high density 

bales should be performed to evaluate their performance at a larger scale. 
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Vardy (2009) developed an equation for estimating plastered bale strengths. It is presented in 

Equation 3.2. 

2    (3.2) 

Where: 

Fult is the ultimate load on the plastered bale assembly at failure in Newtons; 

f'cube is the cube strength in MPa; 

L is the plaster skin length in mm (400 mm); 

tp is the plaster skin thickness in mm; 

EStraw is the straw bale modulus in MPa; 

εstraw is the strain in the straw at ultimate load; 

Astraw is the area of the straw bale (150,000 mm2). 

 

This model only describes failure by plaster crushing, and neglects the effects of buckling or from 

2nd order effects on skin stresses. Therefore, a second model was developed to predict bale 

strengths by taking into account stresses in the skin resulting from both axial effects and bending 

stress from lateral deflections. Stresses in the skin are calculated according to Equation 3.3 below. 

∆
  (3.3) 

 Where: 

σUltimate is the stress in the skin at failure in MPa; 

Pskin is the total force in Newtons in the skin at failure; 

Askin is the area of the skin in mm2; 
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Δlat is the lateral deflection in mm; 

t is the skin thickness in mm; 

Iskin is the moment of inertia of the skin in mm4; 

 

Equation 3.3 can be rearranged to predict the Failure Load at which the skin will fail. σultimate can 

be taken as the plaster crushing strength (f'c), and the lateral deflections can be estimated using 

the dilation ratio (Equation 3.4). 

∆   (3.4) 

Where: 

ν is the dilation ratio of the straw; 

εaxial is the axial strain at failure; 

h is the height of the plaster in mm. 

 

Note that the deflection is divided in half to provide the deflection for one skin only. 

Although Vardy (2009) found that the typical failure strain of plaster cubes was 0.0253, 

observations of plaster strain at failure in these tests averaged 0.0178 (standard deviation of 

0.0022). Therefore this strain was taken as the axial strain at failure in determining the theoretical 

strength of plastered bales. For these tests, the dilation ratio was taken as 3.5 from the results of 

unplastered, edge oriented, high density bales. Substituting Equation 3.4 into Equation 3.3, the 

equation was rearranged to predict ultimate failure load for the bales and is shown below in 

Equation 3.5. 
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. 0.0178  (3.5) 

Results of theoretical strength are presented below in Table 3.6. They are calculated using 

measured properties of each specimen. Specimens with ideal dimensions are presented as well for 

comparison. 

Table 3.6- Comparison of Experimental and Theoretical Results 

Bale Mean 

Plaster 

Thickness 

(mm) 

f'c 

(MPa) 

Pult 

(Experimental)

(kN) 

Pult 

(Theoretical)

(kN) 

Exp./theo. Length 

Normalized 

Theoretical 

Load 

(kN/m) 

I  38.3  5  55  64.7  0.85  161.8 

J  34.3  6.7  66  72.3  0.91  180.9 

K  41.3  6.8  94  97.9  0.96  244.6 

Ideal high 

density 

(edge) 

25.0  1  N/A  8.7  N/A  21.8 

Ideal high 

density 

(Flat) 

25.0  1  N/A  19.1  N/A  47.8 

Ideal 

standard 

density 

(flat) 

25.0  1  N/A  20.0  N/A  50.0 
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From these results it can be seen that the model presented above provides a close estimation of 

actual bale strength, with experimental to theoretical ratios falling between 85 and 96%. It can be 

seen from the comparison of ideal results that because of the significant lateral deflections from 

edge oriented bales due to straw buckling, they have a significant reduction in plastered strength. 

Flat oriented high density bales, which were estimated using a dilation ratio of 0.16 and a straw 

modulus of 0.5 MPa, performed at a similar level to normal density bales (dilation ratio of 0.11 

and straw modulus of 0.6 MPa (Vardy (2009)). All ideal bales still performed above those of 

standard wood stud walls (Riley and Palleroni, 2001), suggesting they would still be permissible 

as a building material, however strengths may be different at full height walls. 

 

It should be noted that specimen I experienced minor cracking prior to testing on the skin which 

did not experience buckling failure, which may explain the reduced experimental strength 

compared to theoretical strength. 

 

This model only provides an estimation for the lateral deflections due to material deflection and 

neglects global wall deflections that would occur in a full height wall as a result of buckling in the 

wall. Further work is needed to understand the behaviour of high density straw when used with 

multiple bales in both on edge and flat orientations. This model also assumes that bales are free to 

deflect laterally in plastered configurations, however the plaster would provide a certain amount 

of confinement and reduce the actual lateral deflection of each plaster skin. 

  

While high density bales have potential for reducing the amount of plaster required, this test does 

not address whether the insulation they provide is different than normal density bales. The 
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moisture and decomposition properties should also be investigated to determine their viability as 

a building material.  

 

3.5 Conclusion 

Density does not appear to play a significant role in the stiffness of straw bales tested flat, which 

exhibited moduli within ranges typical of lower density bales, or approximately 0.3 – 0.7 MPa. 

On-edge bales do exhibit higher stiffness though, with modulus averaging 1.2 MPa . Dilation 

ratio appears to be independent of density as well in flat bales, falling within the range of 0.1 – 

0.3, which is in agreement with previous results of regular density bales. It should be noted 

however that on edge bales experience buckling within layers and therefore expand significantly 

under loading. 

 

Plaster-straw assemblies with super compressed bales exhibit normalized loading in the range of 

130 kN/m to 230 kN/m dependent on the plaster strength of the skins. The mean, plaster 

normalized strength was 34.1 kN/m/MPa Failure typically occurs as a result of plaster buckling, 

which is a result of the significant lateral deflection pressure from edge oriented bales. Plaster 

normalized results show that high density bales perform worse than standard density bales. 

