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Abstract 

This thesis is primarily divided into two distinct experimental programs evaluating: 1) the 

thermal performance and, 2) the structural performance of straw bale construction.  

The thermal performance chapter describes hot-box testing (based on ASTM C1363-11) 

of seven straw bale wall panels to obtain their apparent thermal conductivity values. All 

panels were constructed with stacked bales and cement-lime plaster skins on each side of 

the bales. Four panels were made with traditional, 2-string field bales of densities ranging 

from 89.5 kg/m3 – 131 kg/m3 and with the bales on-edge (fibres perpendicular to the heat 

flow). Three panels were made with manufactured high-density bales (291 kg/m3 – 372 

kg/m3). The fibres of the manufactured bales were randomly oriented. The key 

conclusion of this work is that within the experimental error, there is no difference in the 

apparent thermal conductivity value for panels using normal density bales and 

manufactured high density bales up to a density of 333 kg/m3. 

The structural performance chapter describes gravity and transverse load testing (based 

on ASTM E72-15) of non-plastered modular straw bale wall (DBW) panels to evaluate 

their strength capacity and failure modes. The out-of-plane flexural (OPF) tests exhibited 

a mean ultimate bending moment of 49.7 kNm. The axial compression (AC) tests 

exhibited a mean ultimate line load of 161.0 kN/m. The local flexural header beam (HP) 

tests exhibited an ultimate line load of 31.6 kN/m. The OPF and AC capacities of the 

DBW exceeded the capacities exhibited by a conventional 38 mm x 140 mm stud wall. 

However, the DBW’s header beam strength and stiffness was inferior to conventional 

stud wall. 
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Chapter 1: Introduction 

1.1 General 

Greenhouse gas (GHG) emissions & global surface temperatures hit record highs for 

another consecutive year in 2014 making it hard to dismiss the idea of climate change 

(Blunden & Arndt, 2015). Building construction and operations account for 40% of the 

world’s global energy consumption and 33% of its greenhouse gas emissions (United 

Nation Envionmental Programme, 2009). Two of the major contributors to the building 

sector’s carbon footprint are the production of structural steel and concrete. The reasons 

for the large carbon footprint of these two materials are related to their energy intensive 

manufacturing process and the large volumes used, since they are the predominant 

materials used in building construction (Cement Association of Canada, 2016). The 

adoption of sustainable building materials would help reduce the embodied energy and 

GHG emissions related to the building sector. 

One material known to be sustainable is straw. After harvesting the grain from various 

sources, the remaining straw becomes a viable by-product that is usually compacted into 

bales. Straw has been utilized in light-frame construction for several decades. Typical 

straw bale walls consist of staggered bales, stacked and plastered for either bearing 

gravity loads or simply utilized as infill material within a frame (Figure 1-1) (King, 

2006). 

  
Figure 1-1: Load bearing (left) and non-load bearing (right) straw bale walls 

 (Source: http://www.solarhaven.org; http://www.fibertec.com) 

http://www.fibertec.com/
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Straw bale construction is considered highly sustainable because its embodied energy and 

carbon is substantially lower than conventional construction materials (Blanchard & 

Reppe, 1998; Offin, 2010). This is primarily the case because of the following reasons: 1) 

the embodied energy and carbon for the straw’s manufacturing phase is negligible in 

comparison to other sourced material since it is a by-product of the agricultural industry, 

and 2) the increased thermal performance subsequently reduces the space heating and 

cooling load exhibited by a building during its operational phase (Blanchard & Reppe, 

1998).  

1.2 Problem statement 

The application of straw bale construction has become popular worldwide with over 

1,670 registered buildings in 2017 (Sustainable Sources, 2017). However, there is still a 

lack of scientific data available in the published literature with regards to the thermal and 

structural properties of straw bale construction. Non-familiarized engineers are often 

justifiably skeptical of implementing straw bale panels in mainstream construction. 

Frequently, when clients persist on the implementation of straw bale construction, these 

engineers typically insist on performing full-scale testing prior to construction to confirm 

their suitability. The aforementioned scenario is evident in the case of the Centre 

Hastings Performing Arts Center (Magwood et al., 2009) and the Haliburton 4C’s Food 

Bank and Thrift Store (Vardy et al., 2006). Thus, there is additional cost, time and effort 

required for clients to implement straw bale construction (MacDougall, 2008). The scope 

of this thesis is to add to the straw bale construction literature in order to minimize the 

perceived risk of implementing this viable system.    
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1.3 Objectives 

The specific objectives for this thesis are defined as: 

1. Evaluating the effect of bale density on the thermal performance of plastered 

straw bale panels, 

2. Evaluating the structural performance of non-plastered modular straw bale wall 

panels under transverse and gravity loads. 

1.4 Thesis outline 

This thesis is presented in a manuscript format. The following paragraphs describe the 

scope of each chapter.  

Chapter 2 presents the comparison of the apparent thermal conductivity between seven 

(7) plastered straw bale panels with varying bale density. The apparent thermal 

conductivity was determined by means of an affordable hot box apparatus and following 

ASTM C1363-11 as a guideline. Four (4) panels were made with traditional, 2-string 

bales of normal density (89.5 kg/m3 – 131 kg/m3) and with the bales on-edge (fibres 

perpendicular to the heat flow). Three panels were made with manufactured high-density 

bales (291 kg/m3 – 372 kg/m3). The fibres of the manufactured bales were randomly 

oriented. It should be noted that the hot box as well as the plastered straw bale panels had 

already been constructed prior to the beginning of this thesis.   

Chapter 3 presents the assessment of the ultimate capacity as well as the failure modes of 

full-size modular non-plastered straw bale panel (DBWs) in out-of-plane flexure and 

axial compression. Triplicates of these panels were tested without straw infill for the out-

of-plane flexural tests and with and without straw infill for the axial compression tests. It 
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also presents the assessment of the effect of sheathing, cross-section properties and 

loading location on the flexural capacity and failure modes of the header beam fastened at 

the top of the half-size modular non-plastered straw bale panel. Duplicates of various 

configurations without straw infill were tested. Finally, the behaviour of the DBWs are 

compared against Abbassi’s (2014) STUD walls to investigate the validity of the DBW 

for residential construction. 

Chapter 4 presents a summary of the conclusions identified in each preceding chapter and 

proposes future areas of research.   
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Chapter 2: Effect of bale density on the thermal performance for 

plastered straw bale panels 

2.1 Introduction 

The building industry is responsible for approximately 40% and 33% of the global energy 

consumption and greenhouse gas (GHG) emissions, respectively (UNEP, 2009). It is also 

the sector with the largest potential to reduce these parameters using currently available 

technologies. (UNEP, 2009) 

Sartori & Hestnes (2007) and Ramesh et al. (2010) have compared Life Cycle 

Assessments (LCA) of residential buildings and have found that their energy 

consumption is dominated by the operational phase, which includes all the energy 

consumed after the construction until the demolition or recycling. Furthermore, the 

United Nation Energy Programme suggests that 60% of the energy of the operational 

phase is used for space heating (UNEP, 2009). 

With the recent push for sustainable engineering from programs such as Leadership in 

Energy and Environmental Design (LEED), more studies are being performed on the 

benefits of energy efficient homes. Blanchard & Reppe (1998) performed a LCA 

comparing a standard home (SH) and energy efficient home (EEH) located in Ann Arbor, 

Michigan and concluded that the life cycle energy and life cycle global warming potential 

of a EEH is reduced by a factor of 2.73 and 2.71, respectively.  The authors also state that 

the most efficient strategy to reduce a home’s heating energy consumption is by 

implementing better insulation. One possible sustainable solution for greater thermal 

performance would be using straw bale walls. Magwood (2014) suggests that straw bale 
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walls are energy efficient due to their high thermal resistance (R-value), in addition to 

having reduced embodied energy, and contributing to indoor air quality.  

Briefly, straw bale walls consist of stacked bales with thin plaster membranes (which 

may be earthen or lime-cement, and which may be reinforced or unreinforced) on each 

side (Figure 2-1). The bales may be stacked “flat” or “on-edge” (Figure 2-2). According 

to some literature, the thermal performance of straw bale walls can vary depending on 

the configuration of the wall, including: the type of straw, the age of straw, the moisture 

content, the bale density, and the orientation of fibers (Stone, 2006).  

Thermal conductivity is typically measured by means of a guarded-hot-plate (ASTM 

C177-13) or by means of a hot box (ASTM C1363-11) and is defined as “the time rate of 

steady state heat flow through a unit area of a homogeneous material induced by a unit 

temperature gradient in a direction perpendicular to that unit area” (ASTM C168-15a). 

Since the panels are constructed of non-homogeneous materials (i.e. straw and plaster) 

and may exhibit several modes of thermal transmission, the apparent thermal 

conductivity will be evaluated for this testing program. 

To date, Table 2-1 and Table 2-2 summarize thermal tests on straw bale reported in the 

literature. Both Tables demonstrate that bales of straw from rice, wheat, and barley with 

densities ranging between 63 kg/m3 to 138 kg/m3 have been tested. Reported values of 

thermal conductivity range between 0.033 W/mK and 0.1461 W/mK. 

Some of this variability can be attributed to the orientation of the straw fibres with 

respect to the heat flow. McCabe (1993) and FASBA (2009) showed that individual straw 

bales with fibers oriented perpendicularly (i.e. bales on-edge) to the heat flow are 
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between 20% to 35% less thermally conductive than bales with fibers oriented parallel 

(i.e. bales flat). This can be attributed to the more direct conductive path through the 

fibers in bales laid flat as opposed to the discontinuity between fibers in bales laid on-

edge (McCabe, 1993). CEC/ATI (1997) performed tests on 2 plastered straw bale walls 

and found a much larger difference (55%), however, the wall with bales laid flat was 

found to have significant voids, inflating its apparent thermal conductivity. However, 

comparing the perpendicular fiber test of CEC/ATI (1997) with the parallel fiber test of 

Christian et al. (1998), which was conducted using bales with density and moisture 

content similar to the CEC/ATI test, there is still close to a 20% decrease in apparent 

thermal conductivity for plastered straw bales with parallel fibers. 

Another important parameter which affects straw bale thermal performance is the 

presence of plaster. The results indicate that unplastered straw bales have a lower 

thermal conductivity than plastered straw bales: 45% less for straw fibres oriented 

perpendicular to heat flow, i.e. bales on-edge (on average, as based on McCabe 1993, 

Beck et al. 2004, FASBA 2009) and 35% less for straw fibres oriented parallel to heat 

flow, i.e. bales flat (on average, as based on McCabe 1993, FASBA 2009, Vejeliene et al. 

2011).  Moisture has some impact on thermal conductivity, with CEBTP (2004) finding 

that the thermal conductivity of straw increases 10% as moisture content increased from 

0% to 23%. On the other hand, Ashour (2003) found little difference in the thermal 

conductivity of similar wheat and barley bales. 

Straw bales obtained directly from the “field” can have widely varying densities. The 

international market for forage products has led to the development of “high-density 
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manufactured” bales that can be produced to specified dimensions and densities (Figure 

2-3). Densities of well over 300 kg/m3 can be achieved. In addition, the straw fibres are 

much more randomly distributed as compared to field bales. Thus, there is no clear “flat” 

or “on-edge” orientation with these bales. A long-held concern has been whether straw 

bale density affects the thermal performance. Shea et al. (2012) and FASBA (2009) 

conducted tests on bales with densities ranging between 63 kg/m3 and 123 kg/m3 and 

found differences in apparent thermal conductivity of only 8%. However, these densities 

are less than half that of high-density manufactured bales. 

The high-density manufactured bales could offer some important advantages for straw-

bale builders, including more quality control of dimensions, density, and moisture 

content. However, data on the thermal performance of walls built with these bales is 

needed.    

2.1.1 Objectives 

There has been no thermal testing reported in the literature of straw bale panels 

constructed with high-density manufactured bales. It is important to determine if the very 

high density of these bales and random fibre orientation affects the apparent thermal 

conductivity. The objectives of the current study are: 

1. Determine the apparent thermal conductivity of panels constructed with high-

density (greater than 300 kg/m3) manufactured straw bales through hot box 

testing. 
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2. Determine if there is a significant difference in the apparent thermal conductivity 

of straw-bale panels using high-density bales and the apparent thermal 

conductivity of straw-bale panels using “normal density” (approximately 100 

kg/m3) bales.  

3. Determine if there is a significant difference in the apparent thermal conductivity 

of straw-bale panels using high-density bales and the apparent thermal 

conductivity of straw-bale panels reported in the literature.  

2.2 Experimental program 

The experimental program is intended to evaluate the effect of bale density on the 

thermal performance of plastered straw bale panels by means of a hot box, following 

ASTM C1363-11 as a guideline. The experimental program started by characterizing the 

heat losses of the system using two (2) characterization panels with known thermal 

properties at various temperature differentials.  Next, three (3) identical, regular density, 

plastered field straw bale panels were evaluated to correlate the experimental results with 

the literature. Another medium density plastered field straw bale panel was evaluated. 

Then, an additional three (3) plastered manufactured straw bale panels with increasing 

densities were tested. 

2.2.1 Specimens and parameters 

Two (2) characterization and seven (7) plastered straw bale panels were fabricated 

between January and May 2014 by Seitz & MacDougall (2015). Table 2-3 and Table 2-4 

summarizes the specifications of the characterization panels and thermal straw bale 

panels, respectively. The panels’ dimensions are 1,370 ± 5 mm x 1,180 ± 5 mm x 410 ± 5 
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mm (C1, S1, S2, S3, & S4) and 1,370 ± 5 mm x 1,070 ± 5 mm x 360 ± 5 mm (C2, S5, 

S6, & S7). Note that typical wall panels as installed in a building will be about 2,400 mm 

x 2,400 mm. The test panels have been scaled down to permit testing in an available 

environmental chamber. Furthermore, characterization panel C1 and specimen panels S1, 

S2 and S3 were tested twice to confirm that the system was note affected over time. 

