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ABSTRACT 

Hay and straw bales can be stacked up like giant insulating bricks to form load-

bearing walls for a wide variety of structures. The technique could provide home builders 

with inexpensive, energy efficient, long-lasting, fire-resistant, easily built, comfortable 

houses from a natural resource yearly renewable and locally available. 

Unfortunately, the lack of knowledge regarding the structural properties of the bales 

and the wall systems incorporating them presents a major barrier to straw-bale 

construction. Without the quantitative information that standard engineering testing would 

provide, the wider use of bale construction will continue to be severely inhibited. This 

thesis examines the basic mechanical properties of individual straw bales (stress-strain 

behavior, ultimate strength, Poisson's ratio, etc...), and prototype wall systems (vertical 

strength, in-plane lateral strength, out-of-plane lateral strength, deflection, creep, etc...). 

The results of the tests on the individual bales as well as the wall systems are used to 

develop guidelines and equations for the design of straw-bale structures. 
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CHAPTER 1 

INTRODUCTION 

Increasing costs of conventional home construction, which have put home ownership 

out of reach for many individuals, have stimulated interest in the development of 

inexpensive, energy efficient, alternative building materials. One alternative material is 

the plastered straw bale. 

Straw bale construction is not new in the United States. The earliest documented 

building of straw bale construction is a one-room school house built in Nebraska in the 

1890's. The technique provided Nebraskans with inexpensive, energy efficient, easily 

built, comfortable houses made from a natural resource locally available. Extensive use 

of straw bale construction has been made in rural areas for housing as well as for various 

farm structures where building codes are either non-existent or very liberal. Although the 

restrictive nature of building codes in at least some urban areas do not prohibit the use 

of straw bale construction, they do limit the cost effectiveness of such construction. In 

Tucson, Arizona, for example, because of lack of adequate data in regard to the 

structural properties of "pure" straw bale construction, architects and/or engineers require 

a wood structure load carrying framework for the construction. Thus, straw bale 

construction may be used, but a cost penalty results from the lack of knowledge of the 

structural properties of straw bales. The purpose of this work is to determine the 

structural properties of straw bales and the walls incorporating them. 
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CHAPTER 2 

LITERATURE SEARCH 

2.1 Straw 

Production data in the U.S. are generally unavailable, but statistics are available for 

acres of grain harvested and for grain production. In 1988, a total of 70 million acres of 

wheat, rye, rice, oats, and barley were harvested. The 1988 production could be 

converted to the total tonnage of straw that would also have been produced. The number 

of bales obtained could be sufficient to create the exterior walls (with an average R-value 

of at least 45, see Fig.2) for more than five million long-lasting, fire resistant, energy 

efficient, 2000 square feet single family residences. This is more than five times the 

number of new single family residences actually started in 1988 (Out on Bale, Ref. 10). 

2.2 Disposition of straw 

Straw produced in the U.S is dealt with in one of four ways: 

1. It is cleared from the field by open burning. 

2. It is baled for later controlled stack-burning. 

3. It is disked and plowed under. 

4. It is baled for sale as animal bedding and roughage in feed mixtures, for garden 

mulch, for fiber in pressed-board, and for plastered straw bale construction. 
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Due to the lack of market, only a small percentage is baled for sale. In some states, 

where open burning of agricultural residues is illegal, the majority of the straw is disked 

and plowed under. This is costly to the farmer. In California, a combined total of about 

1.2 million tons of rice, wheat, and barley straw were burned during a recent year (see 

Table 1). This burning produces emissions that have locally significant impacts on 

ambient air quality. Serious concerns are being voiced about agricultural burning as a 

contributory cause of reduced visibility, respiratory health hazards, increased rainfall 

acidity, and increased potential for global warming. This burning is now subjected to 

regulation, and a phased burn reduction has been initiated, but no satisfactory way to 

dispose of straw has yet been identified. 