 

A theoretical model predicting the failure mode is presented and resulted in predicted strengths, 

which were, on average, 9.3% higher than those observed during testing. According to this 

model, normal density, flat oriented bales perform significantly better than edge oriented high 

density bales, and perform at the same level as flat oriented high density bales. Therefore, 
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according to these preliminary results, high density bales do not provide any performance benefit 

compared to normal density bales. 

 

 

Further compressive testing is needed both to determine a more precise relationship of modulus to 

density, as well as properties of full scale walls using high density straw. Further testing on the 

insulative properties of high density bales, as well as the potential for molding and decay would 

also be beneficial. 
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Chapter 4 

Axial Compression of Pinned-Pinned Straw Bale Walls 

4.1 Introduction 

Straw bale as a building material was first used in North America over 100 years ago (Magwood 

& Mack, 2000). However, it became less common as timber stud frame houses became popular. 

Since the 1990´s, homeowners and builders concerned with the large amounts of carbon dioxide 

produced and energy required to fabricate contemporary housing materials have begun turning to 

different materials. As a result, construction using bales of straw has seen a resurgence in 

popularity (Lerner et al., 2000). Construction typically consists of stacked bales of straw with 

sand-based plaster applied to the outside of the bales. Plaster provides structural support, while 

straw provides insulation. With the resurgence in popularity, testing and analysis has been 

undertaken to validate and measure the effectiveness and strength of straw bale walls. 

 

Various testing of the non-structural properties of straw includes thermal performance (Stone, 

2003;Watts et. Al, 1995), decomposition and moisture properties of straw (Summers et. Al, 

2003;Lawrence et. Al, 2009), and fire resistance (Intertek, 2007;Apte et.Al, 2008). 

 

Testing of full storey plastered walls has typically been in the form of bales stacked 6-9 courses 

high to form a wall (Figure 4.1). This type of wall, which simulates a full height straw bale wall 

in residential construction, is referred to in this thesis as “Full-Length” as opposed to a small wall 

composed of a single stack of bales, which is referred to in this thesis as “Single-Stack.”  
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Figure 4.1 - Typical Wall Set-up (Vardy, 2009) 

 

A review of tests of straw bale walls reported in the literature indicates that the end conditions 

typically cannot be classified as “fixed” or “pinned”. Walls are typically built on a base plate, 

which, due to the large width of a wall, provides significant rotational stability. Base plates are 

not bolted to the floor however, preventing them from being a “fixed” connection. Load applied 

to the box beam typically acts straight down on to steel members. While this would provide some 

resistance against rotation, it also does not fully qualify as a “fixed” connection. This combination 

of end conditions is referred to in this thesis as “standard” end conditions. This is in contrast to 

the specimens tested with “pinned-pinned” end conditions, where ends are free to rotate. 

 

Examples of researchers testing walls using standard end conditions include Faine & Zhang 

(2002), who  tested one and two storey full-length specimens. Walls were plastered using a 

combination of earth and lime plasters on top of an 18 gauge wire mesh. Plaster strengths were 

not reported, but ultimate strengths were 36 kN/m for the one-storey earth plaster wall, and 47 
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kN/m for the two storey-lime plaster wall. Carrick and Glassford (1998) tested single-storey, full-

length specimens, under standard end conditions. Racking and transverse loads were also applied, 

and as a result, ultimate loads were lower, typically between 20 and 22 kN/m. In the case of Platts 

& Chapman (1996), end conditions were not reported.  They tested single-stack walls with 

plasters of strength approximately 7.0 MPa and pre-tensioned with hexagonal reinforcing mesh. 

Ultimate strengths were reported as 66 kN/m at the limit of the testing frame.  

 

Vardy (2009) performed a large number of tests of both unplastered and plastered straw bales in 

various combinations. Testing was performed with full height, single bale high plastered walls, 

but with standard end conditions, as well as with three bale high specimens tested pinned-pinned 

in both concentric and eccentric loading. Full height stacks tested consistently at approximately 

35 kN/m, while shorter tests varied between 35 and 61 kN/m. 

 

Despite all this testing, there is a lack of literature on the strength of full height walls and stacks 

under pinned-pinned conditions. This knowledge is necessary to understand the effects of 

buckling in straw walls, and how it can contribute to failure.  

 

To fill in this gap in research, a research program was undertaken to understand the effects of 

pinned end connections for a straw bale wall. The objectives of this research program were to 

construct single-stack pinned-pinned walls similar to previously built  walls with standard end 

conditions and test them in axial compression in order to determine what effects rotation at ends 

will have on wall strength. Results were also compared to walls with similar end conditions at 

different wall heights, as well as walls of similar heights with standard end conditions. The last 
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objective is to provide guidance to engineers and designers for the structural capacity and 

behaviour of straw bale walls. 

4.2 Materials and Experimental Procedure 

Two-string barley straw bales were obtained from a farm in Elginburg, Ontario. In order to 

provide a consistent width, bales were trimmed to approximately 405 ± 10 mm using a custom 

wooden jig and a hedge trimmer (Figure 4.2). Bales had lengths between 800 and 900 mm and 

heights between 320 and 370 mm. Densities ranged between 80 kg/m3 to 85 kg/m3, suggesting an 

approximate modulus of 0.35 MPa when stacked flat (Vardy, 2009). 

 

Figure 4.2 - Bale Trimming Jig with Untrimmed Bale 

Three walls were constructed using trimmed bales stacked seven bales tall. Bales were stacked 

flat. That is, with the straw in the bale aligned horizontally, in order provide a surface for plaster 

to bond. Top and bottom plates were comprised of steel HSS sections welded into a ladder set-up, 
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each with a welded 56 mm diameter roller (Figure 4.3). Rollers allowed top and bottom plates to 

rotate during testing to create the desired pinned-pinned end conditions. 