These two iterations are labeled with the “-1” and “-2” suffix.  

The characterization panels were fabricated with a combination of 38.1 mm and 25.4 mm 

expanded polystyrene (EPS) board insulation corresponding to the 410 mm and 359 mm 

straw bale panel thicknesses. Figure 2-4 visually represents the characterization panels’ 

assembly. The difference in panel thickness was a result of the dimensions available by 

the bale manufacturer at the time of construction. The thermal conductivity of the EPS 

boards was retrieved from the product’s manufacturing label. This led the 

characterization panels C1 and C2 to have thermal resistances of 10.53 (m2 K)/W and 

9.21 (m2 K)/W  

Panels S1, S2 and S3 are composed of regular density (90 kg/m3), 457 mm x 356 mm x 

838 mm 2-string barley bales laid on-edge with nominally a 25.4 mm thick layer of lime-

cement plaster on both sides. Each panel is composed of three (3) rows of one full bale 

and one-half bale, alternating the location of the split. 

Panel S4 is composed of medium density (131 kg/m3), 457 mm x 356 mm x 838 mm 2-

string spelt bales laid on-edge with nominally a 25.4 mm thick layer of lime-cement 

plaster on both sides. Each panel is composed of three (3) rows of one full bale and one-

half bale, alternating the location of the split. 
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Panel S5 (Figure 2-4), S6 and S7 are composed of high density (291-372 kg/m3), 305 mm 

x 305 mm x 533 mm compressed wheat bales laid flat with nominally a 25.4 mm thick 

layer of lime-cement plaster on both sides. Each panel is composed of four (4) rows of 

two full bales. These bales are tightly compressed that there is no distinctive orientation 

of the fibers.  

Lime-cement plaster was used throughout because it is the most common type of render 

implemented in straw bale construction.  

2.2.2 Methodology 

The hot box utilized for these tests was the hot box (Figure 2-5 & Figure 2-6) presented 

in Seitz & MacDougall (2015). The construction followed as a guideline ASTM C1363-

11 a test standard for the thermal performance of building materials and envelope 

assemblies by means of a hot box apparatus. The standard describes a metering box with 

5-sides of known insulation, and the test specimen installed on the 6th side. The energy 

required to keep the inside of the box at a steady temperature can be used to calculate the 

thermal resistance of the specimen through the net balance of the heat flow at steady-

state, Equation (2-1):  

𝑸𝒉 + 𝑸𝒇 − 𝑸𝒎𝒘 − 𝑸𝒇𝒍 − 𝑸𝒖𝒂 =  𝑸 = 𝑨 ∙ ∆𝒕 𝑹⁄  ( 2-1 ) 

Where, 

Qh  = net heat added by heaters, W 

Qf  = net heat added by fans, W 

Qmw  = metering box wall loss, W 

Qfl  = flanking loss, W 

Qua  = unallocated losses, W 
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Q  = heat flow through the specimen, W 

A  = metered area of heat flow, m2 

∆t  = surface temperature difference across the specimen, K 

R  = thermal resistance of the specimen, m2·K/W 

In the current testing, the net heat contributed by the heater (Qh) was measured using a 

Microswitch CSDC1DA current sensor and recording the time a 150W light bulb was on 

inside the metering chamber. Effectively, the sensor counts the positive pulses (light bulb 

on) sent to the data acquisition system at a rate of 120Hz (0.0083sec). 

The metering box wall loss (Qmw) corresponds to the heat loss through the five (5) walls 

of the metering box. Qmw can be estimated with Equations (2-2) and (2-3) as described in 

ASTM C1363-11: 

𝑸𝒎𝒘 =
𝝀𝒆𝒇𝒇 𝑨𝒆𝒇𝒇(𝒕𝒊𝒏−𝒕𝒐𝒖𝒕)

𝑳
 ( 2-2 ) 

𝑨𝒆𝒇𝒇 = 𝑨𝒊𝒏 + 𝟎. 𝟓𝟒 ∙ 𝑳 ∙ ∑𝒆𝒊 + 𝟎. 𝟔𝟎 ∙ 𝑳𝟐 ( 2-3 ) 

 

Where, 

λeff  = effective thermal conductivity of base insulation and the skin material, W/m K 

∆tin-out  = inside-to-outside temperature difference across metering chamber walls, K 

L  = metering chamber wall thickness, m 

Ain  = metering chamber inside surface area, m2 

Σei  = sum of all metering chamber interior edge lengths formed where two walls 

meet, m 

 

The flanking loss (Qfl) corresponds to the heat loss at the junction of the specimen and the 

surround panel. Qfl can be can be estimated with Equation (2-4) as described in ASTM 

C1363-11: 
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𝑸𝒇𝒍 = 𝝀𝒆𝒇𝒇 ∙ (𝑨 𝑳⁄ )𝒆𝒇𝒇 ∙ ∆𝒕𝒂−𝒂 ( 2-4 ) 

 

Where, 

(A/L)eff  = effective area/path length of entire frame around its perimeter, m  

∆ta-a   = air-to-air temperature difference (baffle-to-baffle), K 

 

When performing the characterization tests, the flow through the characterization panel 

(Qcp) can be determined since the thermal resistance (R) of every wall is known. Using 

the slope of the linear regression of the characterization data, the total losses (Qloss) of the 

system can be characterized at designated temperatures. The total losses are initially 

characterized with Equation (2-5): 

 

𝑸
𝒍𝒐𝒔𝒔

=  𝑸
𝒉

+ 𝑸
𝒇

− 𝑸
𝒄𝒑

  ( 2-5 ) 

 

The difference between Qloss and the theoretical value, which is the summation of the 

estimated Qfl and Qmw, will be attributed to unallocated losses (Qua) that can be associated 

to estimating error and additional flanking or metering box losses.  

Once the characterization is complete, Equation (2-1) can be re-applied but including the 

total losses of the system and a specimen with an unknown thermal resistance. It is then 

possible to solve the equation in terms of the heat going through the specimen (Q), which 

subsequently leads to determining the apparent thermal conductivity with Equation (2-6). 

𝝀𝒂 = 𝑸 ∙ 𝒕𝒉𝒊𝒄𝒌.   𝑨 ∙  𝚫𝒕⁄   ( 2-6 ) 

 

Where, 

λa  = specimen apparent thermal conductivity, W/m K 

thick. = specimen thickness, m 



15 

 

2.2.3 Apparatus, testing conditions and instrumentation 

As described in Seitz and MacDougall (2015), the hot box apparatus was placed in an 

environmental chamber (EC) cooled by two controlled chillers. To minimize the impact 

of air flow created by the chillers, styrofoam baffles were placed in between the chillers 

and the apparatus in addition to fastening a “cold” box of the same dimensions as the 

metering chamber to the specimen’s cold face. The cold box and metering chamber were 

fastened to the specimen by means of four (4) threaded rods on both sides. The face of 

the surround panel, cold box, and metering chamber included a layer of neoprene sill 

gasket to help seal the apparatus. 

In addition to the specifications prescribed in Seitz and MacDougall (2015), the surround 

panels were tightly secured to the specimen by two (2) L-angles placed on the outside 

edges around the entire perimeter of the specimen. A layer of polyethylene vapor barrier 

was applied on both hot and cold surfaces of the specimen to minimize the potential 

impact of condensation, which would affect the moisture content inside the specimen.  

Seitz and MacDougall (2015) determined that the period to accurately reflect steady state 

condition is 9 hours. This was determined by evaluating the apparatus’ effective time 

constant (τeff), which is the apparatus’ response time to attain 37% of equilibrium after a 

step change of 1 K (ASTM C1363-11). Prior to starting the 9-hour conditioning period, 

the panels were given a minimum of 12 hours to eliminate the thermal lag and reach 

steady-state. Three (3) temperature differentials were applied to each specimen with the 

temperature set at 294.15 K (21 °C) for the metering chamber and 279.15 K (6 °C), 

264.15 K (-9 °C), and 249.15 K (-24 °C) for the EC. This results in nominal Δt of 15 K, 

30 K and 45 K. 
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The surface temperature is determined by sixty-two (62) Type T 24AWG wired 

thermocouples with ±0.5 °C instrumentation error. Nine (9) thermocouples were located 

on the cold surface of the specimen and nine (9) thermocouples were located on the hot 

surface of the specimen. In addition, four (4) thermocouples were evenly distributed on 

each cold and hot baffle, three (3) thermocouples were located on the inside and outside 

of the top, left, right, and bottom wall of the metering chamber and six (6) thermocouples 

were located on the inside and outside of the back of the metering chamber. 

The data acquisition system used for these tests were two (2) MCCDAQ USB-2416 with 

AI-EXP32 for recording the thermocouples and a custom-fabricated Digital I/O for 

measuring the heater power input mentioned above. The data was scanned every 2 

seconds and the sample average was recorded every 10 seconds resulting in 3,240 data 

points for the 9-hour conditioning period upon reaching steady-state. 

The moisture content of the straw infill of panels S3 and S5 were monitored with the 

Delmhorst FX-2000, which can read between 6-40%, during the subsequent months to 

determine if the seasonal laboratory environment created any fluctuations in the initial 

moisture levels.  

2.3 Results & discussion 

2.3.1 Characterization panels 

Table 2-5 summarizes the test results for all three characterization panels. The test results 

from C1-1 were used for tests S1-1, S2-1, S3-1, and S4-1. The test results from C1-2 

were used for tests S1-2, S2-2, and S3-2. The test results from C2-1 were used for tests 

S5-1, S6-1, and S7-1. The total losses for the characterization panels are shown in Figure 
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2-7 with the theoretical curve of the metering wall and flanking loss (Qmw + Qfl) 

estimated with the equations prescribed by ASTM C1363-11.  

The net heat added by the fans (Qf) was initially taken as the manufacturer’s specification 

(17.28 W); however, duplicating a test with and without fans showed that the fans were 

not performing as specified. Disregarding the effect of top-to-bottom surface temperature 

differential created by eliminating the fans, the heater should input an additional 17.28 W 

when a test is run with no fans. However, when tests S5-1 & S5-NF and S6-1 & S6-NF 

were run without fans, the additional energy ranged between 3.61W to 7.19W, much 

lower than the anticipated 17.28 W. Therefore, the net heat added by the fans (Qf) was 

calculated by making the following assumptions during the characterization tests.  

Knowing that the energy inputted by the heater is a linear function with the temperature 

differential (∆t), Qf   was estimated as the constant energy needed to set the y-intercept of 

the linear regression of the characterization data to zero losses when ∆t = 0. The reason 

behind setting the y-intercept to zero is because there should theoretically be no heat 

transfer when there is no difference in temperature between the inside and outside of the 

box. These estimated values range from 9.10 W to 9.28 W, which are more in line with 

those measured during the tests without fans. The latter estimated values were used for 

the fans energy as opposed to the lower measured value because the temperature 

distribution within the metering box would have been non-uniform due to the fans being 

off and would have led to some extent, erroneous heater input readings.  

With these assumptions on the energy due to the fans, Figure 2-7 indicates that the hot 

box apparatus is behaving as expected with the slopes of the characterization curves 
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having a slope very similar to the theoretical curve with a difference of 1.7%, 0.7%, and 

4.2% for test C1-1, C1-2 and C2-1, respectively.  

2.3.2 System sensitivity analysis 

2.3.2.1 Heat flow distribution comparison for characterization panels and straw bale 

panels 

As seen in Table 2-5, the energy input by the heater (Qh) for each of the characterization 

panels increased as the outside temperature decreased. However, it is important to put 

this energy input in the context of the total energy balance. The proportion of the energy 

flow through the various components of the hot box and characterization panel (in this 

case for panel C1-1) is shown in Figure 2-8. This breakdown shows that although the heat 

contributed by the fans is constant, relatively speaking, there is a much greater 

contribution to the energy balance at the low temperature differential (6 ºC) than at the 

higher temperature differentials. This is important because the fan energy, as explained 

previously, is an estimated value, and any errors in this estimation will therefore affect 

the precision of the measurement of the apparent thermal conductivity. Figure 2-8 also 

shows that the energy flow through the characterization panel is only 3 – 4% of the total. 

This means that errors in the measurement of the inputted energy (fans and heater) could 

have a large impact on the calculation of the apparent thermal conductivity. 

Ultimately, the objective of this work is to measure the apparent thermal conductivity of 

plastered straw-bale panels. Table 2-6 and Table 2-7 summarize the testing of the straw 

bale panels. Again, the energy input by the heater (Qh) for each of the straw bale panels 

increased, as would be expected, as the outside temperature decreased. Figure 2-9 shows 

the proportion of the energy flow through the various components of the hot box for a 
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straw-bale panel test (in this case for panel S1-1). A key observation is that energy flow 

through the straw-bale panel is much higher than through the equivalent characterization 

panel, comprising 11 – 12% of the total. 

As noted by Buratti et al. (2016), the thermal resistance of the characterization panel has 

an impact on the accuracy of the total loss estimation. The characterization panels were 

constructed to be dimensionally as close as possible to the straw bale panels; however, 

the characterization panels are much more thermally resistant than the straw panels.  

Conceptually, the impact of this on the thermal conductivity calculations can be assessed 

by considering the analogy between the heat flow and water flow. Consider a 4-sided box 

filled with water, and in Scenario 1) the box has three walls that are highly permeable 

and one wall that has low permeability. In Scenario 2) all four walls of the box are highly 

permeable. The volume of water going through the three highly permeable walls in 

Scenario 2 will be lower than the volume of water going through the walls in Scenario 1. 