Table-1 Straw Burning in California Ctons/year) 

Straw burned Carbon monoxide Carbon 

Rice Straw 1,096,000 56,000 3,360 

Wheat Straw 100,000 5,100 326 

Barley Straw 24,000 1,200 78 
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2.3 Brief history 

Straw bales can be stacked up like giant insulating bricks to form load-bearing walls 

for a wide variety of structures. After the minimal compression in response to the roof 

and ceiling load is complete, the bales are plastered to ba protected from exposed flame 

and the detrimental effects of wind and weather. The earliest documented straw bale 

building is a one-room school house built in western Nebraska in the late 1890's. The 

oldest building still in existence is a four-room house built near Alliance, Nebraska in 

1903 (see Fig.l). 

Fig.l. Martin-Monhart house, 1925, Arthur, Nebraska 
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The technique saw significant use in the sand hills of Nebraska until about 1930, 

providing homesteaders and small town dwellers with inexpensive, easily built, 

comfortable houses built from a locally available natural resource. It then saw a sporadic 

use in Canada and the U.S. until 1988 , when it began to experience a modest revival, 

particularly in southwestern New Mexico and then in southern Arizona. Often this 

method of construction was used in rural situations where permits are not required or 

where detection by building inspectors was unlikely. Some modern pioneers used post-

and-beam frame-work, but as the track record of Nebraska became known builders began 

to favor using vertical posts only in walls that were made up primarily of windows and 

doors. 

2.4 Advantages 

The advantages of using straw-bale in construction are: 

1. Plastered straw-bale construction creates a long-lasting, super-insulated, fire-resistant 

housing at per-square-foot costs less than for traditional methods. The energy savings 

for space cooling and/or heating continue to accrue for the life span of the structure 

(see Fig.2) . 

2. Although inherently inexpensive, even when used by a professional builder, the 

technique is particularly appropriate for owner-contractors eager to save money. 
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The wall raising can be easily done by the owner and friends or family to eliminate 

the labor costs for this phase. 

3. Like wood, straw is produced by a natural, non-polluting process. 

4. Unlike wood, straw is an annually renewable agricultural residue often considered as 

a waste product. 

5. As compared to dimension lumber and concrete block, the two most common 

structural wall-systems materials, the energy required to create the finished product 

from the raw material is considerably less. 

6. The emissions from eventual burning or decomposition are postponed. 

7. The substitution of bales for lumber could relieve pressure to log growth forest and 

scenic recreational areas. 

2.5 Barriers 

Barriers to straw bale construction include a lack of exposure to the general public 

and the building profession, an historical track record that is only now becoming well 

documented, and a general resistance to change within the building industry. In addition, 

governmental agencies responsible for issuing building permits, often do not do so 

because of a lack of knowledge regarding the structural properties of the straw bales and 

the walls incorporating them. Without the quantitative information that standard 

engineering testing would provide, the wider use of plastered straw-bale construction will 
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continue to be severely limited and the benefits from its entry into the main stream of 

residential construction will not be realized. 

Materials 

Fig.2. R-values for different materials 
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CHAPTER 3 

CONSTRUCTION PROCEDURES 

3.1 Straw bales 

Straws used for construction are: wheat, barley, rice, flax, and rye. Bales must be 

kept dry before, during, and after construction. If stored, the air humidity storage must 

be less than 14% . Baling straw is not difficult, and is best described in Hay and Forage 

Harvesting. 1983, by the John Deere Service Training Department (Ref.7). The baling 

process could be done by balers or by hand. Different sizes and kinds are commercially 

available (small two wire/string bales, large three wire/string bales, etc...) most of which 

have been successfully used for construction, with preference given to the three-wire 

bales (see Fig.3) . Half bales and other sizes are needed for wall construction. They can 

be obtained by cutting and retying full sized bales. A compression jig could be used to 

ensure that half-bales are uniform. Straw is composed of a high percentage of crude fiber 

( 30% to 45% ), a low percentage of protein ( 0 to 5% ), and other mineral and organic 

elements. Rice straw has a very high silica content which makes it very resistant to 

weathering (Bainbridge, Ref.2 1992). 