 

Figure 4.3 - Steel Ladder with Welded 56mm Roller 

Straw bales were first stacked on the bottom plate, and then vertical steel spacers (Figure 4.4) 

were attached to the corners of the bottom plate. The top plate was placed on the straw, the straw 

was compressed approximately 15 mm and then the top plate was bolted down. Compressing the 

bales before plastering simulates common practice in constructing straw bale walls (Magwood et. 

al, 2005) and results in approximately 0.76 kN of force in the bales. The final height of the wall is 

2.31 m. 
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Figure 4.4 - Rendering of Stacked Bales with Vertical Spacers 

 

The main parameter changed for the three walls was plaster strength. Mix proportions by volume 

and the water to cement ratio (W/cm) for each plaster used are summarized in Table 4.1. 

Table 4.1 - Plaster Mix Proportions by Volume 

 Cement Lime Sand W/cm 

(By Mass) 

Wall 1 1 1 6 Variable 

Wall 2 0.4 1.2 6.4 5.55 

Wall 3 1 4.3 2.7 2.13 

 

All walls were plastered using a mixture of sand, hydrated lime, Portland cement, and water 

mixed in a rolling drum mixer before being applied to the wall. Plaster for Wall 1was prepared 

using pre-mixed mortar mix typically used by straw bale builders. The mix has a 



 

51 

 

cement:lime:sand ratio of 1:1:6 by volume. In this thesis, this plaster will be referred to as ‘1-1-6 

mortar’. 

The cement and lime was pre-mixed and produced by King Packaged Materials of Brantford, ON. 

Plasters for Walls 2 and 3 were custom made using standard mortar ingredients. Cement was 

made up of Mason’s Choice High Bond Portland Lime Type N, produced by St. Lawrence 

Cement. Type N cement contains equal parts cement and lime by volume. The lime from type N 

Highbond made up part of the lime content for Walls 2 and 3, while the remaining lime came 

from Bondcrete ® Mason’s Lime produced by GraymontDolime (OH) Inc.Masonry sand and tap 

water were also used for the mixes.  

 

Ingredients for Wall 1 were mixed by adding all dry ingredients into a batch mixer, then adding 

water until the desired consistency was reached. This was done multiple times, mixing many 

small batches. Ingredients for Walls 2 and 3 were mixed in a few large batches by adding a 

proportion of all dry ingredients and some water, then adding more ingredients and water, 

attempting to maintain the same consistency throughout mixing. 

 

Mix proportions for Walls 2 and 3were obtained using relationships derived by Vardy (2009). 

The goal was to obtain a plaster with a compressive strength of approximately 1.0 MPa (Wall 2) 

and 5.0MPa  (Wall 3).  

 

Wall 1 proportions were predetermined by the manufacturer of the plaster. The 1-1-6 mix was 

used instead of custom mixes because it was found during wall fabrication that the custom mixes 

cracked during curing and underperformed in strength. 
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For applying plaster to the wall, 25 mm edge formworks were placed 600 mm apart on each side 

of the wall to provide a guide to apply the plaster to a consistent depth. For Walls 1 and 3, wet 

plaster was first worked into the straw by hand to ensure proper bonding, and then brought to the 

full 25mm thickness and smoothed using masonry trowels. Wall 2 was first plastered using a thin 

‘scratch-coat’ which was allowed to cure for 24 hours before being taken out to the full plaster 

thickness with a ‘finish coat.’ Because of the inconsistency of bale trimming and wall leveling, 

the plaster thickness was not consistent across all skins. Following testing, holes were drilled 

through the cured plaster at regular spaces in order to measure plaster depths. Using this 

information, thicknesses across the skin were interpolated using the biharmonic spline method 

(Sandwell, 1987). 

 

Plaster cubes were made of each plaster batch according to ASTM C-109. Cubes dimensions 

were 50 mm x 50 mm x 50 mm and tested on the same day as each wall. Cubes were tested in 

compression at 1.0 mm/min until they reached ultimate load. This load was used to determine the 

cube strength of each plaster. 

 

Walls were cured in place and draped with wet burlap after plastering in order to maintain a wet 

curing environment. Burlap was rewetted every 12 hours for the first three days of curing, then 

removed. Burlap was not used for the first day of curing Wall 3 due to an oversight, and may 

have contributed to cracking experienced. Each wall typically experienced 72 hours of wet burlap 

before it was removed, after which walls continued curing in a dry indoor environment. 
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The two coats applied for Wall 2 were expected to adhere to each other. However, the two layers 

did not bond properly, leaving a 2 mm to 10 mm gap between each coat (Figure 4.5), which limits 

the amount to which the outer layer would adhere to the internal layer. 

 

Figure 4.5 - Example of Gap present between scratch and finish coats. 

During curing of Walls 2 and 3, the skins cracked significantly (Figure 4.6) as a result of the large 

lime content and high water to cement ratio in the plaster mixture. Cracks were gouged out 

(Figure 4.7) and refilled with additional plaster 24 hours after the initial plastering in order to 

repair the skin. This provided a more consistent exterior surface, but cracks still remained deep in 

the plaster skins. 
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Figure 4.6–Cracking Experienced During Curing of Walls 2 and 3 

 

Figure 4.7 - Cracks Gouged Prior to Replastering. 
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The objective of testing was to test each wall with pinned-pinned end conditions. Each wall was 

braced laterally at the top and bottom. The bottom roller was placed inside a steel channel. 

Wooden shims were used to maintain the alignment of the roller (Figure 4.8). 

 

Figure 4.8 - Bottom Pinned Connection Using Steel Channel and Wood Pieces 

Top bracing was provided against the finished plaster at a height of 2200 mm by an external 

wood stud wall, composed of 51 mm x 102 mm timber sections (Figure 4.9). This prevented 

lateral movement 110 mm below the top plate while allowing rotations of the top plate, creating 

the desired pinned-pinned conditions. This reduced the total unbraced length of the wall from the 

full 2310 mm height to 2200 mm. 