Relating this to the thermal tests, the characterization curves were determined under 

Scenario 1, but the straw bale specimens resembled Scenario 2. Based on the heat 

distribution portrayed in Figure 2-8 and Figure 2-9, one can see the difference between 

the heat distribution of C1-1 and S1-1; subsequently, this will reduce the accuracy of the 

C1-1 characterization curve when it is used to determine the total losses for S1-1 (and for 

all the other straw bale panels as well). Therefore, the apparent thermal conductivity 

values for straw bale panels presented in this chapter should not be considered the “true” 

values, but rather the relative values in comparison to each other. 
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2.3.2.2 Error propagation analysis for thermal conductivity calculations  

Figure 2-10 displays a sample of the raw data for panel C1-1 at 6 °C and it clearly shows 

that the apparatus can maintain steady-state conditions, on average, over the 9-hour time 

constant. Some spikes in the power readings were observed, however these had limited 

impact on the average Qh. However, the fluctuation of the hot and cold specimen surface 

temperatures is significant. The standard deviation of the recorded surface temperatures 

fluctuates between 2.7 K and 4 K. This will subsequently affect the precision of the 

characterization curve used to calculate the total losses of the system. 

Figure 2-11 demonstrates the sensitivity of the calculated apparent thermal conductivity 

for straw bale panel S1-1 to changes in the surface-to-surface temperature differential 

(Δts-s) of up to ± one standard deviation. The standard deviation of Δts-s is smaller for 

lower temperature differentials; however, its impact on the calculated apparent thermal 

conductivity is much larger because the total input energy is relatively smaller than at 

higher temperature differentials. The maximum difference from the apparent thermal 

conductivity value calculated based on the average Δts-s is ± 159% for test S1-2 at 6 °C. 

The average difference was 68% for all panels at every temperature differential.  

The variability in the measured energy input values was relatively small, with typical 

coefficients of variation between 1% to 4%. Figure 2-12 shows the sensitivity of the 

calculated apparent thermal conductivity for straw bale panel S1-1 to ranges in heat flow 

value of ± one standard deviation. Like the Δts-s sensitivity, the standard deviation of Qh 

is smaller at the lower temperature differential; however, its effect on the final apparent 

thermal conductivity of the panel is larger. Again, the deviation is larger at the lower 
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temperature differential because the total amount of energy input into the system is 

relatively small in comparison to the energy at a higher temperature differential. The 

maximum difference in the apparent thermal conductivity from that calculated using the 

average Qh was ± 14% for test S7-1 at 6 °C. The average difference for all panels at every 

temperature differential was 8%.  

This analysis indicates that the apparent thermal conductivity calculations are 

approximately twice as sensitive to Δts-s variations as to energy measurement variations. 

This is the case because Δts-s is multiplied by the slope of the characterization curve, 

where the theoretical slope is equal to 2.003 W/Δt, as opposed to Qh which is directly 

inputted into the energy balance equation. Reducing this slope, which is done by reducing 

the total losses, would reduce the sensitivity. 

2.3.3 Plastered straw bale panels 

As the previous analysis indicates, the apparatus is highly sensitive and less reliable at the 

lower temperature differential. Therefore, when considering the straw bale panels, the 

results obtained at the 6 °C setting were neglected.  

Table 2-6 summarizes the results obtained for the plastered straw bale panels S1 to S3 

and Table 2-7 for panels S4 to S7. In Figure 2-13, apparent thermal conductivity values 

are plotted with respect to bale density. The error bars associated with the data for this 

experimental program indicates the error propagated through the apparent thermal 

conductivity calculations due to the scatter in temperature and heat input measurements.  

Panels S1, S2 and S3 were manufactured with 90 kg/m3, 2-string barley bales laid on-

edge. Their average apparent thermal conductivity is 0.143 ± 0.045 W/mK. CEC/ATI 
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(1998), CEBTP (2004) and Shea et al. (2012) reported apparent thermal conductivity 

values for plastered straw bale panels with fibers oriented perpendicular or randomly with 

respect to heat flow. The apparent thermal conductivity results obtained from CEC/ATI 

(1998) and Shea et al. (2012) have been plotted with the apparent thermal conductivity 

results obtained in this experimental program against the bale density in Figure 2-13. 

CEBTP (2004) was left out because the bale density and fiber orientation were not 

recorded; however, the reported apparent thermal conductivity value was 0.095 W/mK.  

The average experimental apparent thermal conductivity values for S1, S2, and S3 are 

76% and 64% larger than CEC/ATI and Shea et al.’s reported values, respectively. The 

larger apparent thermal conductivity measured in this experimental program can be 

attributed to voids discovered inside the panels. Following the thermal tests, and upon 

dismantling the panels (S1 through S7), voids as large as 300 mm were uncovered along 

the perimeter of the plaster of the regular density panels S1, S2, S3 and S4, as well as at 

the joints between the high-density bales, going completely through the panels S5, S6 and 

S7 (Figure 2-14). These voids are believed to have been a result of the “scaled-down” 

panels that were used in the testing, which made it more difficult to accommodate the 

typical bale sizes. These voids are large enough that natural convection could occur, 

permitting additional heat flow and reducing the panel’s effective thermal conductivity 

(Straube, 2011). Although the perimeter voids in panels S1-S4 appear to be much larger 

than the voids in panels S5-S7, the voids in panels S5-S7 extend the entire thickness of 

the panels, providing an unobstructed convective flow path.  In contrast, the voids in 

panels S1-S4 only extend approximately one-fifth of the thickness, therefore the heat still 

has to travel, to some extent, through the straw. It would be expected that in a normal 
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sized wall panel, builders would ensure these voids have been filled, and the apparent 

thermal conductivity would thereby approach values reported by CEC/ATI and Shea et 

al.  

Nevertheless, the results in Figure 2-13 can be used to compare the apparent thermal 

conductivity of straw bale panels with normal density bales (S1, S2, S3, S4) and high-

density manufactured bales (S5, S6, S7). Within the experimental error, and up to a 

density of 333 kg/m3 (S6), there does not appear to be a discernable difference in 

apparent thermal conductivity as bale density increases. There is also no discernable 

difference in the apparent thermal conductivity of panels made with conventional bales 

orientated flat, and the panels made with the high-density manufactured bales. An 

exception is specimen S7 made with manufactured bales of density 372 kg/m3, and which 

has a significantly higher apparent thermal conductivity than the other panels. It is 

possible that S7 is an outlier; however, it may also indicate a transition point where the 

straw bale density is affecting the thermal conductivity.  

Typically in North America, the thermal performance of building components is reported 

as an R-value. Calculated R-values (in U.S. customary units) per inch thickness of the 

wall panels are reported in Table 2-6 and Table 2-7. On average, the panels have an R-

value of 1.0 per inch for bale densities up to 333 kg/m3. Note there is a significant 

difference in the thickness of panels with normal density bales and high-density 

manufactured bales (Table 2-4). Considering the difference in thickness, the panels with 

normal bales and high-density bales have R-values of 16 and 14, respectively. However, 

assuming that the R-value measured in the current study is about 76% lower than the true 
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value, this suggests more realistic R-values of 28 and 25 for panels with normal and high-

density bales, respectively. These values should be regarded with caution until full-size 

panels with high-density bales can undergo thermal testing.    

2.4 Summary & future work 

To summarize the conclusions of this chapter: 

1. Based on this experimental program, the true apparent thermal conductivity of the 

panels could not be confirmed; however, their relative values could still be 

compared. 

2. Within the experimental error, there is no difference in the apparent thermal 

conductivity of straw-bale panels using high-density (291 kg/m3 – 372 kg/m3) 

bales and the apparent thermal conductivity of straw-bale panels using normal 

density (89.5 kg/m3 – 131 kg/m3).  

Since this experimental program was unable to confirm the true thermal performance of 

plastered manufactured straw bale panels, there is still a need to attribute thermal 

properties for these panels as builders could take advantage of the additional structural 

performance these bales exhibit while knowing the thermal performance of their 

construction. 
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Table 2-1: Summary of hot-plate testing of straw bale as reported in the literature. 

Year Authors 
Straw 

Type 

Moisture 

Content 

Density 

(kg/m3) 

Fiber 

Orientation 

Bale [+Plaster] 

Thickness (mm) 

λ 

(W/m K) 

1993 McCabe Wheat 8.4% 133 
Perpendicular 419 0.04727 

Parallel 584 0.06053 

1995 Watts et al. - - - - 467 [N/A] 0.093 

2003 Ashour 
Wheat 

- 
82-138 

- - 
0.033 

Barley 69-98 0.034 

2004 Beck et al. Barley - 80 Perpendicular 22 0.041 

2004 CEBTP - 

0% 

80 - 50-100 

0.0645 

16% 0.0675 

23% 0.0705 

2009 FASBA Wheat 0% 
81-111 Perpendicular - 0.0440 

105 Parallel - 0.0670 

2011 Vėjelienė et al. Barley - 65.2 Parallel 100 0.0645 

2012 Shea et al. Wheat R.H. 50 63-123 - 300 
0.0594-

0.0642 

 

Table 2-2: Summary of hot-box testing of straw bale panels as reported in the literature. 

Year Authors 
Straw 

Type 

Moisture 

Content 

Density 

(kg/m3) 

Fiber 

Orientation 

Bale [+Plaster] 

Thickness (mm) 

λ 

(W/m K) 

1997 CEC/ATI Rice 11% 107 
Perpendicular 406 [+ 51] 0.0811 

Parallel 584 [+76] 0.1471 

1998 Christian et al. Wheat 13% 128 Parallel 483 [N/A] 0.0995 

2004 CEBTP - - - - 360 [+40] 0.095 

2012 Shea et al. Wheat - 115 Random 490 [include] 0.087 

2016 Conti et al. Wheat 
12.5% 65.7 

Parallel 530 
0.062 

11.5% 84.1 0.070 

 

Table 2-3: Specifications of the characterization panels  

Panel ID Infill 
Height  

(mm) 

Width  

(mm) 

Depth  

(mm)  

λeff 

 (W/m K) 

C1 
EPS 1,370 ± 5 

1,180 ± 5 410 ± 5 
0.0386 

C2 1,070 ± 5 360 ± 5 
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Table 2-4: Specifications of plastered straw bale panels  

Panel ID Infill 
Moisture 

Content 

Density  

(kg/m3) 

Fiber 

Orientation 

Height  

(mm) 

Width  

(mm) 

Bale [+Plaster] 

Thickness 

(mm)  

S1 

Barley 

7-8% 

89.5 

Perpendicular 

1,370 

± 5 

1,180 

± 5 

356 [+54]  

± 5 

S2 90.1 

S3 89.6 

S4 Spelt 131 

S5 

Wheat 

291 

Random 
1,070  

± 5 

305 [+54]  

± 5 
S6 333 

S7 372 

 

Table 2-5: Summary of data from testing of the characterization panels 

 
  

Test ID

Set Temp. ℃

σ σ σ σ σ σ σ σ σ
Qh W 15.7 0.74 51 0.94 85 1.95 19.7 0.69 53 0.78 81.9 1.16 21 0.73 50 0.94 87 1.24

% of flow 32% 42% 45% 34% 43% 45% 35% 42% 45%
Qf W 9.17 9.17 9.17 9.3 9.3 9.3 9.10 9.10 9.10

% of flow 18% 8% 5% 16% 7% 5% 15% 8% 5%

A in m
2 4.70 4.70 4.70 4.70 4.70 4.70 4.70 4.70 4.70

L m 0.133 0.133 0.133 0.133 0.133 0.133 0.133 0.133 0.133

λ eff W/mK 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

t hm ℃ 22.4 3.41 22.4 3.63 21.7 3.81 22.9 3.86 22.6 4.12 22.6 4.56 22.8 3.86 22.3 4.07 22.1 4.32

t cm ℃ 10.0 2.53 -5.0 2.69 -19.9 2.88 9.5 3.56 -4.4 3.25 -18.5 3.88 9.3 3.04 -4.2 3.01 -18.9 3.20

(t hm  - t cm) K 12.4 27.4 41.6 13.4 27.0 41.1 13.5 26.5 40.9

 Σ e i m 7.518 7.518 7.518 7.518 7.518 7.518 7.518 7.518 7.518

A eff m
2 5.25 5.25 5.25 5.25 5.25 5.25 5.25 5.25 5.25

Qmw W 22 50 75 24 49 74 24 48 74

% of flow 45% 41% 40% 42% 39% 41% 41% 40% 38%

λ eff W/mK 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

(A/L) eff m 5.11 5.11 5.11 5.11 5.11 5.11 4.88 4.88 4.88

t hb ℃ 23.0 1.98 23.4 2.03 23.1 2.12 23.7 2.07 23.9 2.11 24.0 2.17 23.4 2.05 23.2 2.09 23.4 2.10

t cb ℃ 11.4 0.58 -5.7 0.62 -21 0.68 9.0 0.43 -5.8 0.52 -20 0.62 10.3 0.39 -4.8 0.50 -20 0.57

Δ t a-a K 11.6 29.1 43.8 14.7 29.7 44.2 13.1 28.0 43.3
Qfl W 2.3 5.7 8.6 2.91 5.9 8.71 2.5 5.3 8.16

% of flow 5% 5% 5% 5% 5% 5% 4% 4% 4%

R m
2 

K/W 10.53 10.53 10.53 10.53 10.53 10.53 9.21 9.21 9.21

A m
2 1.62 1.62 1.62 1.62 1.62 1.62 1.46 1.46 1.46

t hs ℃ 22.5 2.70 22.8 2.79 22.4 2.80 23.0 2.68 22.9 2.80 23.1 3.12 23.1 2.68 22.7 2.78 22.7 2.88

t cs ℃ 11.5 2.90 -5.3 3.15 -20.1 3.26 9.0 3.26 -5.5 3.36 -19.8 3.89 10.4 3.04 -4.6 3.25 -19.6 3.49

Δt K 11.0 28.1 42.5 14.0 28.3 43.0 12.8 27.3 42.3

Qcp W 1.69 4.3 6.5 2.15 4.4 6.61 2.0 4.3 6.7

% of flow 3% 4% 3% 4% 3% 4% 3% 4% 3%

Qloss W 23.1 56 87 27 58 85 28 55 89

% of flow 47% 46% 47% 46% 47% 46% 47% 46% 47%

Qua W -1.5 9.10 16.7 -0.3 12.4 14.9 0.8 10.7 21

% error -6% 1% 4% -1% 7% 2% 3% 4% 9%

Slope (linear regression)