Fig.3. Three-string bale laid flat 

3.2 Floor slabs 

Reinforced concrete floor slabs are typically used in straw bale construction. Where 

the bottom course of bales rests on the slab, a moisture barrier should be used to prevent 

moisture from reaching the bales. Various combinations of asphalt roof cement, roofing 

felt, and black plastic sheeting have been used. The wire mesh, used to reinforce the 

plaster and enable it to hold to the straw bales, can be cast into slab and then tied into 

the wall. A rock foundation with concrete cap could be used as an inexpensive option. 
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Stubs of #4 rebar (steel reinforcing bar) projecting from the slab, prevent lateral 

movement of the first course of bales. Longer rebar pins are then used to pin each 

additional course of bales to the course, or courses, below it. The connection between 

the roof plate and the floor slab is created by using half inch diameter foundation bolts 

projecting from the slab. Section of all-thread rod and coupling nuts are then used to 

extend from these foundation bolts up through the bale courses and finally up through the 

roof plate. Large washers and nuts complete the assembly such that the roof plate is 

firmly attached to the slab (see Fig.4). The rebar pins and all-thread rod connections 

resist lateral movement of the bales and lateral deflection of the walls. The plaster 

reinforcing wire mesh, attached to the edge of the roof plate and to the bale walls, 

provides additional stability, and another strong connection between the roof and floor 

Fig.4. Steel Rebars 
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3.3 Walls 

Three-wire bales have been typically used to build load bearing walls. In Nebraska, 

mud or cement lime mortar was used between the bales; in Canada concrete mortar has 

also been used. Some builders just placed one bale directly on the others. However steel 

rebars are strongly recommended between bales. It will be shown later that bales are 

much stronger when they are flat, thus bales must be laid flat rather than on edge (see 

Fig.3). Bales are laid in staggered courses, then pinned with steel rebars. Two rebars per 

bale are placed in the slab to anchor the bales in the first course. Three to five feet long 

one-half inch rebar pins are used to tie the rest of the wall together as it is laid up (see 

Fig.5). Some builders have used hardwood or willow stakes instead of rebars. It is 

important to align the bales, and to keep the wall vertical and even (in the same plane) 

(see Fig.6). Utility components can be placed in the walls as they are built, and 

completed after building. Conduit and wiring can be laid between the bales or attached 

to the wall surface before walls are plastered. Electrical boxes and lights can then be 

mounted. The walls will settle when the roof is added. This settlement usually requires 

a period of three to five weeks. After the settlement is complete, walls need a finishing 

coat of stucco or plaster. Most stacked straw bale buildings have used wire mesh to 

reinforce the finishing coat (see Fig.7), which should be done in two layers for better 

protection from moisture and weather. The wire mesh can be attached to the bales by 

being nailed to wooden stakes which have been pounded into the bales (see Fig.9). 
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3.4 Windows and doors 

Frames for windows and doors are to be made in advance to match bale sizes. 

Frames made out of wood have been used. Half inch hardwood dowels have been used 

to anchor window and door frames to the straw bales (see Fig. 11). Metal lintels (headers 

over openings) can be made by welding cross straps between two lengths of angle iron 

(see Fig. 12). Lintels are longer than the width of the window or door by half bale on 

each side. Frames have the same width as a bale so they could provide support for the 

bale above. Frames are set to the outside edge of the bales to protect them from weather. 

O 

Fig.ll. Window frame 



Fig.5. Straw-bale wall details 

Fig.6. Straw bale wall 
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Fig.7. The Reinforcing Wire Mesh 

For plastering, Nebraskans have used a paste mixture that is two third soil, and one third 

sand. The procedure was to place a form against the wall, one inch away, and then pour 

the mixture into the form. This method provides a flat, square corned wall (see Fig.8). 

MacDonald (Ref.9) recommended this mixture and proportions for exterior plaster: 

1. Scratch coat: 5 parts washed sand, 2 parts portland cement, 1 part lime mixed 

with clean water. This coat should be scratched well for the next coat. 

2. Brown coat: 6 parts sand, 2 parts cement, 1 part lime. A sponge trowel is needed 

for this phase. 

3. Color coat: 1/8 in thick pigmented stucco or unpigmented stucco covered with 



25 

appropriate paint. 

MacDonald (Ref.9) also recommended this mixture and proportions for exterior stabilized 

adobe plaster. 

1. Mix seven to ten gallons of mixing type asphalt emulsion with enough water to 

make 55 gallons. 

2. Use this mixture with fine-screened adobe earth and sand (1 part adobe, 3 parts 

sand). 