 

56 

 

 

Figure 4.9 - Bracing Arrangement and Specimen Dimensions 

The wall was tested using a hydraulic jack mounted on a steel testing frame to apply load 

vertically to the top of the wall (Figure 4.10).  
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Figure 4.10 - Wall Loading Set-Up 

Load was measured using a load cell with a capacity of 110 kN. Vertical deflections were 

measured on the top plate using four Linear Potentiometers (LP's), positioned on the steel ladder, 

15mm outside the corners of the plaster skin (Figure 4.11), while horizontal deflections were 

measured on the West facing plaster skin using three LP's at heights of 1680 mm, 1120 mm, and 

560 mm (Figure 4.12). The data for the load cell and all LP’s were captured using the System 

5000 data acquisition system. 
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Figure 4.11 - LP Locations on Top Plate for Vertical Deflections 

 

Figure 4.12 - LP Locations on West Facing Plaster Skin for Lateral Deflection 

Measurement 
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Lateral deflections were also recorded using Digital Image Correlation (DIC). A DSLR Rebel Xi 

camera aimed at the North side of the wall during testing (Figure 4.13) took photos every five 

seconds during testing. An incandescent flood lamp was used to illuminate the surface of the wall 

to be analyzed.   

 

Figure 4.13 -Lighting and DIC Capture Arrangement 

Photos were analyzed using GeoPIV8, developed by White et. al (2003). Patches were generated 

on the image of the bale face (Figure 4.14). Patches were tracked from image to image in order to 

measure deflection, in pixels, of the wall along the height. These deflections were transferred 

from pixels to mm using known measurements on the corresponding face, and averaged across 

the wall at each height to determine height specific lateral deflections during testing. 
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Figure 4.14 - Patch Locations for DIC Analysis 

4.3 Results & Analysis 

4.3.1 Wall 1 

Wall 1 was made using 1-1-6 mortar mix, and experienced no cracking during curing. Mixing 

was done in multiple batches, and water was added until plaster was wet enough to apply to the 

wall, but not so wet that it would fall off.  

 

For several batches, water was added past ideal workability, but was still used in plastering the 

wall. Plaster cube test results are presented in Table 4.2. Batch one represents a batch with ideal 
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workability, while Batch two represents a batch with water added past ideal workability. The 

average plaster strength is 6.2MPa with a standard deviation of 0.72MPa. 

Table 4.2 - Cube Results for Wall 1 

Batch Cube Strength (MPa) 

1 7.44 6.60 5.96 

2 5.64 5.64 5.72 

 

Vertical load-deflection results for Wall 1 are presented in Figures 4.15 and 4.16. For all tests, 

LP’s 1 & 4 represent deflection on the East skin, while LP’s 2 & 3 represent deflection on the 

West skin. 

 

 

Figure 4.15 - Vertical Load Deflections During Wall 1 Testing. 
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Figure 4.16 - Magnified Vertical Deflections of Wall 1 Prior to Failure. 

Load increased steadily until 4.1 kN, when the East skin began crushing at the top. This crushing 

stopped soon and the wall continued to behave linearly, with some rotation towards the East skin, 

seen as the lower slope of LP's 1 and 4. This continued until 40 kN, when the wall started rotating 

to the East significantly as the top of the East skin began crushing (Figure 4.17). After this point 

the wall behaves non-linearly with the East skin crushing at a consistent load until the test was 

stopped because the top plate began to touch the bracing. 
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Figure 4.17 - Eastern Skin of Wall 1 Following Failure 

Lateral deflections were measured at three locations over the height of the wall (Figure 4.18). LP 

5 recorded no deflection during the first part of the test and it was determined that the LP 

experienced slippage during testing. Therefore the results of LP 5 were excluded from any further 

analysis. 
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Figure 4.18 - Horizontal Deflections from Wall 1 From LP's 

There were almost no lateral deflections until the wall reached the peak load, after which it began 

deflection Westward as the top plate rotated into the crushing East skin. The wall continued 

deflecting West until the test was stopped at 33 kN.  

 
 

Following failure of the wall, plaster thicknesses in the skins were measured (Figure 4.19). 
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Figure 4.19 - Interpolated Plaster Skin Thicknesses for Wall 1 

 

From the DIC measurements of lateral deflection (Figure 4.20), it can be seen that the top 400 

mm of the wall undergoes much more significant deflection than the remainder of the wall. 
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Figure 4.20 - Height-Specific Lateral Deflections of Wall 1 as Recorded by DIC. 

4.3.2 Wall 2 

The plaster was made with theoretical seven-day strength of 1.0 MPa; however cube tests 

performed on the eighth day of curing (Table 4.3) indicated an average plaster strength of 0.88 

MPa with a standard deviation of 0.4 MPa. This low strength is likely because of the large 

amount of water used to reach the desired workability, which increased the water-cement ratio 

past the ideal amount, reducing the overall strength. 
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Table 4.3 - Cube Results for Wall 2 

Cube Cube Strength 

(MPa) 

1 0.90 

2 0.91 

3 0.83 

 

Vertical load-deflection results are presented in Figure 4.21. 

 

Figure 4.21 - Load Deflection Results for Wall 2 

The load increased linearly, with a small rotation towards the East side beginning at 1.0 kN. Once 

rotated, the load continued to increase linearly until just over 10 kN, when after some non-linear 

deformation, the outer finish coat delaminated from the scratch coat and fell away from the wall. 

Lateral deflections (Figure 4.22) indicate the wall buckled slightly towards the East side before 

the outer coat delaminated, removing the attached LP’s as it collapsed. 
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Figure 4.22 - Lateral Deflections for Wall 2 Prior to Delaminating. 

Once again LP 5 experienced slippage and was not included in analysis. At a height of 1100 mm 

on the wall, small deflections occurred to the East, before moving back at 6 kN. The wall then 

deflected laterally East until the outer skin delaminated, when the test was stopped. 

After the finish coat had delaminated, the remaining wall was re-instrumented and tested ‘as-is’ 

24 hours later with the remaining scratch coat to evaluate the strength of this weakened wall.  