Slope (theoretical)

C1-2 C2-1

6 -9 -24 6 -9 -24

2.037

2.003

C1-1

6 -9 -24

2.0881.990
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Table 2-6: Summary of data from testing of panels S1, S2 and S3  

 
 

 
 

Test ID

Type

Density kg/m
3

Set Temp. ℃

σ σ σ σ σ σ
Qh W 21.5 0.76 59.5 1.22 97.1 1.38 23.2 0.73 58.6 0.67 96.6 1.43

% of flow 35% 43% 46% 36% 43% 46%
Qf W 9.17 9.17 9.17 9.28 9.28 9.28

% of flow 15% 7% 4% 14% 7% 4%

ths ℃ 22.10 2.79 21.80 2.93 21.59 3.16 22.51 2.73 22.52 2.83 22.03 2.97

tcs ℃ 10.82 3.02 -4.64 3.34 -18.8 3.76 9.09 3.21 -4.75 3.41 -18.2 3.57

Δt K 11.29 26.43 40.41 13.42 27.27 40.27
Qloss W 23.0 53.9 82.3 26.7 54.3 80.1

% of flow 38% 39% 39% 41% 40% 38%

A m
2 1.62 1.62 1.62 1.62 1.62 1.62

thick. m 0.410 0.410 0.410 0.410 0.410 0.410
Q 7.66 14.8 23.9 5.81 13.6 25.8
% of flow 12% 11% 11% 9% 10% 12%

λ W/mK 0.17 0.14 0.15 0.11 0.13 0.16

R-value in
-1 0.839 1.017 0.962 1.316 1.140 0.891

89.5

6 -9 -24

Barley

S1-1 S1-2

Barley

89.5

6 -9 -24

Test ID

Type

Density kg/m
3

Set Temp. ℃

σ σ σ σ σ σ

Qh W 20.8 0.68 55.4 1.08 95.1 1.56 21.9 0.83 59.2 0.66 99.2 1.17

% of flow 35% 43% 46% 35% 43% 46%

Qf W 9.17 9.17 9.17 9.28 9.28 9.28

% of flow 15% 7% 4% 15% 7% 4%

ths ℃ 22.47 2.75 22.09 2.92 21.60 3.03 22.65 2.65 22.68 2.78 22.97 3.30

tcs ℃ 11.23 3.06 -3.08 3.38 -18.5 3.66 9.69 3.10 -4.52 3.36 -18.8 4.00

Δt K 11.24 25.17 40.15 12.96 27.20 41.82

Qloss W 22.9 51.3 81.8 25.8 54.1 83.2

% of flow 38% 40% 39% 41% 40% 38%

A m
2 1.62 1.62 1.62 1.62 1.62 1.62

thick. m 0.410 0.410 0.410 0.410 0.410 0.410

Q 7.02 13.3 22.5 5.40 14.4 25.2

% of flow 12% 10% 11% 9% 10% 12%

λ W/mK 0.16 0.13 0.14 0.11 0.13 0.15

R-value in
-1 0.913 1.081 1.018 1.367 1.079 0.944

90.1

-24-96

S2-1

Barley Barley

S2-2

90.1

6 -9 -24
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Note: Units for R-value per inch thickness are U.S. customary units: (hour∙ft2∙ºF)/(BTU∙in) 

Test ID

Type

Density kg/m
3

Set Temp. ℃ 6 -9 -24

σ σ σ σ σ σ

Qh W 19.7 0.83 55.5 1.43 98.4 1.00 21.1 0.98 60.2 0.90 102 0.98

% of flow 34% 43% 46% 35% 43% 46%

Qf W 9.17 9.17 9.17 9.28 9.28 9.28

% of flow 16% 7% 4% 15% 7% 4%

ths ℃ 22.09 2.76 21.82 2.83 22.15 3.04 22.57 2.70 22.32 2.88 22.66 3.15

tcs ℃ 11.07 3.04 -4.11 3.27 -19.2 3.54 9.44 3.03 -4.96 3.31 -19.0 3.63

Δt ℃ 11.02 25.93 41.33 13.13 27.28 41.70

Qloss W 22.5 52.8 84.2 26.1 54.3 83.0

% of flow 39% 41% 39% 43% 39% 37%

A m
2 1.62 1.62 1.62 1.62 1.62 1.62

thick. m 0.410 0.410 0.410 0.410 0.410 0.410

Q 6.46 11.8 23.3 4.25 15.2 28.1

% of flow 11% 9% 11% 7% 11% 13%

λ W/mK 0.15 0.12 0.14 0.08 0.14 0.17

R-value in
-1 0.972 1.252 1.009 1.760 1.022 0.846

S3-1

Barley

89.6 89.6

6 -9 -24

Barley

S3-2
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Table 2-7: Summary of data from testing of panels S4, S5, S6, and S7  

 
 

Note: Units for R-value per inch thickness are U.S. customary units: (hour∙ft2∙ºF)/(BTU∙in) 

Test ID

Type

Density kg/m
3

Set Temp. ℃

σ σ σ σ σ σ σ σ σ σ σ σ

Qh W 20.5 0.68 59.2 1.40 97.0 1.26 18.6 0.35 62.1 1.01 95.4 0.89 19.3 0.73 61.0 1.07 95.1 0.91 19.9 1.08 66.0 1.21 97.9 0.77

% of flow 35% 43% 46% 34% 44% 46% 34% 44% 46% 34% 44% 46%

Qf W 9.17 9.17 9.17 9.10 9.10 9.10 9.10 9.10 9.10 9.10 9.10 9.10

% of flow 15% 7% 4% 16% 6% 4% 16% 6% 4% 16% 6% 4%

ths ℃ 22.08 2.81 21.79 2.92 22.24 3.08 22.18 2.76 22.23 2.77 21.46 2.96 22.18 2.76 21.98 2.81 21.53 2.85 21.87 2.79 21.00 3.01 19.77 3.27

tcs ℃ 11.20 3.06 -4.43 3.27 -18.8 3.60 12.77 3.21 -3.17 3.43 -17.2 3.73 11.57 2.96 -4.02 3.17 -17.4 3.35 12.39 3.01 -3.32 3.17 -16.8 3.46

Δt ℃ 10.88 26.22 41.02 9.41 25.40 38.62 10.61 26.00 38.98 9.49 24.32 36.61

Qloss W 22.2 53.4 83.6 19.7 53.0 80.7 22.2 54.3 81.4 19.8 50.8 76.5

% of flow 37% 39% 39% 35% 37% 39% 39% 39% 39% 34% 34% 36%

A m
2 1.62 1.62 1.62 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46

thick. m 0.410 0.410 0.410 0.359 0.359 0.359 0.359 0.359 0.359 0.359 0.359 0.359

Q 7.46 14.9 22.6 8.07 18.2 23.8 6.25 15.8 22.8 9.22 24.3 30.5

% of flow 13% 11% 11% 15% 13% 11% 11% 11% 11% 16% 16% 14%

λ W/mK 0.17 0.14 0.14 0.21 0.18 0.15 0.14 0.15 0.14 0.24 0.25 0.20

R-value in
-1 0.831 1.002 1.033 0.686 0.821 0.954 0.998 0.969 1.005 0.605 0.588 0.704

Wheat

131 291 333 372

S4-1 S5-1 S6-1

Spelt Wheat Wheat

S7-1

-246 -9 -24 6 -9 -24 6 -9 -24 6 -9
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Figure 2-1: Typical straw bale wall (ICFHome, 2017) 

 

 

Figure 2-2: Fiber orientation of regular 2-string bale on-edge (left) and laid flat (right) 
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Figure 2-3: Manufactured baling process (top) and manufactured high density bale vs. 

regular 2-string bale (bottom) (Source: Olds Agtech Industries, 2008) 
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Figure 2-4: Tests specimens: characterization panels C1 (left) and plastered manufactured 

straw bale panel S5 (right) 

 

Figure 2-5: Schematic of hot box apparatus (Seitz and MacDougall, 2015) 
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Figure 2-6: Specimen and interior of hot box apparatus (Seitz and MacDougall, 2015) 

 

 

Figure 2-7: Total loss over temperature differential (Characterization curves) 
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Figure 2-8: Heat flow distribution for test C1-1 

 

 

Figure 2-9: Heat flow distribution for test S1-1 

 

 

Figure 2-10: Raw data sample of panel C1-1 at 6 °C  
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Figure 2-11: Sensitivity of apparent thermal conductivity with respect to surface-to-surface 

temperature differential for test S1-1 

 

 

 

Figure 2-12: Sensitivity of apparent thermal conductivity with respect to heater energy 

input for test S1-1  
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Figure 2-13: Average apparent thermal conductivity of each panel for -9 °C and -24 °C over 

the bale density, as well as the thermal conductivity for conventional construction material  
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Figure 2-14: Side view of panels after testing and with outer timber box removed 
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Figure 2-15: Example of voids in tested straw-bale panels: 40mm x 100mm void through S5 (left) and 60mm x 35mm void through S7 

(right)
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Chapter 3: Structural performance of non-plastered modular straw bale 

wall panels under transverse and gravity loads 

3.1 Introduction  

Straw bale construction has a proven track record as a viable alternative for residential 

construction with 99 registered homes in Canada, 781 in the United States and 1,670 

worldwide as of 2017 (Sustainable Sources, 2017). Current Canadian building codes do 

not provide design guidelines for this material; however, King, Magwood and many 

others have published design guidelines and reference manuals (Bainbridge, 2004) 

describing best practices.  

From a structural point-of-view, there are two categories of straw bale construction: load 

bearing and non-load bearing. Non-load bearing systems typically rely on a timber post-

and-beam supporting frame to sustain the loads, and the straw is simply used as infill that 

provides insulation for the wall (King, 2006). Load bearing systems exploit the structural 

capacity of the plaster/straw composite (King, 2006). The plaster is critical for providing 

structural strength and stiffness, as well as protection against pests, moisture, and fire. 

However, plastering bales is labour intensive and costly. Plaster is often cement-based, 

and is the source of at least 50% of the embodied energy of a straw-bale wall (Offin, 

2010).  A recent development deriving from sustainable builders of the Endeavor Centre 

in Peterborough, ON has been dry bale wall (DBW) panels (Figure 3-1). These panels 

have a perimeter timber frame, recycled wood sheathing on both sides and straw infill. 

By eliminating the labor-intensive plastering of traditional straw-bale walls, DBW panels 

can be constructed rapidly and off-site in a sheltered environment, thus preventing 

exposure of the straw to moisture during construction.   
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3.1.1 Review of plastered straw bale construction 

In proposing an “alternative” straw bale wall design, it is helpful to review the current 

literature regarding the role plaster plays in the performance of this type of construction. 

Table 3-1 summarizes compressive testing of load bearing plastered straw bale walls. 

Since there are no regulated guidelines for straw bale construction, wall construction 

varies significantly because it is often governed by the availability of the material and the 

expertise of the builder. Table 3-1 details the variety between the previously tested walls, 

which includes: the dimensions of the wall (height, length and thickness), the type and 

thickness of the reinforced or unreinforced plaster, use of stakes between bales, as well as 

other general notes that would affect the capacity of the wall.  

For unplastered straw bale walls, the failure load ranges from 10.9 kN/m to 27.6 kN/m 

with vertical deflections at failure of 120 mm to 220 mm (Walker, 2004; Bou-Ali, 1993). 

Failure loads for plastered straw bale walls range from 18 kN/m to 90 kN/m with vertical 

deflections at failure from 3 mm to 55 mm. (Platts & Chapman, 1996; Carrick & 

Glassford, 1998; Ruppert & Grandsaert, 1999; Faine & Zhang, 2002; Walker, 2004; 

Faine & Zhang, 2005; Vardy, 2009). Thus, the plaster is clearly a critical element for the 

strength and stiffness of a straw bale wall. To put these results in context, Table 9.23.10.1 

of the NBCC (2015) states that a roof plus one floor of a Part 9 building can be supported 

by a wall system consisting of 38 mm x 89 mm timber studs, 3.0 m in height, and spaced 

at 400mm centres. Using current Canadian design standards (CSA O86-14), this wall 

system would have a factored compressive design strength of 16.3 kN/m against gravity 

loads. Thus, the testing to date shows that conventional plastered straw bale walls have a 

compressive capacity similar to conventional timber stick frame construction.  
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There has been less testing of straw-bale construction subjected to out-of-plane loads, 

however Donahue & Arkin (2001) demonstrated that a 2.4 m x 2.4 m wall with 2-string 

bales laid flat and a 50 mm thick cement:sand plaster reinforced with steel mesh had the 

capacity to withstand up to 7.4 kPa of out-of-plane pressure, which corresponded to a 36 

mm deflection.  

The plaster also plays a role in pest control. Here, it is important to note the difference 

between hay and straw. Hay is the product of grass that is harvested before the grain has 

sprouted and while the stalk is still filled with nutrients. Straw, on the other hand, is the 

stalk that is baled after the grain has been harvested. Since there is limited nutritional 

value in the remaining stalk, straw bales are much less appealing for pests to eat; 

however, they may find value in the habitable environment of the wall cavity. Access to 

the straw can be prevented by the plaster membrane (King, 2006).   

Plaster helps control the moisture content in straw bale walls to prevent mold and decay. 

The presence of mold severely affects the health of the occupants and straw decay can 

compromise the stability and durability of the wall. The ability to control moisture levels 

is dependent on three main components: the material’s moisture storing capability, the 

rate and duration of drying, and the rate and duration of wetting (Straube, 2006). There 

are a number of features of straw bale walls that allow them to store and control moisture 

without leading to mold and decay. Straw has the capacity to store significantly greater 

amounts of moisture compared to conventional building materials like timber. This 

means straw bale walls need a lot more moisture to achieve relative humidity (RH) 

thresholds favorable for fungal growth and decomposition compared to conventional 
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construction. In addition, a porous plaster membrane can facilitate fast drying time of the 

straw due to capillary suction which quickly wicks moisture through the wall. Finally, 

although wetting rates and duration are often unpredictable since they are mostly caused 

by rain or pipe leaks, vigilant detailing of the construction can limit the potential for 

excessive exposure to wetting (Straube, 2006). 