3. Trowel on one, or more, scratch coats. 

4. Protect with a coat with a water seal. 

As interior plaster, MacDonald suggested the adobe mixture. The interior plaster is very 

important since it provides fire protection (see Fig. 10). 

t 

Fig.8. Plastering the walls 



Fig.9. Straw, wire, and plaster 

Fig. 10. Final finish 
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Windows can be smartly designed to improve the energy efficiency of the house and 

make it healthier to live in. In summer the sun is high overhead at noon and rises and 

sets north of the east-west line. In winter, the sun is much lower at noon and rises and 

sets further south. A house naturally cool in summer, and warm in winter, could be 

designed using the proper solar orientation. Most of the windows should be facing the 

true south to keep the hot high summer sun out and allow the low winter sun in. Beside 

orientation, shading can help keep the house cool in the summer. An overhang could be 

used to keep the high summer sun out. 

A 

Fig. 12. Installing a lintel during construction 
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3.5 Roofs 

The top plate is pre-fabricated on top of the footings for accuracy before raising the 

straw bale wall (see Fig. 13). The top plate is then attached to a mortar bed on the top 

of the bales (for fire break) (see Fig. 14). The roof trusses are connected to the top plate 

by toe nailing and by use of metal "hurricane ties" (see Fig. 15). The hipped roof is a 

good roof configuration since it allows all walls to be at the same height and tied together 

with a common plate under the same stress (The house in Fig. 1 has a hipped roof). Roof 

designs should also include wide eaves, gutters, downspout, and detailing to keep rain 

off the walls. At the end, the house looks like any other house (if not better) (see Fig. 16, 

17). 

Fig.13. Top plate 



Fig. 14. Installing the top plate 

Fig. 15. Roof supporting beams connected to the top plate 



Fig. 16 a. The straw-bale house 

Fig. 16 b. The straw-bale house 
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Fig. 17 a. Inside the straw-bale house (kitchen) 

Fig. 17 b. Inside the straw-bale house (fire place) 
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CHAPTER 4 

TESTING PROGRAM 

The testing was done in two major phases, the first phase deals with bales, and the 

second with straw-bale walls. Tests were triplicated and the mean (central tendency), and 

the variance (dispersion about the mean) were determined to model uncertainties in 

results. 

4.1 Bales 

Bales were tested under a screw-type testing compressor and the load-deflection 

relation was observed, from which the stress-strain curve was plotted (see Fig. 18). The 

ultimate stress (stress that causes failure) was observed and compared to see if bales were 

consistent in their strength. The mode of failure was determined by noticing the kind of 

failure that has been obtained. Failure is either brittle: sudden instantaneous failure (like 

concrete or wood, as soon as the load reaches the ultimate capacity, failure occurs.), or 

ductile: slow, plastic failure (like steel, when load reaches the ultimate capacity, large 

deflections could be observed, and redistribution of load to the elements that did not 

reach their ultimate load yet, occurs). Bale densities were computed and compared to 

check for consistency, then the density-strength relationship was established. Deflections 

in the axial and lateral directions (perpendicular to the load) were measured, from which 
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Poisson's ratio was determined. Bales were tested flat (laid flat), and on-edge to see in 

which position they have more strength and stability. The bales were compressed using 

a screw-type universal testing machine (UTM), modified to enable pressure to be applied 

evenly to the surface of tested bales when they are laid flat (surface measuring 

approximately 23" by 45"). To provide a rigid non-deflective surface to support the bales 

a half inch thick steel plate was placed on the platter of the machine. On the top of the 

bale, two half inch thick wood plates were placed. On the top of the wood plates, four 

steel I-beams were placed to transmit the load to the bale (see Fig. 18). 

Fig. 18. Experimental set-up for individual bale (flat). 
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4.2 Walls 

Prototype walls were built in exactly the same way as they were built in Nebraska. 

The walls were 12 ft in length and 8 ft in height. Each wall supported a roof plate to 

better simulate the distribution of roof loading. They were built from three-string wheat 

straw bales from Yuma, Arizona. They contain half-bales and flakes (a flake is a mass 

of loose straw to fill any space in the wall) to simulate what is done in practice in the 

field. The walls were anchored to the slab with six steel rebars, four of them were just 

common steel bars 16 in. to 18 in. long, and the other two were all-thread bars that were 

connected every two courses until reaching the top plate. The foundation connections 

were separated by two feet from each other and only one foot from the end (see Fig. 19). 