This wall held load up to a maximum 4.2 kN (Figure 4.33) before cracking at the thinnest 

location. 
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Figure 4.23 - Vertical Deflections for Wall 2 Following Delamination 

Load increased linearly until 4.2 kN, when the wall began rotating towards the East, deflecting 

plastically. Load dropped at this failure as a result of cracking, then increased non-linearly until 

4.6 kN, when it cracked and continued deflecting plastically until the test was stopped because 

the top plate began to approach bracing. 

 

Thicknesses in each skin (Figure 4.24) were recorded after the second test and included some 

sections of the finish coat that did not delaminate.  
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Figure 4.24 - Interpolated Plaster Skin Thicknesses for Wall 2. 

4.3.3 Wall 3 

Wall 3 was plastered in one coat using the custom mixture outlined in the procedure. It was 

designed to reach an ideal seven day strength of 5.0 MPa. Cube testing results are presented in 

Table 4.4. Average plaster strength was 2.6 MPa, with a standard deviation of 0.19 MPa. Similar 

to the plaster used for Wall 2, the large amount of lime used required large amounts of water in 

order to reach workability and drastically increased the water-to-cement ratio, reducing the 

strength. 

Table 4.4 - Cube Results for Wall 3 

Batch Cube Strength (MPa) 

1 2.4 2.6 2.8 

2 2.5 2.9 2.6 
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Compression testing of Wall 3 was performed 7 days after initial plastering. Vertical load-

deflection results are presented in Figure 4.25.  

 

 

Figure 4.25 - Vertical Deflections during Testing of Wall 3. 

Load increased linearly until just above 2.0 kN. At this point the hydraulic jack used to apply load 

stalled and stopped applying additional load for several seconds. During this time the wall relaxed 

slightly, increasing deflections. After this point, load was increased linearly until 8.6 kN, when a 

large horizontal crack formed on the West skin around 1500 mm from the base and the load 

reduced to 2.2 kN. Load was then increased up to 10 kN, when a crack formed on the East skin 

1800 mm from the base, after which the wall deflected plastically around the 1500 mm crack 

until the test was complete. 
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Horizontal deflections were recorded using LP’s and DIC. Horizontal load-deflection results from 

LP’s are presented in Figure 4.26. 

 

Figure 4.26 - Horizontal Load Deflections for Wall 3 

LP 5 experienced slipping during testing and was therefore excluded from analysis. The wall 

initially began deflecting westward, increasing in load until the first crack formed at 8.0 kN, 

cause the wall to rebound slightly. After this, the wall began deflecting slightly eastward until 11 

kN, when the top West skin cracked and the wall began deflecting plastically westward. 

Lateral deflections from DIC data (Figure 4.27) confirms the wall formed a plastic hinge at 1500 

mm early in the test, buckling Westward before hinging at 1800 mm and deflecting Eastward 

before finally buckling around the first hinge Westward until the test was stopped. 
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Figure 4.27 – Wall 3 Lateral Deflections From DIC Data. 

Plaster thicknesses were measured after the test (Figure 4.28). 
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Figure 4.28 - Interpolated Plaster Skin Thicknesses for Wall 3 

4.3.4 Discussion 

At failure, each wall was subjected to a combination of axial compressive force and bending 

moments resulting from the compressive force acting through lateral deflections. An analysis of 

the walls was undertaken to estimate the stresses in the walls at failure and to compare them to 

the plaster cube strengths. 

 

A number of assumptions were made in analyzing the behaviour of the walls. It was assumed that 

the amount of load being carried by the straw was negligible. Straw bales have a much lower 

elastic modulus than plaster, and would typically take less than 5% of the load (Vardy, 2009). As 

such, the load on the straw bale was considered to be zero, although it would actually carry some 
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of the load, reducing the total actual load on the plaster skins. It should be noted that following 

plaster failure, straw becomes the primary load bearing element of the wall. 

 

It was also assumed that plaster skins bend independently from each other, with straw carrying no 

shear between the skins. This allowed analysis of each skin as an independently loaded skin being 

braced laterally by the straw. Straw would likely carry some of the shear and have some 

interaction between the plaster, but it was considered negligible in this case. 

 

Deflection of the plaster was also considered to be linear-elastic, allowing stresses due to lateral 

deflection to be calculated using static mechanics. Some of these deflections may be due to the 

plastic nature of the plaster or straw, which would have skewed lateral deflection and bending 

stress calculations to overestimate strength. 

 

At failure, the walls were subjected to a combination of axial compressive load and bending.  

The maximum compressive stresses in each plaster skin can be estimated as: 

 

∗ ∗

       (4.1) 

where: 

Pskin is the load on each skin in Newtons, and was taken as half of the total load on the wall; 

Askin is the area of the skin, and calculated by multiplying the minimum thickness at each height 

(tskin) by the skin width (600 mm); 
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Iskin is the moment of inertia of each individual skin, and was determined at each height using the 

minimum skin thickness at that height (tskin); 

δis the lateral deflection at each height. 

 

In order to determine lateral deflections at each height, results from the DIC analysis were used 

for Walls 1 and 3. These deflections were compared with LP readings at the specific heights to 

assess their accuracy (Figure 4.29 and 4.30). 

 

Figure 4.29 - Comparison of LP readings to DIC analysis at LP Heights for Wall 1 
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Figure 4.30 - Comparison of LP readings to DIC analysis at LP heights for Wall 3. 

 

LP and DIC deflections varied significantly for Wall 1, with a 33% difference at peak load for LP 

6, and 130% difference for LP 7. Despite the significant percentage difference, DIC deflections 

were had a difference less than 0.5 mm from LP data, and typically predicted larger deflections, 

making them conservative and therefore were used in the analysis. In Wall 3, deflections were 

much closer at peak load, with a 3% difference in LP 6 at peak load, and a 13% difference for LP 

7. Larger differences occurred during cracking, but because the DIC analysis provided useful 

deflections at all heights, they were used in the stress analysis of the walls. Other considerations 

for DIC are discussed later in this chapter. 