Theis (2006) demonstrated that, based on ASTM E119, plastered straw bale walls have 

been qualified as a 1-hour to 2-hour fire-resistivity rating and unplastered straw bale as a 

30-minutes fire-resistivity rating. Haby & Fitch (2000) performed surface burning 

characteristic tests on unplastered straw bales based on ASTM E84 and determined that a 

bale has a flame spread index of 10. To put this in perspective, the National Building 

Code of Canada (NBCC 2015) maximum flame spread limit for any occupancy is 25 

(based on CAN/ULC-S102, similar to ASTM E84). 

3.1.2 Objectives 

An alternative dry straw bale wall design (DBWs) which replaces plaster skins with 

recycled wood sheathing will be examined. As the literature review indicates, plaster 

plays many roles in a straw bale wall, and all must be addressed for DBWs. However, 

this chapter will focus only on the strength and stiffness of DBWs. Testing of full-scale 

DBW panels will be conducted to investigate the compressive and out-of-plane strength. 

Testing of half-scale DBWs will also be conducted to investigate the strength of the 

header. 
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The specific objectives for this chapter are defined as: 

1. Evaluating the out-of-plane flexural capacity and failure modes of a full-size 

DBW panel, 

2. Evaluating the axial compressive capacity and failure modes of a full-size DBW 

panel, 

3. Evaluating the effect of sheathing, cross-section properties and loading location 

on the flexural capacity and failure modes of the header beam of a half-size DBW 

panel, 

4. Investigating the validity of the DBW for residential construction. 

3.2 Experimental program 

The following sections will first describe the components of the DBW as well as the 

materials and fabrication specifications and then go through the testing specifications 

including the parameters tested, the procedures and the instrumentation implemented for 

each series of tests. 

3.2.1 Materials and panel fabrication 

Figure 3-2 and Figure 3-3 are detailed drawings of the DBW full- and half-panels, 

respectively. The basis of the panel design was initially brought forward by the building 

team of the Endeavour Centre. The perimeter frame is constructed of two (2) flat 38 mm 

x 89 mm SPF No.2 fastened by #8-32 mm wood deck screws spaced at 150mm centers 

on the edge of a 356 mm wide 12.7 mm 4-ply Canadian Softwood Plywood (CSP) with 

longitudinal grain parallel to its length. The frame elements are fastened at the corners by 
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two (2) 8x100 GRK Rugged Structural Screws (RSS) in 5mm deep recessed screw holes. 

A 19 mm x 89 mm rectangular notch was shaped at mid height on each side of both 

columns to accommodate a 19 mm x 89 mm SPF No.2 wood slat fastened to the columns 

with two (2) #8-32 mm wood deck screws to provide in-plane lateral stability in the 

system.  

The sheathing for the timber frame is SONOclimat ECO4 manufactured by MSL and 

herein referred to as ECO4. This sheathing has been implemented as exterior cladding by 

the Endeavour Centre on the Trillium Lakelands elementary teachers’ union office 

building (http://endeavourcentre.org/category/teachers-union-office-project/) in Lindsay, 

ON and in the ZERO house project (http://endeavourcentre.org/zero-house/). ECO4 is 

composed of 77% post-consumer and post-industrial recycled wood content, contains no 

urea-formaldehyde and emits 0 g/L of VOC content. ECO4 was selected because its 

water vapour permeability is similar to that of cement:lime and earthen plasters used for 

typical straw bale construction (Bronsema 2010). In addition, ECO4 provides some 

addition thermal resistance to the panel. As per the MSL installation guide (GL12670-

103), the 38 mm thick ECO4 sheathing was fastened as squarely as possible to the 

perimeter frame with 3.2 mm diameter 76 mm long capped nails spaced at 150 mm 

centers on the perimeter and 300 mm centers on the mid-height slat.  

The straw bales in the enclosed panel are 457 mm x 356 mm x 838 mm regular density 

(90 kg/m3) 2-string bales placed on-edge (short dimension horizontal). The bales did not 

extend the entire width of the panel; therefore, a full bale was placed on the alternate end 

of each row and the remaining space was then filled with a “one-third” bale (Figure 3-2). 

http://endeavourcentre.org/category/teachers-union-office-project/
http://endeavourcentre.org/zero-house/
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3.2.2 Testing specifications  

Table 3-2 summarizes the specifications for each specimen for their respective test. The 

test program started by evaluating the global out-of-plane flexural capacity of three (3) 

horizontal DBW panels without straw infill, which is believed to be conservative.  

Next, the program evaluated the axial compressive resistance under eccentric uniform 

loading for vertical DBW panels. Three (3) DBWs with and three (3) DBWs without 

straw. The series of tests with straw infill is intended to determine if the straw bales are 

contributing to the structural capacity of the DBW. Then, an additional eleven (11) half 

DBW panels with variations in loading and section properties were evaluated to obtain 

the most critical local flexural capacity of the header beam. Since the bending resistance 

of the header was the focus, half-panels were tested to reduce the amount of material 

needed. All of these tests were conducted without straw in-fill, which is believed to be 

conservative.  

The full DBW panel axial compression tests were conducted by applying a “uniform” 

load to the top of the panels. However, in some cases roof trusses may result in 

essentially “point” loads applied to the header. Therefore, 2-point loading (HP1) and 

single-point (HP-2) loading tests were performed on the header beam. These point loads 

were specifically chosen to be 50mm wide and spaced at 610mm intervals to closely 

represent the bearing conditions of a roof truss. The two most critical loading conditions 

are: 1) three (3) 610 mm spaced trusses resting on the panel, with one truss at mid-span 

and the other two at the supports, and 2) two (2) 610 mm spaced trusses spaced at the ¼ 

span, 305 mm from the supports. 
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Half DBW panels with and without the ECO4 sheathing (HP0) were examined. In 

addition, headers with the 38 mm x 89 mm fastened on-edge (HP3) to the panel were also 

tested. This configuration would increase the moment of inertia of the section; however, 

intermediate blocking was necessary and the beam-to-column connection was more 

difficult because the screws had to be drilled at an angle. Finally, panels with a 38 mm x 

140 mm SPF No.2 running the length of the header were tested (all panels labeled with  

“-H” suffix). This plank would distribute the load directly onto the ECO4 panel instead 

of relying on load transfer through the nails. These additional 38 mm x 140 mm wood 

members were fastened to the header beam with #9-64 mm wood deck screws spaced at 

150 mm centers. It is important to note that these 38 mm x 140 mm members would 

typically be 2,440 mm in length; therefore, some members would start/end at either the 

mid or quarter span of a DBW panel. Since these are the potential location of the 

concentrated loads from the truss, it was assumed that a competent builder would avoid 

having a joint directly underneath a truss member. Thus, the joints for the tests were 

located at a minimum 305mm away from the point loads.  

Two (2) identical DBW panels were tested from each testing group for HP0, HP1, HP2 

and HP3 to confirm their results and one (1) trial panel was tested for HP0-H, HP1-H, 

HP2-H.  

3.2.2.1 Out-of-plane flexural  

ASTM E72-15 Section 11 specifies methods for conducting strength tests of horizontal 

building panels under transverse loading and will be herein referred to as test 

methodology “A”. Figure 3-4 demonstrates the testing set-up for methodology A. The 
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supports and loading assembly consisted of four (4) continuous solid steel rollers. The 

loading assembly rollers were mounted atop HSS203x152x13 sections to minimize 

bearing stresses on the ECO4 sheathing. The center of the transverse HSS were placed at 

685 mm from each end of the panel and the center of the longitudinal HSS was placed on 

the centerline. The high stiffness of the loading assembly ensured the load was evenly 

distributed along the width of the DBW panel. The support rollers were located 75mm 

from the edge with a 3mm thick steel plate against the specimen to minimize bearing 

stresses.  

Loading was applied using an MTS servo-hydraulic actuator controlled using the MTS 

458.20 MicroConsole with 458.91 MicroProfiler. ASTM E72-15 specifies loading by 

pre-determined increments, with the load held for a prescribed time and then released. 

However, due to limitations of the MicroProfiler, the specimen was loaded continuously 

at a rate of 5mm/minute until failure. A 100 kN load range card with a 1 mV/V output 

and 10 V excitation was implemented with the Vishay Micro-Measurement System 5000 

data acquisition (DA) system. The DA system has an accuracy of ±10 mV, which led to a 

load accuracy of ±0.1 kN. The data was scanned and recorded once every second for 

these tests.  

The support, quarter-span and mid-span deflections were measured with 100mm linear 

potentiometers (LP). The precision of the LPs is 0.1 mm due to the accuracy of the DA 

system; however, this precision would assume a perfectly perpendicular LP on a smooth 

flat surface. The accuracy of the LPs were limited to a precision of 0.25 mm by manually 

measuring an object with a defined dimension before each test to account for the lack of 
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‘squareness’ and smoothness of the specimen surface. The LPs measured the deflection 

of a steel bracket fastened to the middle of the compression face member. LP-A1 and LP-

A2 measured the deflection at mid-span on both sides of the panel allowing for the 

possible detection of differential deflection. LP-A3 and LP-A4 measured the deflection at 

610 mm from each end of the panel on the same side as LP-A1. LP-A5 and LP-A6 

measured the deflection of the supports confirming the stability of the system. 

The out-of-plane tests were conducted on DBW panels without straw. Because the panels 

were tested horizontally, gravity influences the maximum moments. In particular, the 

self-weight of the bales will apply additional loads on the tension face of the panel that 

are non-existent on the compression face. In a normal application, the panels would be 

vertical and this loading would not occur. 

3.2.2.2 Axial compression  

ASTM E72-15 Section 9 specifies the methods for conducting axial compression strength 

tests of building panels and will be herein referred to as test methodology “B”. Figure 3-5 

shows the test set-up. Loading was applied through a W300x15 section welded atop a 

19mm thick plate to ensure uniform loading parallel to the width of the panel. As per 

ASTM E72-15, loading is applied at an eccentricity of 1/3 of the panel thickness to 

replicate the potential eccentric loading of the roof truss onto the inside face of the wall. 

Plates 25 mm deep by 75 mm long were welded onto the underside of the plate to provide 

stability.  

As per ASTM E72-15, the applied load was increased in increments of approximately 

10% of the expected maximum load, then held for 5 minutes to monitor creep effects. 
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The load was then released to track time-dependent deformations. Loads were applied 

using a manually controlled hydraulic pump and actuator. A 220 kN universal flat load 

cell with a 2 mV/V output and 10 V excitation was implemented with the Vishay Micro-

Measurement System 5000 data acquisition (DA) system, which has an accuracy of 

±10mV, providing a load accuracy of ± 0.2 kN. The data was scanned and recorded once 

every second for these tests.  

The deflections were measured with 100 mm linear potentiometers (LP). The precision of 

the LPs is 0.1 mm due to the accuracy of the DA system; however, this precision would 

assume a perfectly perpendicular LP on a smooth flat surface. The accuracy of the LPs 

were limited to a precision of 0.25 mm by manually measuring an object with a defined 

dimension before each test to account for the lack of ‘squareness’ and smoothness of the 

specimen surface. The vertical deflection was measured with LP-B1, LP-B2, LP-B3 and 

LP-B4 (Figure 3-5) located 25 mm from the edges of each corner. The out-of-plane 

lateral deflection was measured on the “inside” face of the wall with LP-B5, LP-B6 and 

LP-B7 (Figure 3-5) located at 3/4, 1/2 and 1/4 height, respectively. The in-plane lateral 

deflection was measured on the 38 mm x 89 mm “inside” face column member with LP-

B8, LP-B9 and LP-B10 (Figure 3-5) located at 3/4, 1/2 and 1/4 height. 

3.2.2.3 Local flexural capacity of the header beam  

ASTM D4761-13 Section 6, 7 and 8 specifies test methods for investigating the material 

properties of wood-based structural material for bending edge-wise and flat-wise and will 

be herein referred to as test methodology “C”.  
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Figure 3-6 shows the test set-up. The half panels were set on a 1,220 mm x 430 mm x 19 

mm steel plate with 25 mm high and 75 mm long corner guards.  HP0, HP1, HP3, HP0-H 

and HP1-H were loaded by two (2) transverse HSS102x52x4.8 spaced at 305 mm from 

each support. The HSS were stabilized with two (2) threaded tension rods to prevent 

translation and rotation during testing. Although the 52 mm width of the HSS section did 

not exceed the minimum bearing width requirement to prevent local bearing failure, the 

52 mm width was chosen to resemble more closely a 38 mm wide truss resting directly 

onto the DBW panel. HP2 and HP2-H were loaded by one (1) transverse HSS102x52x4.8 

located at mid-span. This simple HSS was also stabilized by two (2) “L” brackets at each 

end to prevent translation or rotation during testing.  

The standard specifies a loading rate that would achieve failure within one (1) minute to 

eliminate the effect of creep in wood (Barrett, 1994); however, this would result in a 

quick test limiting the capacity to observe the behaviour of the connection and entire 

panel. Alternatively, the Riehle Universal Testing Machine (UTS) was set at a 2 mm/min 

loading rate and the results would yield conservative ultimate capacities. A 100 kN load 

range with a 1 mV/V output and 10 V excitation was implemented with the Vishay 

Micro-Measurement System 5000 data acquisition (DA) system. The accuracy of the DA 

system is ±10 mV, which results in a load accuracy of ±0.1 kN; however, the load 

calibration indicated a precision of 0.7% for the 0 to 100 kN range. The data was scanned 

and recorded once every second for these tests.  