The first course consisted of three bales and at least one flake, the next course had two 

bales and two half bales (made by hand as a conservative approach to the problem) and 

at least one flake. From the first course to the third course, two-feet long steel rebars 

were used to connect bales to the course below, one rebar for half-bales to connect them 

to the bales below, and another one for the full bales to connect them to the two bales 

below. When the fourth course was placed, then the type of connection changed; five-feet 

long steel rebars were used, that could connect up to four courses which provide stronger 

connection and better interaction between bales. The walls were not plastered, and that 

was again a conservative approach since the walls are definitely stronger with the 

reinforcing wire-mesh and plaster. That, also could make building straw-bale structures 

easier since it gives the builder more latitude in the way or the time one wants to plaster 



the walls. There were three different tests (vertical, lateral out-of-plane, and lateral 

plane), each one was triplicated which means that a total of nine walls was needed. 

Fig. 19. Prototype wall 
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Compression 

Fig.20. Wall testing 

Fig.20 shows the general way the testing was done, and does not show the exact 

locations of where or how point loads were applied. 
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Vertical loading 

Three free-standing unplastered walls were tested under compressive vertical loading. 

Load-deflection and time-creep relationships were observed. Walls were not tested to 

failure, because the means to do such test were not available. The maximum load was 

16,000 lb. which represented a load bigger than a dead and live load of a typical 12 ft. 

by 16 ft. roof section, and a snow load of 40 lb. per square foot (actually the design 

value is 100 lb/ft2 of snow, but reduced to 40 lb/ft2 because the roof has an angle with 

the horizontal plane (UBC).). The load was suspended from the roof plate (since the roof 

loading is transmitted to the wall through the roof plate), and applied exactly where the 

trusses should have been toe nailed. Deflections were measured at points 1, 2, and 3 (see 

Fig.21) their average was considered the wall deflection. 

Corrcteeicr. 

Fig.21. Vertical loading 
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Out-of-plane lateral loading 

This test was intended to simulate the effect of wind. Again, this test did not go to 

failure, because the means to test to failure were not available. The maximum load was 

the simulation of a 100 mph. wind which is the equivalent of 26 lb/ft2 (UBC, Ref.6). The 

wall was braced at the top edge. The tested lateral side of the wall was covered by wood 

plates (with the same dimensions of the surfaces of bales and half bales) (see Fig.44) 

connected to cables. The cables go through the wall to the other side. Loading the cables 

will induce a stress applied by the wood surface to the wall. The load-deflection at 

different points along the wall was observed (points 1, 2, and 3)(see Fig.22). 

Fig.22. Out-of-plane lateral loading 
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In-plane lateral loading 

This test simulates the effect of a wind blowing in the same plane of the wall (100 

mph. wind). The wind is pushing on an other wall section perpendicular to the tested 

wall. This test was intended to show if the wall can take a distributed vertical load, 

applied in the same plane (the vertical edge of the wall). The applied load, 2100 lb., is 

the resultant of a pressure of 26 lb/ft2 applied on an 8 ft. by 10 ft. wall section braced 

laterally by the tested wall. A one-inch thick, 2 ft. by 8 ft. wood plate was placed next 

to the vertical edge of the wall connected to a cable. The cable went all the way through 

the wall to the other end. Loading the cable induces the application of distributed load 

at the vertical edge of the wall. Deflections of the wall at points 1, 2, and 3 were 

observed and measured (see Fig.23). 

Fig.23. In plane lateral loading 



CHAPTER 5 

RESULTS 

5.1 Bales 

5.1.1 Density 

Density of bales is obtained by measuring their dimensions and weight, 

(see Table 2). 