 

Stresses were calculated for all the walls using Equation 4.1. Results are summarized in the 

following sections. 
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4.3.5 Wall 1 

Using equation 4.1 and the lateral deflections from the DIC analysis at the peak load, the 

compressive stresses due to bending and axial load (Figure 4.31) and the combined, total stress 

(Figure 4.32) were determined along the height of the wall. 

 

Figure 4.31 - Stress Contribution from Bending and Axial Forces in Plaster Skins 

 

 

Figure 4.32 - Height Specific Total Maximum Stress of Wall 1 at Ultimate Load 
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Peak stress in the top of the wall was 4.77 MPa, which was 23% lower than the average plaster 

strength from cube tests (6.2 MPa), 35% below the maximum cube strength (7.4 MPa), and 14% 

lower than the minimum cube strength (5.6 MPa). This stress occurred in the upper East skin, 

which matches the observed failure mode closely, with crushing occurring at the top of the East 

skin during the test.  

 

4.3.6 Wall 2 

Stresses in the plaster were estimated using Equation 4.1. Because no DIC analysis was 

performed during this test, stresses at each height (Figure 4.33) were determined using axial 

contributions only. LP’s recorded horizontal deflection at 1100 mm and 1600 mm, and 

deflections were used to determine moment contributions to stress at those heights (Table 4.5). 

 

Figure 4.33 - Compressive Stress due to Axial effects in Wall 2 
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Table 4.5 - Compressive Stresses in Wall 2 at Peak Load. 

Height 

(mm) 

Axial Stress 

(MPa) 

Bending Stress 

(MPa) 

Total Compressive 

Stress (MPa) 

 East Skin West Skin East Skin West Skin East Skin West Skin 

1100 0.29 0.22 0.24 0.08 0.53 0.30 

1600 0.66 0.34 0.32 0.27 0.98 0.62 

 

The peak recorded stress in the wall is 0.98 MPa at 1600 mm in the East skin, which is 11% 

higher than the average cube strength (0.88 MPa), 7% higher than the maximum cube strength 

(0.91 MPa), and 18% higher than the minimum cube strength (0.83 MPa).  

 

Because of the pre-existing cracks in the scratch coat, lateral deflections at peak may be partly 

due to plastic deformation of the straw, which would cause an overestimation of the stress 

contribution from bending stress. 

4.3.7 Wall 3 

Stresses in Wall 3 were calculated using Equation 4.1. Stresses at peak load are presented in 

Figure 4.34. Bending effects were ignored because plastic deformation was already occurring at 

peak load, which would cause an overestimation because of significant lateral deflections. 
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Figure 4.34 - Plaster Stresses at Peak Load Due to Axial Effects for Wall 3. 

The peak stress was 0.91 MPa, which was 65% less than the average cube strength (2.6 MPa), 

69% less than the maximum cube strength (2.9 MPa) and 62% less than the minimum cube 

strength (2.4 MPa). The maximum stress also occurred in the East skin below where the second 

hinge occurred. It is likely that the hinge formed at a pre-existing crack formed during curing. 

On average, the analysis predicts that the failure mode of these walls is by compressive plaster 

crushing in the skins as a result of buckling from axial and bending stresses. Despite closely 

matching results between the calculated plaster stress and cube strength in Wall 2, a number of 

factors led to differences in the predicted plaster stresses and plaster cube strengths (assumed to 

be the failure stress in the walls). The largest factor was the significant variation in plaster 

thickness in the skins. This change in thickness would have caused unequal stresses at various 

parts of the skin, as well as further magnifying compressive stresses by putting additional bending 

stress on the plaster due to differences in thickness at different heights. However, these factors are 

typical in the construction of straw bale walls, and the use of minimum thickness in calculating 

skin area in this equation contributes to a conservative estimate of their strength.. 
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Plaster cracking was a significant problem during fabrication of the walls. Walls 2 and 3 were 

built using custom plaster mixes in large batches. Each of these mixes had more lime, requiring 

more water in order to hydrate properly. Although wet burlap was applied to the wall in order to 

create a moist curing environment, this did not supply enough water to prevent shrinkage in the 

plaster, which caused cracking. This cracking caused a significant reduction in overall wall 

strength in these two specimens, as it allowed hinges to form, allowing the wall to deflect 

laterally. This would be unlikely in practice, due to commercial plaster mixes being used, which 

are less likely to experience cracking during curing, and more rigorous plastering methods. 

 

The first wall also suffered a reduction in strength as a result of the top of the plaster skin not 

being flush with the top plate (Figure 4.35). During plastering, wet plaster being worked into the 

top fell away from the wall and could not be made to adhere to the straw. This reduction in 

thickness and creation of small gaps created concentrations of high stress, where the plaster began 

failing early in the test, causing rotation of the top plate. 
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Figure 4.35 - Finished, Non-flush Plaster for Wall 1 

Formworks were used on the side to provide a guide for bringing the plaster thickness to 25 mm, 

however because of the variable bale width, and the long width of the plaster skin, keeping a 

consistent plaster depth was difficult. Although holes were drilled in the plaster afterwards to 

estimate thickness, holes were only drilled in an area close to the centre of the skin (Figure 4.36). 