The deflections were measured with 100 mm linear potentiometers (LP). The precision of 

the LPs is 0.1 mm; however, this precision would assume a perfectly perpendicular LP on 
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a smooth flat surface. The accuracy of the LPs were limited to a precision of 0.25 mm by 

manually measuring an object with a defined dimension before each test to account for 

the lack of ‘squareness’ and smoothness of the specimen surface. The support deflections 

were measured in the middle of the CSP with LP-C1, LP-C2 to confirm connection 

stability. The mid-span deflection was measured on the 38 mm x 89 mm beam member 

with LP-C3. The lateral deflection was measure on the 38 mm x 89 mm column member 

with LP-C4 to record panel sway.  

3.3 Results 

The following sections will present the results and observed failure for each respective 

test and associated specimens.  

3.3.1 Out-of-plane flexural  

This section presents the results of the out-of-plane flexural tests of the dry-bale wall 

panels. Figure 3-7, Figure 3-8, and Figure 3-9 are plots of the load versus the mid-span, 

quarter-span and end deflection, respectively, for all three out-of-plane flexural panels. 

The load-deflection curves in Figure 3-7 and Figure 3-8 are consistently linear within the 

serviceability load range with a coefficient of variance of 2.0% for the slope. The overlap 

between most of LPA1 & LPA2 and for LPA3 & LPA4 in Figure 3-7 and Figure 3-8 

demonstrates that the load was evenly distributed along the length and width of the DBW 

panel. Figure 3-7 demonstrates substantial deflection for OPF1-LPA1 in comparison of 

OPF1-LPA2 beyond the peak load because OPF1 only failed at mid-span on the LPA1 

side. This is also the reason why the average mid-span deflection at ultimate load and 
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subsequently the coefficient of variance in Table 3-3 are relatively high in comparison to 

the rest of the data.  

When looking at end deflections in Figure 3-9, OPF1-LPA5 and OPF1-LPA6 display 

significant deflection for being located on the 38 mm x 89 mm compression member 

directly atop of the roller support. This deflection can be attributed mainly to the ECO4 

sheathing compressing under the loading pad but a small part can also be attributed to the 

end perimeter panel bending inwards at the top and the GRK screws slightly splitting the 

compression member perpendicular to grain at larger loads. However, these end 

deflections were not subtracted from the mid-span deflections because the former would 

generate more conservative results. 

Although significant bearing deflections (5-12 mm) of the ECO4 sheathing were 

observed at the loading points, it was not deemed a concern because in reality the load 

would be generated by a uniformly distributed wind pressure and these load 

concentrations would not occur. In addition, the significant bearing deflections were only 

apparent at relatively large loads in comparison to the serviceable range. 

OPF-1’s failure mechanism can be seen in Figure 3-10. OPF-1 suffered its first sign of 

failure with horizontal splitting starting at the corner of the mid-span notch of the tension 

member on the LP-A1 side at a load of 61.5 kN. At 70.5 kN, the crack propagated 130 

mm from the notch towards LP-A3 and then upwards through the tension member and 

into the CSP causing a drop of 12.8 kN. Finally, at 74.6 kN, the CSP continued to rip 

apart at mid-span until reaching the compression member and creating a 660 mm 

horizontal crack going towards LP-A3 and inhibiting the panel’s ability to sustain 
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additional loads. During testing, a similar splitting pattern at the notch had also occurred 

on the LP-A2 side of the panel.  

OPF-2’s failure mechanism can be seen in Figure 3-11. OPF-2 suffered a similar first 

sign of failure with horizontal splitting starting at the corner of the mid-span notch of the 

tension member on LP-A2 side at a load of 65.8 kN. At 76.7 kN, the CSP started to rip 

330 mm from LP-A6 dropping the load by 5 kN. However, the resisting capacity of the 

CSP was compromised and the load was most likely redistributed immediately into the 

compression member, subsequently exceeding its flexural capacity and causing the panel 

to collapse. Upon completion of the test, the CSP also seemed to be ripped apart at mid-

span on LP-A2 side of the panel.  

OPF-3’s failure mechanism can be seen in Figure 3-12. OPF-3 did not appear to have a 

horizontal split at the notches. Rather, at 73.1 kN, a splintering tension crack was created 

at mid-span that initiated at the notch, and extended vertically through the tension 

member and CSP.  

Table 3-3 summarizes the load and mid-span deflection results at initial cracking and 

collapse of all three out-of-plane flexural panels. The mean bending moments resulting in 

a mid-span deflection of L/360 (6.77 mm) and L/180 (13.55 mm) are 1.87 kNm and 3.73 

kNm, respectively, and the mean ultimate bending moment capacity is 10.01 kNm. The 

coefficient of variance for these values is 2.0% or less. 
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3.3.2 Axial compression 

This section presents the results from the axial compression tests of the dry bale wall 

panels.  Figure 3-13 through to Figure 3-18 are plots of the load versus vertical deflection 

of LP-B1, LP-B2, LP-B3 and LP-B4 for each respective AC panel. 

Figure 3-19 shows the ECO4 sheathing failure from all AC tests. All six AC tests failed 

in a similar manner with the ECO4 sheathing undergoing localized buckling at the top 

(AC-V1 & AC-S3) or at the bottom (AC-V2, AC-V3, AC-S1, & AC-S2). Figure 3-20 

shows additional local failure mechanisms observed during the tests and demolition of 

the AC panels.  

In general. the more heavily loaded side (due to the eccentricity) consistently deflected 

more (LPB1 & LPB3) than the opposing side (LPB2 & LPB4), as expected. Even though 

the AC panels were centered and level at the start of the test, there were minor 

differences between deflections on the same side of the panel (LPB1 & LPB3; LPB2 & 

LPB4) with a median difference of 1.5 mm. 

Specifically, AC-V1 was unable to hold the 6th load increment of 165 kN/m for 5 

minutes. The ECO4 sheathing started to cripple at 150 mm from the top at a load of 140 

kN/m and eventually collapsed at a load of 166.1 kN/m. The load was continually applied 

in an attempt to hold the 165 kN/m load for 5 minutes but the 38 mm x 89 mm 

dimensional lumber under LP-B1 violently collapsed shortly after at a load of 167 kN/m.  

AC-V2 was unable to hold the 6th load increment of 165 kN/m for 5 minutes. 

Approximately 30 seconds after holding the load at 166 kN/m, the ECO4 sheathing 

collapsed 200 mm from the bottom and the load dropped to 151 kN/m. After the 
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sheathing had collapsed, it was no longer bracing the bottom half of the 38 mm x 89 mm 

dimensional lumber and the dimensional lumber started to buckle outwards. The panel 

continued to be loaded for another 3 minutes and was able hold an average load of 156 

kN/m. However, no additional capacity was achieved and the test was stopped before 

failure of the perimeter frame to prevent potential damage to the apparatus. 

AC-V3 held the 6th load increment of 165 kN/m for over 5 minutes but the ECO4 

sheathing collapsed 300 mm from the bottom 2.5 minutes into the hold. Since the ECO4 

sheathing had failed, the panel was not unloaded; however, the measuring 

instrumentation was removed and the panel was loaded to 180 kN/m. At this load, the 

loaded 38 mm x 89 mm dimensional lumber and CSP sheathing of the header beam were 

experiencing bearing failure. The test was then stopped before complete failure of the 

perimeter frame to prevent potential damage to the apparatus. 

AC-S1 was unable to achieve the 6th load increment of 165 kN/m. At 160 kN/m, the 

ECO4 sheathing started to bulge and eventually collapsed 150 mm from the bottom. Like 

AC-V2, once the sheathing collapsed and the loading continued, the panel did not 

demonstrate additional resisting capacity and the 38 mm x 89 mm dimensional lumber 

started to buckle outwards. The test was then stopped before failure of the perimeter 

frame to prevent potential damage to the apparatus. 

AC-S2 held the 6th load increment of 165 kN/m for over 5 minutes but the ECO4 

sheathing started to fail 125 mm from the bottom 1.4 minutes into the hold. Since the 

sheathing had not completely collapsed, the panel was unloaded and reloaded to 183 
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kN/m where the ECO4 sheathing collapsed and the CSP sheathing had started to fail on 

the LP-B1 side, 150 mm from the top. 

AC-S3 held the 5th load increment of 133k N/m for 5 minutes; however, when reloading 

to attain the 6th load increment, the ECO4 sheathing collapsed at a load of 149 kN/m. The 

load continued to be applied and reached a peak load of 167 kN/m but the panel was 

unable to adequately sustain the 6th incremental load for 5 minutes. Upon removal of the 

loading plate, significant section reduction due to bearing was present on the loaded 38 

mm x 89 mm dimensional lumber of the header beam. 

Overall, Figure 3-22 and Figure 3-23 show the vertical deflection and permanent set at 

their respective load increments for all three void and straw-filled AC panels, 

respectively. The vertical deflection was the average deflection of LP-B1, LP-B2, LP-B3 

and LP-B4 during the 5-minute period where each load increment was held. The 

permanent set was the average permanent displacement of LP-B1, LP-B2, LP-B3 and LP-

B4 immediately after unloading the AC panels for each load increment. The solid and 

dashed curve in Figure 3-22 and Figure 3-23 are manually fitted trend-lines intended to 

represent the average vertical deflection and average permanent set of the AC panels. 

Note that the trend-lines do not extend beyond the 133 kN/m load increment because 

several AC panels were unable to hold the 165 kN/m load increment for 5 minutes and 

ASTM E72-15 states that a minimum of three data point is necessary to fit the trend-

lines.  

Figure 3-22 and Figure 3-23 demonstrate that the global behaviour of the DBW in axial 

compression is relatively consistent for void and straw-filled panels. The load-deflection 
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curve starts with a relatively shallow slope and then the DBW stiffens at a load between 

35-40 kN/m, with the slope increasing by a factor of 2.5. This increase in stiffness was 

observed during each loading increment as seen in Figure 3-13 through to Figure 3-18 

and is assumed to be caused by the entire DBW panel system becoming fully engaged in 

resisting the axial load. At first, the load was likely being transferred through the 

individual components (ECO4, dimensional lumber, CSP) and once all the fasteners 

became engaged and restrained the AC panels from movement, the AC panels began to 

rely on composite action behaviour to redistribute the stresses.  

The load versus permanent set exhibited a similar response with a relatively shallow 

slope to start and a slope increasing by a factor of 3.0 at 37 kN/m; however, this change 

in behaviour is believed not to be related to the panel stiffness but related to the initial 

conditions of the AC panels. Physically, this change in slope is due to the out-of-

straightness of the timber frame (due to the usual warping tolerances of sawn timber) so 

that the ECO4 sheathing was not perfectly flush with the perimeter frame, causing a void 

between the DBW panel and the foundation block or the loading plate (Figure 3-21). 

These conditions would inevitably increase the initial deflection readings for the first 

increment; however, the initial load would have eliminated these voids for the subsequent 

load increment. To compare both changes in slopes, the change in slope for the load-set 

curve would always occur at the first load increment regardless of the actual load, 

whereas the change in slope for the load-deflection curve would consistently occur at 35-

40 kN/m. It is merely coincidental that they both occur at the same load range for this 

particular testing program.  
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Furthermore, although data is limited at the ultimate loads in Figure 3-22 and Figure 

3-23, there is potentially a second change in slope between 140 kN/m and 160 kN/m. For 

the load-deflection curve, the reduction in stiffness in this region may be caused by the 

bearing failure of the 38 mm x 89 mm and CSP observed on the more heavily loaded side 

of the header beam (Figure 3-20). Similarly, the bearing failure of the 38 mm x 89 mm 

and CSP would cause permanent displacement, subsequently increasing the deflection in 

the load-set curve. 

Lateral deflections were monitored along the height of the more heavily loaded 38 mm x 

89 mm compression member and ECO4 sheathing. The average lateral deflections were 

small: until after releasing the 4th load increment of 133 kN/m. The mean lateral 

deflections for compression member and ECO4 sheathing were respectively 2 mm and 4 

mm with maximums of 6.7 mm and 5.9 mm. As the panel approached failure, it was 

observed that lateral deflections at the top or bottom of the ECO4 sheathing increased 

rapidly. 

Table 3-4 summarizes the applied line load on the AC panels at which the mean vertical 

deflection is 3 mm, the line load at which the ECO4 sheathing failed and its associated 

mean vertical deflection as well as the ultimate line load. The applied line load at the 3 

mm mean vertical deflection was the load recorded during the loading of the panel for the 

second load increment. The reason the load value during the second increment was 

chosen as opposed to the first was because of the initial voids displayed at the foundation 

and top plate. As explained previously, these voids would have been eliminated after the 

first load increment and the applied load at the 3 mm mean vertical deflection during the 
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second load increment would be more representative of the DBW panels’ behaviour. 

However, it is assumed that a conscience builder would preload the DBW during 

construction to eliminate the initial voids before implementing the service loads.  

Conducting an unpaired t test with a 95% level of confidence between the void and 

straw-filled DBW panels for the mean axial compressive load for a 3 mm deflection, the 

average failure load of the ECO4 sheathing and the average ultimate capacity of the 

DBWs, the tests determined that the differences between data set were not statistically 

significant. Therefore, the results from both the void and straw-filled AC tests were 

pooled to obtain the mean axial compressive load for a 3 mm deflection, the average 

failure load of the ECO4 sheathing and the average ultimate capacity of the DBWs with 

95% confidence: 41.6 ± 9.0kN/m, 160.1 ± 7.1 kN/m and 171.4 ± 9.9 kN/m, respectively.   

3.3.3 Local flexural capacity of the header beam 

This section describes the results of flexural tests on the header beam (i.e. the top half) of 

the DBW. The objective for this testing was to examine several header beam 

configurations. In most cases, only 2 replicate specimens were tested, and this 

undoubtedly decreases the confidence of the results, however, they still provide insight 

concerning the header beam’s behaviour and key parameters governing its strength and 

stiffness.  

Figure 3-24 is a plot of the load versus mid-span vertical deflection of the three HP0 

panels. These panels did not have ECO4 sheathing and so can be considered the “base-

line” response of the timber frame itself.  
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Figure 3-25 is a plot of the load versus mid-span vertical deflection of the HP0, HP1 and 

HP3 panels. The effect of the sheathing on the response can be seen by comparing HP1 

(which has the dimensional lumber placed flat) and HP3 (which has the dimensional 

lumber on-edge) to HP0.   