Table 2. Bale density 

Bale ft Volume (ft3) Weight (lb) Density 
(lb/ft3) 

1 9.68 84 8.68 

2 9.81 80 8.15 

3 10.23 86 8.41 

4 9.41 83 8.82 

5 9.96 94 9.44 

6 9.71 81 8.34 

7 9.69 85 8.77 

8 10.05 85 8.46 

9 10.14 84 8.28 

10 9.98 76 7.62 

Average: 9.87 83.8 8.50 
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As noticed, there is a variation in the weight of the bales. They range from 76 lbs. to 94 

lbs. (see Table 3 and Fig.24). 

Table 3 Weight distribution 

Weight range Frequency 

less than 80 lbs 1 

80-82 lbs 2 

83-85 lbs 5 

86-88 lbs 1 

more than 90 lbs 1 

7 8  8 1  8 4  8 7  9 0  
Weight (b) 

Fig.24. Weight distribution in the sample 
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Size and dimensions of the bales vary also. The dimensions are summarized in Table 4 

and Table 5. 

Table 4. Dimensions of bales 

bale # Length (in) Width (in) Height (in) 
1 44.375 22.500 16.750 
2 45.000 22.500 16.750 
3 47.000 23.500 16.000 
4 45.500 22.500 16.000 
5 45.625 22.625 16.625 
6 45.000 22.562 16.500 
7 45.437 22.500 16.375 
8 45.750 23.000 16.500 
9 46.750 23.000 16.250 

10 45.250 22.750 16.750 

Average: 45.57 22.64 16.45 

Table 5. Summary table 

weight (lbs) 
height (in) 
width (in) 
length (in) 
volume (ft3) 

Mean 
83.80 
16.45 
22.64 
45.57 
9.87 

density(lbs/ft3) 8.50 

Standard deviation 
4.66 
0.29 
0.20 
0.79 
0.28 
0.48 
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5.1.2 Stress-Strain relation 

The bales were placed under slowly increasing load. Their deflection as a response 

to the load was observed. The results were very consistent. The failure (the point where 

the tested sample stopped taking load and started complete unloading) of bales seems to 

be ductile, it was slow, accompanied by large deflection, and the samples did not 

collapse. The strings did not fail or break during the compressing process. The failure 

also seems to be in the shear mode for all bales. Figures 30 and 32 show this clearly. 

A vertical fiber was marked to be observed. At failure the upper and the lower end of 

the fiber formed an angle of 45° with the horizontal, which indicates that the failure 

mode was in the shear mode. The stress-strain diagrams show clearly another desirable 

characteristic, the more bales are compressed the stiffer they become and harder to 

compress (see Fig.25, 26, 27, and 28). During construction, and after placing the roof, 

bales will go through their initial deflection and then they become stiffer. 
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Stress-Strain Diagram 
Bale #1 

9 0  -

0 0.05 0.1 0.15 0.2 0.25 0.3 0 . 3 5  
Sirain (in/in) 

Fig.25. Stress-Strain diagram for bale #1 
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Stress-Strain Diagram 
Bale §2 

80 

7 0  

60 

30 

20 

1 0  

0 
0 0.2 0.3 0.4 0.5 0.6 

Strain (in/in) 

Fig.26. Stress-Strain diagram for bale #2 
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Stress-Strain Diagram 
Bale #3 

80 

7 0  

6 0  

30 

20 

1 0  

0 
0 0.2 0.3 

Strain (in/in 
0.4  0.5 0.6 

Fig.27. Stress-Strain Diagram for bale #3 
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Stress-Strain Diagram 
bale #4 

80 

7 0  

60 

tn 
VI <D 

20  

10  

0 
0 0.2 0.4 0.5 0.5 

Fig.28. Stress-Strain Diagram for bale #4 
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All bales regardless of their weight, density, or size have failed almost under the 

same load which is around 72,000 lbs, (see Table 6). 

Table 6. Density-Ultimate load data 

Density Ultimate load 

Bale #1 12.16 lb/ft3 73,000.lbs 

Bale n 8.34 lb/ft1 73,750.lbs 

Bale #3 8.47 lb/ft3 72,700.lbs 

Bale #4 8.18 lb/ft3 72,300. lbs 

Although density was not a factor for determining the ultimate load, it is different for the 

ultimate stress. Table 7 shows the relation between density and ultimate stress (see also 

Fig.29). 