 

84 

 

 

Figure 4.36 - Interpolated Plaster Thicknesses with Drill Locations 

The interpolation of these thicknesses outside of the area where holes are drilled is prone to 

underestimation. When compared at a location where holes line up with the interpolation (Figure 

4.37), it can be seen that the interpolation beyond the top and bottom holes is treated as part of a 

descending trend, whereas the actual plaster behaviour is likely consistently at that depth for the 

remainder of the wall height. At the top thicknesses did tend to reduce because of difficulties in 

plastering, while thicknesses at the bottom of the skins tending to be greater. Overall this could 

potentially overestimate stresses in the plaster at certain areas. Furthermore, estimation of 

thicknesses at each hole involved placing a bolt in the hole until the lip of the bolt caught on the 

inside of the plaster, then marking where the outside of the plaster skin meets the bolt shaft. This 

method is fast and low cost; however accuracy is likely at best ±6 mm. 
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Figure 4.37 - Comparison of Interpolated and Measured Thicknesses  

DIC analysis provides a reasonably accurate interpretation of lateral deflections, but because 

deflections used are the mean deflection at each patch height, local deflections are not accounted 

for. These local deflections are difficult to measure with DIC because of small local movements 

in the straw and the tendency of patches to drift after straw. When patch deflections at the left and 

right side of the analysis area are compared to the average deflections (Figure 4.38), it can be 

seen that local deflections exhibit significant scatter and noise, even at similar heights, while 

mean values provide a more consistent deflection value. 
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Figure 4.38 - Comparison of Mean DIC Deflections with DIC Deflections at Skins 

Another source of error is the assumption in DIC analysis that the face being measured remains 

in-plane. Any deflections out of plane would result in a radial strain in the analysis. This tends to 

be more of a problem when the camera is very close to the specimen (Dutton, 2012), however 

with the large distance between the specimen and the camera in this test, radial distortions should 

not be a significant source of error, as they are typically less than a millimetre at this distance, 

which would typically skew stress results by approximately 0.5 MPa. 

 
In order to compare results to previous tests, peak loads for the three wall tests were normalized 

by the plaster length (600 mm). These values were compared to previous results of similar single-

stack tests performed by Vardy (2009) (Table 4.6). Vardy’s tests consisted of shorter pinned-

pinned tests as well as walls of similar height, with standard end-conditions.. Since a range of 

different plaster strengths were used, results were normalized by the average plaster strength. 
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Table 4.6- Normalized Wall results Compared to Similar Tests. 

Test Height 

(m) 

Plaster 

Strength 

(MPa) 

Pinned/Fixed Wall 

Strength 

(kN/m) 

Normalized 

Strength 

(kN/m/MPa) 

Vardy 1 0.33 0.8 Pinned 40.0 50.0 

Vardy 2 0.33 1.0 Pinned 61.3 61.3 

Vardy 3 0.33 0.9 Pinned 53.7 60.0 

Vardy 4 1.05 0.8 Pinned 36.6 45.8 

Vardy 5 1.05 0.9 Pinned 42.3 47.0 

Vardy 6 1.05 0.9 Pinned 41.7 46.3 

Vardy 7 2.31 0.8 Standard 35.8 44.8 

Vardy 8 2.31 0.8 Standard 36.8 46.0 

Vardy 9 2.31 0.6 Standard 37.3 62.2 

Wall 1 2.31 6.2 Pinned 82.7 13.3 

Wall 2 2.31 0.9 Pinned 16.8 18.7 

Wall 3 2.31 2.6 Pinned 16.8 6.46 

 

Wall strengths, measured in kN/m, were varied. Wall 1 outperformed all tests performed by 

Vardy, achieving a strength of 82.7 kN/m, but it also had significantly larger plaster strength. 

Walls 2 and 3, which had similar or greater plaster strength than Vardy’s tests, performed 

significantly worse, achieving only 16.8 kN/m. In order to compare the effects of height and end 

conditions, strengths were normalized by plaster strengths in MPa. 

Using normalized strengths, it can be seen that Wall 2 actually outperformed Wall 1, despite 

cracking in the wall. Average strength for these tests is 12.8 kN/m/MPa with a standard deviation 

of 6.13 kN/m/MPa. When compared to other pinned-pinned tests performed at various heights 

(Figure 4.39), it can be seen that an increase in height results in a reduction in normalized 
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strength. These results are preliminary however, and further work is needed to better establish this 

relationship.  

 

Figure 4.39 - Normalized Strength of Pinned-Pinned Walls at Various Heights. 

Comparing end conditions of similarly sized walls, these walls had 75% lower strength than the 

average normalized strength of Vardy’s tests with standard end conditions, which was 51 

kN/m/MPa. While some of this reduction can be attributed to the reduced strength of Walls 2 and 

3, the pinned end conditions clearly reduced the strength of the walls at this height.  

 

By allowing the top and bottom of the wall to rotate, any cracks that form during loading become 

hinge points in the wall. Plaster cracking in a wall with standard end conditions would not allow 

rotation to form, transferring load to the opposite, uncracked skin, causing it to break quickly, but 

not creating lateral deflections. In pinned behaviour, cracks create a weak point where lateral 

deflections become significant quickly, removing the potential for additional load to be added to 
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the skins. Essentially pinned-pinned connections create the opportunity for a plastic hinge to form 

in the wall, allowing the wall to rotate around this point.  

 

4.4 Conclusion 

A testing program was undertaken to understand the effects of pinned end conditions on plastered 

straw bale walls. Three walls were tested in compression with various plaster mixes, some of 

which resulted in cracking of the plaster during curing. Wall strengths were 16.8 kN/m for 

cracked walls and 82.7 kN/m for the uncracked wall. Failure in each case was as a result of 

plaster crushing due to axial and bending stresses. 

 

Normalized for plaster strength, the wall capacities were lower than previous tests with similar 

height or end conditions, averaging 12.8 kN/m/MPa compared to earlier tests averaging 52.1 

kN/m/MPa. The pinned end conditions resulted in a 75% reduction in strength compared to tests 

of a similar heights by allowing for plastic hinges to form in the wall, and allowing significant 

deflections to increase stress due to lateral deflections. Increased height further increases lateral 

deflections, because of bending across the wall height, causing an increase in moment 

contribution to the compressive stress in the plaster. Further testing should be undertaken to 

understand the exact reduction in strength these conditions would cause. 

 

  



 

90 

 

4.5 References 

Apte, V., Griffin, G. J., Paroz, B. W., Bicknell, A. D. (2008) "The Fire Behaviour of Rendered 
Straw Bales." Fire and Materials 32.5 pp. 259-279. 

 

ASTM (1998) “Standard Test Method for Compressive Strength of Hydraulic Cement Mortars 
(Using 2-in. or [50-mm] Cube Specimens” ASTM Standard C109, American Society for 
Testing of Materials, West Conshohocken, Pennsylvania. 