The respective ultimate capacity and stiffness of HP1 is about 1.7 and 3.2 times greater 

than HP0. This additional capacity and stiffness can be directly attributed to the 

additional strength provided by the ECO4 sheathing as well as its ability to support the 

edge of the header beam, restraining it from deflecting. HP3 also demonstrates an 

ultimate capacity and stiffness of about 2.3 and 6.7 times greater than HP0. Furthermore, 

HP1 and HP3 appear to demonstrate similar stiffness until the load reaches 20 kN where 

it appears HP1 reaches its proportionality limit. The increase in strength and stiffness of 

HP3 in comparison to HP1 can be attributed to having the dimensional lumber at the top 

plate of the header turned “on-edge”, so that loading occurs about the axis with the larger 

moment of inertia.  

Figure 3-26 is a plot of load versus mid-span deflection, and Figure 3-27 is the equivalent 

moment versus mid-span deflection for panels HP1 and HP2. HP1 is subjected to “2-

point” loading, and HP2 is subjected to “single-point” loading. In addition, the tests 

indicated by the “-H” notation have an additional 38x140mm reinforcing the header. 

The results in Figure 3-26 show that there is a significant difference in the capacity of 

identical header specimens when subjected to single-point and two-point loading. 

However, when the response is plotted in terms of maximum moment (Figure 3-27), both 

HP1 and HP2 exhibit similar response, with a difference of less than 7% in the average 
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ultimate moment capacity. This confirms that the capacity of the header is governed by 

the “flexural” response, rather than by, say, a bearing failure at the location of the single 

point load. 

It can also be seen that the response follows a bi-linear trend, with stiffness decreasing by 

a factor of 3.5 at approximately 2.5 kNm. The reduction in stiffness is likely caused by 

the wood reaching its proportional limit, however, this cannot be confirmed as strains 

were not measured in the dimensional lumber. 

The response of the HP and HP-H panels, which are respectively panels that do not and 

that do include an additional 38x140mm section on top of the header, can be compared 

through Figure 3-24 and Figure 3-27. The results show that there is approximately an 

80%, 230% and 289% increase in capacity for panels HP0-H, HP1-H and HP2-H, 

respectively, compared to their counterparts (HP0, HP1, and HP2). The comparison of 

HP0-H and HP0, both of which do not have ECO4 sheathing, is an indication of the 

portion of the increase (i.e. 80%) that is due simply to having more lumber in the header. 

However, it can be seen that the increases for the panels with sheathing (HP1-H versus 

HP1; HP2-H versus HP2) are much greater than 80%. It was observed during the HP1 

and HP2 tests that the HSS sections applying the load to the header would simply rip 

through ECO4 sheathing. In the HP1-H and HP2-H tests, the load points were applied to 

the additional 38x140mm section, and this helped re-distribute the load more uniformly 

onto the 38 mm x 89 mm section and the ECO4 sheathing. 

Figure 3-28 shows the four types of failures observed for the HP tests. HP panels without 

the additional 38 mm x 140 mm header all failed in similar manner: a splintering tension 
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crack in the CSP and 38 mm x 89 mm under the point load (HP0 & HP2) or a splintering 

tension crack only in the 38 mm x 89 mm under the point load (HP1 & HP3). HP0-H 

failed due to a simple tension crack at mid-span. HP1-H failed by splitting of the 38 mm 

x 140 mm header along the screw line over the length of the half panels. The HP1-H test 

was stopped because once the 38 mm x 140 mm split, the apparatus was simply crushing 

the 38 mm x 140 mm and not necessarily loading the half panel. Upon removal of the 38 

mm x 140 mm header, the half panel appeared to be undamaged. HP2-H failed by 

crippling of the ECO4 sheathing; however, upon demolition of the panel, a small 

splintering tension crack was observed to have started through the CSP and 38 mm x 89 

mm section at mid-span. 

The end vertical and top lateral deflection was recorded for all HP panels. There was 

virtually no deflection exceeding 2 mm before ultimate load for all tests; therefore, the 

data was not presented graphically. 

Table 3-5 summarizes the equivalent line load on the HP panels at mid-span vertical 

deflections of 3 mm and L/360 (6.78 mm), the failure mechanism, as well as the ultimate 

applied load and its associated mid-span vertical deflection.  

3.4 Discussion 

The following section compares the structural behaviour of the DBW to a conventional 

dimensional lumber (“stud-wall”) design permitted by Part 9 of the National Building 

Code of Canada for 1- and 2-storey residential applications.  
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3.4.1 Validity of DBW as an alternative solution 

Part 2.3 of the National Building Code of Canada (National Research Council Canada, 

2015) states that an acceptable alternative solution can be implemented if it demonstrates 

comparable structural capacity to a code-complying solution. Abbasi (2014) performed 

similar structural tests (ASTM E72-10) as those performed for the DBW panel but on a 

conventional timber stud wall with SPF No.2 38 mm x 140 mm studs spaced at 600 mm 

centers, sheathed with 11.0 mm oriented-strand board (OSB) on the exterior and 12.5 mm 

gypsum board on the interior. Since the stud wall, herein referred to as the STUD wall, is 

a code-complying solution, and it was tested in the same manner as the DBW panels, the 

results of both wall systems can be compared to determine the validity of the DBW as an 

“alternative solution”.  

In order to compare wall panel designs with conventional wall systems, Abbasi (2014) 

adopted the following acceptance criteria proposed in the IRC (2007) “Technical guide 

for stressed skin panels for walls and roofs”: 

1. For out-of-plane flexural (OPF), the mean ultimate bending strength, 

characteristic bending strength and load at L/360 deflection shall exceed the 

conventional wall panel’s mean bending strength, characteristic bending strength 

and load at L/360 deflection, respectively. 

2. For axial compression (AC), the mean ultimate axial strength, characteristic axial 

strength and load at 3mm deflection shall exceed the conventional wall panel’s 

mean axial strength, characteristic axial strength and load at 3mm deflection, 

respectively. 
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The mean value, as stated by ICC-ES AC04 “Acceptable criteria for sandwich panels”, is 

considered to be the average of three identical specimens only if the respective value for 

each test is within a 15% difference from the mean value. Otherwise, the lesser value of 

the group is chosen. 

Design is typically based on a “characteristic” or “nominal” strength. EN 14358 suggests 

that the characteristic strength for timber structures should be based on the 75% 

confidence level (i.e. the strength which is expected to be exceeded for 75% of samples). 

Based on an assumed log-normal distribution for the strength of timber structural 

elements, the characteristic value can be calculated as the exponential of the difference 

between the natural logarithm of the mean and the natural logarithm of the standard 

deviation times a constant multiplier. This multiplier is equal to 3.15 for tests that include 

only 3 specimens. 

In Canada, where design for wood structures is based on limit states design, the 

characteristic strength will be multiplied by a resistance factor. The derivation of 

resistance factors for DBWs is beyond the scope of the present thesis. However, the 

criteria implemented by Abbasi (2014) are addressed using an allowable stress approach, 

whereby the characteristic value is divided by a factor of safety. For the sake of equal 

comparison for this section only, the DBW will be assessed using this approach. 

ICC-ES AC04 suggests factors of safety for timber structural elements based on the 

consistency of material, range of test results and load-deformation characteristics.  Based 

on ICC-ES AC04, a factor of safety of 3 and 2.5 was used in the present study to 
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calculate allowable loads for out-of-plane bending and axial compression, respectively, 

for DBWs. 

Regarding the local flexural capacity of the header beam tests, IRC (2007) and ICC-ES 

AC04 do not specifically define acceptance criteria for local flexural capacity because it 

assumes that the load will be adequately transferred uniformly into the wall. Therefore, 

since the header beam must be able to transfer the load axially into the DBW in order not 

to govern the design, it will be compared with the axial compression criteria for the 

strengths and factor of safety.  

Out-of-plane flexure & axial compression 

Table 3-6 compares the DBW and STUD wall results for out-of-plane flexural in terms of 

bending moment and axial compression in terms of line load. The bending moment for 

the out-of-plane flexural test was calculated as one-fourth of the load times the distance 

between the support and centerline of the loading HSS. It is important to note that the 

mean ultimate line load for the DBW was taken when the ECO4 sheathing had failed and 

the characteristic line load at 3mm vertical deflection was taken when the second 

increment reached 3mm beyond the initial permanent set. As mentioned previously, the 

latter was chosen during the second increment because it was believed to more accurately 

represent the structural behaviour of the DBW panel.  

Table 3-6 demonstrates that the DBW design described in this chapter exceeds the 

strength and stiffness of the STUD wall panels, and therefore a conventional stud wall, in 

terms of strength and stiffness under axial compressive load and out-of-plane flexural 

loads.  
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Local flexural capacity of the header beam 

The equivalent line load for the header beam test is provided in Table 3-7. These were 

calculated by converting the header beam’s bending moment capacity, determined from 

the ultimate load during the test, to an equivalent “uniformly distributed load” by 

multiplying by 8 and dividing by the length squared. These values are compared to those 

for the axial compression tests of the STUD panels in Table 3-6. The STUD panels had a 

capacity of 20.5 kN/m at 3mm vertical deflection and an allowable capacity of 25.3 

kN/m. None of the header beams had a strength at 3mm deflection close to this limit and 

only HP1-H and HP2-H exceed the allowable ultimate line load of 25.3 kN/m. As seen in 

the previous section, adding the additional 38 mm x 140 mm section increases the 

capacity of the DBW panel to resist loads but does not necessarily increase its stiffness. 

On the other hand, although still insufficient for serviceability requirements, the 38 mm x 

89 mm section fastened on-edge (HP3) demonstrated the highest stiffness.  

Therefore, based on the assumption that the header beams should have strength and 

stiffness equivalent to a full panel, the testing indicates that the current designs do not 

satisfy serviceability limit states. However, a designer might consider a less stringent 

limit state acceptable for the header, and so the applied load at L/180 has been included 

in Table 3-7.  

3.5 Summary & future work 

To summarize the conclusions of this chapter: 
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1. The out-of-plane flexure behaviour of the DBW is consistent and exhibits a mean 

allowable bending moment of 1.80kNm, which is greater than the STUD wall 

tested by Abbasi (2014) by 168%. 

2. The axial compression behaviour of the DBW is consistent and exhibits a mean 

allowable line load of 22.8kN/m, which is greater than the STUD wall tested by 

Abbasi (2014) by 11.2%. 

3. The local flexural behaviour of the DBW header beam is relatively consistent and 

exhibits a mean allowable line load of 11.2 kN/m for the configuration tested in 

the axial compression tests, which is lesser than the equivalent line load exhibited 

by Abbasi’s (2014) STUD wall by 45%. 

4. The ultimate bending moment capacity of the HP1-H and HP2-H panels may 

exhibit the additional capacity required to achieve greater capacities then Abbasi’s 

(2014) STUD wall but the header beam would still lack stiffness in the 

serviceable load and deflection criteria.  

Future work should be focused on improving the stiffness of the header beam to meet 

building code requirements for serviceability while preserving the DBW’s ease of 

construction and its sustainable features. Furthermore, due to the timber’s natural 

susceptibility to creep, long-term testing should be performed before implementing the 

DBW in residential application. Similar, fire resistance and thermal tests should be 

performed to confirm the DBW’s adequacy as it would be an integral component in the 

building envelop.  
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Table 3-1: Research summary of load bearing straw bale walls under gravity loading 

 

Year Author
Dimensions                       

(H x L x T - mm)
Plaster / Thickness / Mesh Stakes

Failure Load  

(kN/m)

 Deflection at 

Failure (mm)
Notes

19.2 175

19.2 193

19.2 198

No 11.7 165 Standard construction

10.9 140 Half bales at every other row

27.6 220 Standard construction

19.2 120 Pre-load for 74 days

21.4 4.5

20.6 -

23.6 7.5

Lime-cement / 50mm / Fiber 47 23

Lime-cement / 50mm / Steel 52 12

2,440 x 3,660 x 460 Lime-cement / 50mm / Fiber 90 11

4,045 x 2,600 x 460 Lime-cement / 58mm / Steel Yes 28 20
50mm pre-compressed;                             

ultimate load = 47kN/m | 112mm

2,550 x 2,730 x 460 Earth / 40mm / None No 18 19
50mm pre-compressed;                           

ultimate load = 36kN/m | 178mm

2004 Walker 2,250 x 990 x 550  Lime / 40mm / None N/A 41.1 55 23mm pre-compressed

2005
Faine & 

Zhang
2,210 x 2,700 x 390 Earth / 40mm / None N/A 40.5 N/A

80mm pre-compressed;           

ultimate load for bales on-edge

2,310 x 800 x 475 36.6 7

990 x 800 x 475 32.1 3

No attempt to pound bales into 

place as is in good building 

practice

100-200mm pre-compressed;                                         

included 2.5kPa transverse & 10 

kN point load on upper corner

1999
Ruppert & 

Grandsaert

2,440 x 3,660 x 610
No

50mm pre-compressed;                                         

eccetrically loaded;                                   

average of 3 specimen;

Yes

Yes

2,800 x 3,600 x 450
Carrick & 

Glassford
1998 Lime-cement / 30mm / Steel

None1993

2004 Walker 2,250 x 990 x 550 None

Bou-Ali 2,440 x 3,660 x 584

66 3 Maxed loading mechanism

Average of 3 specimen2009 Vardy Lime-cement / 25mm / None No

Yes

1996
Platts & 

Chapman
2,520 x 870 x 460 Lime-cement / 19mm / N/A No

Faine & 

Zhang
2002
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Table 3-2: Summary of tests and specimen specifications 