Table-7 Density-Ultimate stress data 

Density Ultimate stress 

Bale #1 12.16 lb/ft3 84.20 psi 

Bale n 8.34 lb/ft3 73.31 psi 

Bale #3 8.47 lb/ft3 74.96 psi 

Bale #4 8.18 lb/ft3 70.71 psi 
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Density-Strength Curve 
86  

8 4  

V) 
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4! 
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72 r 
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Density (Ib/fr3) 
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Fig.29. Density-Strength Curve 
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Fig.30. Bale before compression 



Fig.32. Bale after compression 

Fig.33. Side vertical fiber after compression 



53 

Poisson's ratio 

The axial-lateral strain relationship for one bale was determined. The average 

Poisson's ratio was found to be equal to 0.30 (see Table 8 and Fig.34). 

Table-8 Poisson's ratio 

Axial Strain Lateral 
Strain 

P=Lateral 
Axial 

(in/in) (in/in) 

0.000 0.000 0.00 

0.028 0.009 0.32 

0.060 0.018 0.30 

0.103 0.033 0.32 

0.151 0.044 0.29 

0.190 0.062 0.33 

0.254 0.078 0.31 

0.310 0.089 0.29 

0.349 0.100 0.29 

0.381 0.106 0.28 

0.421 0.116 0.27 

0.437 0.122 0.28 

0.460 0.133 0.29 

0.476 0.139 0.29 

0.492 0.144 0.29 

0.524 0.161 0.31 

0.540 0.161 0.30 
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Axial strain Vs Lateral strain 
0.18 

0.16 

0.1* 

0.12 

.1 

0.08 

-1 0.06 

0.04 

0.02 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 

Axial Strain 

Fig.34. Axial strain-Lateral strain curve 
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Bales on edge 

Bales are sometime used on edge. Testing shows that they were very weak in that 

position, and that failure is brittle. Contrary to when they were flat, the failure of the 

strings controls. The string in the middle fails first, leading to the total instantaneous 

brittle failure of the bale. At failure the bale actually explodes. For stress-strain behavior 

see Fig.35 and 36. 

Stress-Strain Diagram 
Bale #5 on edge 

25 

in 
VI 
6) 

20  

1 0  

0 

5 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 
Sfrain (in/in) 

Fig.35. Stress-Strain diagram for bale #5 on edge 
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Stress-Strain Diagram 
Bale #6 on edge 

16  

14 

1 2  

4 

2 

0 
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 

Strain (In/in) 

Fig.36. Stress-Strain diagram for bale #6 on edge 
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5.2 Walls 

5.2.1 Vertical loading 

The 8 ft. high by 12 ft. long wall was able to stand about 16,000 lb. which was 

about 1,250 lb. per linear foot (see Fig.37 and 38). As mentioned before the 16,000 lb. 

were the equivalent loads induced by dead and live loads of a typical roof and a snow 

load of 40 lb. per square foot. Deflections at different points along the wall were 

measured and their average was assumed to be the wall deflection. Creep was so 

insignificant that it could not be measured. Creep is known to be around 0.25 inch in 5 

weeks (for an 8 ft. to 10 ft. high straw bale wall), at which time it stops (Out on Bale, 

Ref. 10). Wall #3 started showing a buckling behavior at 16,000 lb. but still did not 

collapse (see Fig.42). The stress-strain diagrams show that walls in compression did not 

behave like individual bales, they became softer as they were compressed (see Fig.39, 

40 and 41. Note that the X-axis represents stress). The same additional stress caused 

more induced deflection (increasing rate of deflection). 



Fig.37. Vertical loading test set-up 

Fig.38. Vertical loading test 



Vertical Loading 
Wall # 1 

4.5 

3.5 

t 2.5 

0.5 

2 3 5 6 4 
Deflection (in) 

Fig.39. Pressure-Deflection diagram for wall ft 1 
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Vertical Loading 
Wall #2 

4.5 

3.5 

b 2.5 

0.5 • 

(in) Deflection (in 

Fig.40. Pressure-Deflection diagram for wall #2 
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Vertical Loading 
Wall #3 

4.5 

3.5 

k 2.5 

0 2 3 5 6 4 7 8 
Deflection (in) 