 

Carrick, J., and Glassford, J. (1998). “Compressive, Transverse and Racking Tests of Load-
Bearing Walls,” Research Report, Building Research Centre, University of New South 
Wales, Australia. 

 

Dutton, M., (2012). “Digital Image Correlation for Evaluating Structural Engineering “ M.Sc. 
Thesis. Kingston, ON. Queen’s University 

 

Faine, M., and Zhang, J.Q. (2002). "A Pilot Study Examining and Comparing the Load Bearing 
Capacity and Behaviour of an Earth Rendered Straw Bale Wall to Cement Rendered 
Straw Bale Wall,” International Straw Bale Building Conference, Wagga Wagga, 
Australia, 19 pp. 

 

Intertek (2007a) “1-Hr Fire Resistance Test of a Non-Loadbearing Straw Bale Wall,” Project No. 
3098054B, Intertek Testing Services, Elmendorf, Research Report, Texas, Prepared for 
the Ecological Building Network, Sausalito, California. 

 

Lawrence, M, Heath, A., and Walker, P. (2009) "Determining Moisture Levels in Straw Bale 
Construction." Construction and Building Materials 23.8 (2009): 2763-2768.  

 

Lerner, K., and Donahue, K. (2003). “Structural Testing of Plasters for Straw Bale Construction,” 
Research Report, Ecological Building Network, Sausalito, California, 23 pp. 

 

Magwood, C., and Mack, P. (2000). “Straw Bale Building: How to Plan, Design and Build with 
Straw”, New Society Publishers, Gabriola Island, B.C., 256 pp. 



 

91 

 

 

Magwood, C., Mack, P., Therrien, T. (2005). “More Straw Bale Building: How to Plan, Design 
and Build with Straw” New Society Publishers, Gabriola Island, B.C., 288 pp. 

 

Platts, B., and Chapman, L., (1996) “Developing and Proof-Testing the ‘Prestressed Nebraska’ 
Method for Improved Production of Baled Fibre Housing” , Canada Mortgage and 
Housing Corporation, 

 

Sandwell, David T. (1987) "Biharmonic Spline Interpolation of GEOS‐3 and SEASAT Altimeter 
Data." Geophysical Research Letters 14.2: 139 

 

Summers, M.D.,  Blunk, S.L., Jenkins, B.M., (2003). “How Straw Decomposes – Implications for 
Straw Bale Construction” Research Report, Ecological Building Network, Sausalito, 
California 

 

Stone, N., (2003). “Thermal Performance of Straw Bale Wall Systems,” Research Report, 
Ecological Building Network, Sausalito, California 

 

White, D.J., Take, W.A., and Boulton, M.D. (2003). “Soil deformation measurement using 
Particle Image Velocimetry (PIV) and photogrammetry,” Geotechnique, 53(7) pp. 619-
631. 

 

Vardy, S., 2009. “Structural Behaviour of Plastered Straw Bale Assemblies Under Concentric and 
Eccentric Loading” PhD Thesis. Kingston, ON. Queen’s University 

 

Watts, K., Wilkie, K., Thompson, K., and Corson, J. (1995). "Thermal and Mechanical Properties 
of Straw Bales As They Relate To a Straw House," Rep. No. 95-209, Canadian Society 
for Agricultural Engineering, Ottawa, Ontario. 

  



 

92 

 

Chapter 5 

Summary and Conclusions 

5.1 Summary of Research 

In this thesis, a series of tests were undertaken to better understand the compressive strength and 

properties of Compressed Earth Blocks (CEB’s), high density straw, and pin ended straw bale 

walls. 

Summarized below are the key conclusions of the research: 

1. Compressive strength of CEB’s weathered for one to two years was between 1.55 MPa 

and 10.2 MPa. 

2. Blocks with little to no cement stabilisation averaged strengths of 2.22 MPa, while 

cement stabilized blocks averaged 8.11 MPa. Weathering played a larger role for 

unstabilized blocks than stabilized blocks. 

3. Straw bales with high density do not exhibit significantly increased stiffness compared to 

typical density bales when oriented flat. Moduli in this orientation averaged 0.5 MPa. 

Bales oriented on edge exhibited higher stiffness, averaging a modulus of 1.2 MPa. 

4. High density bales oriented flat exhibit very little lateral deflection, while bales oriented 

on edge had significant lateral deflection. 

5. Single bales on edge with cement-lime plaster skins exhibited plaster normalized 

strengths averaging 34.1 kN/m/MPa, which is similar to results of normal density bales. 

6. The failure mode of edge oriented plastered high density bales was typically sudden 

buckling failure in the middle of the skin, which may result from the significant lateral 

deflections of the high density bales oriented on edge. 
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7. Full height single-stack walls with pinned-pinned end conditions averaged normalized 

strengths between 6.0 kN/m/MPa and 15.0 kN/m/MPa, which was significantly less than 

similar tests of smaller height, or similar height with standard end conditions. 

8. Typical failure mode was plaster crushing as a result of bending and axial effects. 

9. Cracking during curing of walls more easily allowed hinges to form 

10. For pin ended walls, an increase in height generally causes a reduction in strength. 

11. Compared to standard end conditions for straw bale walls, pin ended walls have less 

strength as a result of bending stresses being higher, and the opportunity for plastic 

hinges to form in the wall. 

5.2 Future Work 

Work and testing during this thesis identified several opportunities for future work to better 

understand the behaviour of natural building materials. These include: 

1. The resistance of mortared CEB’s to lateral loading 

2. The behaviour of high density bales when used in wall assemblies or multi-bale single-

stack assemblies. 

3. The effect of high density bale orientation on plastered assembly strengths. 

4. Decomposition and thermal properties of high density straw bales. 

5. A better understanding of the relationship between height and strength of pin ended straw 

bale assemblies. 

6. An evaluation of multi-storey bale walls and the effects of buckling at these heights. 

 

 