Test ID 
Testing 

Methodology1 
Height Infill 

ECO4 

Sheathing 
Header 

OPF-1 

A Full Void Yes Flat OPF-2 

OPF-3 

AC-V1 

B Full 

Void 

Yes Flat 

AC-V2 

AC-V3 

AC-S1 

Straw AC-S1 

AC-S1 

HP0-1 

C 

Half Void 

No 

Flat 

HP0-2 

HP1-1 

Yes 

HP1-2 

HP2-1 
D 

HP2-2 

HP3-1 
C On-Edge 

HP3-2 

HP0-H 
C 

Half Void 

No 

Flat + 38x140 HP1-H 
Yes 

HP2-H D 
1 A = out-of-plane flexural, B = Axial compression, C = 2-point local flexural, D = 1-point local 

flexural  
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Table 3-3: Summary of OPF test results 

 

Load & 

moment at 

L/360 mid-

span 

deflection 

(kN) [kNm] 

Load & 

moment at 

L/180 mid-

span 

deflection 

(kN) [kNm] 

Slope from 

0 to L/180 

(kN/mm) 

Ultimate 

load & 

moment 

(kN) [kNm] 

Average 

mid-span 

deflection at 

ultimate 

load  

(mm) 

OPF-1 
13.8 

[1.84] 

27.2 

[3.63] 
2.00 

74.6 

[9.97] 
62.3 

OPF-2 
14.1 

[1.88] 

28.3 

[3.78] 
2.09 

76.8 

[10.27] 
45.7 

OPF-3 
14.2 

[1.89] 

28.4 

[3.79] 
2.10 

73.1 

[9.77] 
41.1 

Mean 
14.0 

[1.87] 

28.0 

[3.73] 
2.06 

74.8 

[10.01] 
49.7 

Standard 

Dev. 
0.15 0.57 0.04 1.52 11.46 

Coeff. of 

Var. 
1.1% 2.0% 2.0% 2.0% 23.1% 
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Table 3-4: Summary of AC test results 

 

Load at 

3mm 

vertical 

deflection 1 

(kN/m) 

ECO4 

Failure  

Location 

ECO4 

Failure  

Load 

(kN/m) 

Average 

Vertical 

Deflection at 

ECO4 

Failure  

(mm) 

Ultimate 

Load 

(kN/m) 

AC-V1 37.9 
150mm from 

top 
166.1 13.6 167.1 

AC-V2 41.0 
200mm from 

bottom 
166.5 11.5 166.6 

AC-V3 58.7 
300mm from 

bottom 
159.0 18.5 183.6 

AC-S1 40.0 
150mm from 

bottom 
160.1 11.0 161.0 

AC-S2 34.5 
125mm from 

bottom 
165.8 13.9 183.2 

AC-S3 37.4 
225mm from 

top 
148.7 12.3 167.0 

Mean 41.6 - 161.0 13.5 171.4 

Standard 

Dev. 
7.9 - 6.3 2.5 8.7 

Coeff. of 

Var. 
19.1% - 3.9% 18.3% 5.1% 

1 Taken when the second increment reached 3mm beyond the initial permanent set 
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Table 3-5: Summary of HP test results 

 

Load & 

moment at 

3mm mid-

span 

deflection 

 (kN)  

[kNm] 

Load & 

moment at 

L/180 mid-

span 

deflection 

(kN)  

[kNm] 

Failure  

Mechanism 1 

Ultimate 

load & 

moment  

(kN)  

[kNm] 

Deflection at 

Ultimate 

Load (mm) 

HP0-1 
2.2  

[0.34] 

4.6  

[0.70] 
A1 

26.4  

[4.02] 
61.4 

HP0-2 
2.2 

 [0.34] 

4.8  

[0.72] 
A1 

20.4  

[3.11] 
39.9 

HP1-1 
9.8 

[1.49] 

20.0  

[3.06] 
A2 

38.6  

[5.88] 
27.6 

HP1-2 
9.3  

[1.42] 

19.0  

[2.90] 
A2 

41.6  

[6.35] 
52.9 2 

HP2-1 
2.9  

[0.88] 

9.3  

[2.82] 
A1 

20.2  

[6.17] 
30.7 

HP2-2 
3.0  

[0.91] 

10.1  

[3.08] 
A1 

22.5  

[6.86] 
32.4 

HP3-1 
13.5  

[2.05] 

29.4  

[4.48] 
A2 

59.0  

[9.00] 
23.3 

HP3-2 
10.7  

[1.64] 

26.5  

[4.04] 
A2 

47.9  

[7.31] 
14.3 

HP0-H 
2.5  

[0.39] 

11.3  

[1.73] 
B 

41.8  

[6.37] 
49.9 

HP1-H 8.0  

[1.22] 

34.8  

[5.30] C 
91.3  

[13.92] 
18.1 

HP2-H 
8.4  

[2.57] 

24.3  

[7.42] 
D 

61.9  

[18.87] 
26.6 

1 A1 = Splintering tension crack in CSP and 38x89 under point load, A2 = Splintering 

tension crack only in 38x89 under point load, B = Simple tension crack at mid-span, C = 

Splitting of 38x140 along length of HP, D = crippling of ECO4 sheathing. 

2 Load remained relatively constant for approximately 10 minutes. The load and vertical 

deflection values at the start of the 10 minutes was 38.3kN and 30.2mm, respectively.  
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Table 3-6: Comparison of full-scale DBW with Abbasi (2014) STUD wall 

  DBW 
STUD 

(Abbasi 2014) 

(DBW-STUD) 

STUD 

Out-of-plane 

flexural 

Mean ultimate 

moment 
10.01 kNm 8.91 kNm + 12.3% 

Characteristic 

moment 
9.25 kNm 7.19 kNm + 28.6% 

Characteristic 

moment / F.S. 
3.08 kNm 2.97 kNm + 3.7% 

Characteristic 

moment at L/360 
1.80 kNm 0.67 kNm + 168% 

Mean allowable 

moment 
1.80 kNm 0.67 kNm + 168% 

Axial 

Compression 

Mean ultimate 

line load 
158.2 kN/m 100.0 kN/m + 58.2% 

Characteristic 

line load 
140.3 kN/m 39.7 kN/m + 253% 

Characteristic 

line load / F.S. 
56.1 kN/m 25.3 kN/m + 122% 

Characteristic 

line load at 3mm 
22.8 kN/m 20.5 kN/m + 11.2% 

Mean allowable 

line load 
22.8 kN/m 20.5 kN/m + 11.2% 
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Table 3-7: Allowable equivalent line loads for HP tests 

 

Load at 

3mm  

 (kN) 

Equivalent 

Line Load at 

3mm 

 (kN/m) 

Load at 

L/180  

(kN) 

Equivalent 

Line Load at 

L/180  

(kN/m) 

Ultimate 

Load  

(kN) 

Equivalent 

Ultimate Line 

Load  

(kN/m) 

E.U.L.L. / 

F.S. (kN/m) 

HP0-1 2.2 1.81 4.6 3.76 26.4 21.6 8.6 

HP0-2 2.2 1.77 4.8 3.89 20.4 16.7 6.7 

HP1-1 9.8 8.03 20.0 16.43 38.6 31.6 12.6 

HP1-2 9.3 7.64 19.0 15.58 41.6 34.1 13.6 

HP2-1 2.9 4.75 9.3 15.18 20.2 33.2 13.3 

HP2-2 3.0 4.90 10.1 16.57 22.5 36.9 14.7 

HP3-1 13.5 11.02 29.4 24.07 59.0 48.4 19.4 

HP3-2 10.7 8.80 26.5 21.73 47.9 39.3 15.7 

HP0-H 2.5 2.08 11.3 9.30 41.8 34.2 13.7 

HP1-H 8.0 6.53 34.8 28.49 91.3 74.8 29.9 

HP2-H 8.4 13.82 24.3 39.89 61.9 101.4 40.5 
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Figure 3-1: Full Dry Bale Wall (DWB) panel 

Perimeter frame 

Straw bale laid  

on-edge in DBW 

Header beam 

ECO4 sheathing 
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Figure 3-2: Full DWB panel specifications
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Figure 3-3: Half DWB panels specifications 

 

 
Figure 3-4: Out-of-plane flexure (Methodology A) testing apparatus 
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Figure 3-5: Axial compression (Methodology B) testing apparatus 
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Figure 3-6: Local flexural (Methodology C & D) testing apparatus 
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Figure 3-7: Load versus mid-span deflection for OPF tests 

 

  

Figure 3-8: Load versus quarter-span deflection for OPF tests 
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Figure 3-9: Load versus end deflection for OPF tests 

 

 

Figure 3-10: OPF-1 failure mechanism 
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Figure 3-11: OPF-2 failure mechanism 

 

 

Figure 3-12: OPF-3 failure mechanism 
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Figure 3-13: AC-V1 load versus vertical deflection curves 

 

 

Figure 3-14: AC-V2 load versus vertical deflection curves 
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Figure 3-15: AC-V3 load versus vertical deflection curves 

 

 

Figure 3-16: AC-S1 load versus vertical deflection curves 
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Figure 3-17: AC-S2 load versus vertical deflection curves 

 

 

Figure 3-18: AC-S3 load versus vertical deflection curves 
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Figure 3-19: ECO4 sheathing failure for AC-V1 (top-left), AC-V2 (top-middle), AC-V3 (top-right), AC-S1 (bottom-left), AC-S2 (bottom-

middle), & AC-S3 (bottom-right)
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Figure 3-20: Bearing failure of loaded 38x89mm header for AC-V1 (top-left), CSP failure 

for AC-V2 (top-right), Crushing and deformation of CSP for AC-V3 (bottom) 

 

 

Figure 3-21: Unloaded AC-V3 before first load increment (left) and after (right) 
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Figure 3-22: Average deflection and permanent set at incremental loads for void AC panels 

 

 

Figure 3-23: Average deflection and permanent set at incremental loads for straw-filled AC 

panels 
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Figure 3-24: HP0 load versus mid-span deflection curves 

 

 

Figure 3-25: HP0, HP1 & HP3 load versus mid-span deflection curve – Comparison 

between empty frame and ECO4 sheathing as well as flat and on-edge dimensional lumber 
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Figure 3-26: HP1 & HP2 load versus mid-span deflection curve  

 

 

Figure 3-27: HP1 & HP2 max bending moment versus mid-span deflection curve - 

Comparison between 2-point and single-point loading as well as with and without additional 

header 
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Figure 3-28: Failure Mechanisms A1 (top left), A2 (top right), B (Middle left), C (Middle 

right) and D (bottom) 
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Chapter 4: Summary of conclusions and future work 

4.1 Discussion 

In general, the conclusions established from both experimental programs provide 

additional evidence that straw bale is a viable building material.  The thermal testing 

showed that the difference in apparent thermal conductivity is statistically insignificant 

for bale densities ranging between 89.5 kg/m3 and 372 kg/m3. There are two practical 

implications to this finding. First, builders can now confidently use high-density 

manufactured bales, without being concerned that the thermal performance of their straw 

bale walls will be affected. Second, it indicates that even for conventional bales, 

differences in bale density will not affect thermal performance. This is important because 

there are no standards for straw bales, and builders will typically use what farmers 

provide. However, it is crucial that builders be vigilant regarding their building practices 

since we have also seen how voids within the panel can drastically affect the thermal 

performance of a panel.  

The most promising aspect of the non-plastered modular panels is that a single 1,220 mm 

x 2,440 mm panel can be fabricated in approximately 30-minutes in a sheltered 

environment, whereas a similar conventional straw bale wall would be plastered and 

cured for 7 days on-site. During the entire construction process, the wall also requires 

moisture protection (tarping, roofing, etc.) which is time-consuming and an additional 

expense. As for the structural performance testing, it has been shown that non-plastered 

modular straw bale panels are structurally adequate under vertical loads. The header 

beam design tested should be re-considered so that it is stiffer and can pass the deflection 

serviceability limit state.  
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Summary of conclusions 

In particular for this thesis, two distinct experimental programs were undertaken to better 

understand the thermal and structural performance of straw bale construction. The 

thermal performance program evaluated the effect of bale density on the apparent thermal 

conductivity of a plastered straw bale wall panel by means of a hot box. The structural 

performance program evaluated non-plastered modular straw bale wall panels under 

transverse and gravity loads. 

To summarize the key conclusions of this thesis: 

1. Based on this experimental program, the true apparent thermal conductivity of the 

panels could not be confirmed. 

2. Within the experimental error, there is no difference in the apparent thermal 

conductivity between high-density and normal density straw-bale panels. 

3. The out-of-plane flexure behaviour of the DBW is consistent and exhibits a mean 

allowable bending moment of 1.80 kNm, which is greater than the STUD wall 

tested by Abbasi (2014) by 168%. 

4. The axial compression behaviour of the DBW is consistent and exhibits a mean 

allowable line load of 22.8 kN/m, which is greater than the STUD wall tested by 

Abbasi (2014) by 11.2%. 

5. The local flexural behaviour of the DBW header beam is relatively consistent and 

exhibits a mean allowable line load of 11.2 kN/m for the configuration tested in 
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the axial compression tests, which is lesser than the equivalent line load exhibited 

by Abbasi’s (2014) STUD wall by 45%. 

6. The ultimate bending moment capacity of the HP1-H and HP2-H panels may 

exhibit the additional capacity required to achieve greater capacities then Abbasi’s 

(2014) STUD wall but the header beam would still lack stiffness in the 

serviceable load and deflection criteria.  

4.2 Future Work 

Since this thermal experimental program was unable to confirm the true apparent thermal 

conductivity of plastered manufactured straw bale panels, there is still a need to attribute 

thermal properties for these panels as builders could take advantage of the additional 

structural performance these bales exhibit while knowing the thermal performance of 

their construction. 

Future work on DBWs should be focused on identifying a suitable header beam that 

would exceed the building code requirement, preserve the DBW’s ease of construction 

and its sustainable features. Furthermore, due to the timber’s natural susceptibility to 

creep, long-term testing should be performed before implementing the DBW in 

residential application. Similar, fire resistance and thermal tests should be performed to 

confirm the DBW’s adequacy as it would be an integral component in the building 

envelop. 
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