Fig.41. Pressure-Deflection diagram for wall #3 
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Fig.42. Wall #3 buckling failure 
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5.2.2 Qut-of-plane lateral loading 

Lateral resistance is very important for load-bearing walls, it provides the structure 

with the ability to resist wind loading (see Fig.43). The testing was very conservative 

since the walls had no reinforcing mesh or plaster. The maximum applied load was 26 

lb/ft2 which is the equivalent of a 100 mph. wind (UBC, Ref.6) (see Fig.44). The walls 

deflection response was relatively small which may imply that their ultimate capacity 

might be much higher (see Fig.45). A creep of 1/16 in. was observed during the first 18 

hours and became too small to measure after that. Fig.46 shows the stress-deflection 

diagram indicating an increasing rate of deflection. 

Fig.43. Out-of-plane lateral loading 
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Fig.44. Wind pressure simulation set-up 

Fig.45. Wall under 23 lb/ft2 of pressure 
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Pressure-Deflection 
Wall 
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Fig.46. Pressure-deflection curve for wall #5, point #2 
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5.2.3 In-plane lateral test 

The purpose of this test was to determine the potential for a straw-bale wall to be 

used for bracing (see Fig.47). The test simulates a vertical wall that is 10 ft. long by 

8 ft. high under a wind speed of 100 mph. braced by the test wall. The distributed load 

is transmitted to the test wall to see if it can take that force (see Fig.48). A creep of 1.0 

in. has been measured after a period of 24 hours that became later too small to be 

measured. The load-deflection diagram shows a behavior similar to the out-of-plane 

resistance (increasing rate of deflection) (see Fig.49). 

-aUMVLklj 

Fig.47. In-plane lateral loading test 



Fig.48. Experimental set-up 



In-plane lateral loading for point #1 
Wall #8 
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Fig.49. Load-Deflection diagram for point # 1 for wall #8 
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CHAPTER 6 

PROBABILISTIC ANALYSIS 

6.1 Introduction 

Structures are designed with reference to some uncertain events which would be 

imposed during their expected service life. This involves various kinds of uncertainties 

in the design of structures, such as the applied load or the resistance behavior of the 

structure itself, uncertainties due to the use of simplified equations, and to the inherent 

randomness in the parameters used in the design procedure. A safety factor is usually 

introduced to account for our ignorance of the many uncertainties. The risk of a 

structural component, subsystem, or system is defined as the probability that the loading 

"L" exceeds the resistance "R" (ie: probability of failure). Reliability is defined as the 

probability of the resistance exceeding the loading (ie: probability of survival). The 

mathematical representation of the risk can be expressed as 

Risk = P ( L > R ) = P ( L-R > 0 ), where P() refers to probability of occurrence. 

Absolute safety of a structure can not be guaranteed, due to different reasons such as the 

inability to obtain the in-place material properties accurately, and the human factors (ie: 

errors, omissions, etc...). However, the risk of unacceptable consequences can be limited 

to a reasonable number. Many methods have been proposed considering the type of 
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problem, the parameters involved, and the uncertainties associated with these parameters. 

Uncertainties are modeled in terms of the mean (central tendency), the variance 

(dispersion about the mean), the probability density, and distribution functions. Various 

risk estimation techniques use part or all of this information in different ways and 

estimate the corresponding risk. The first step toward evaluating the reliability of a 

structure is to decide upon the relevant load-resistance parameters X,, X2,..., Xm and the 

functional relationship among them. This relationship can be considered as 

Z  =  g  (  x  ] ,  X 2 , ,  X m )  

The failure surface or the limit state function can then be defined as Z = 0. The 

probability of failure Pf is given by the integral 

P f  =  J . . . J  / X ( x , , x 2 ,  . . . , x m ) d x , d x 2 . . . d x m  

in which fx is the joint probability density function for X,, X2,..., Xm and the integration 

is performed over the region in which g( ) < 0 (when g( ) < 0 there is failure) (see 

Fig.50). In general the joint probability density function is unknown. 
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XI 

Failure Surface: g()=0 

Failure Region 

Design Point (XI*,X2*) 

Reliability 
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X2 

Fig.50. The Advanced Second Moment Method 

6.2 First-order second-moment reliability method 

To avoid some computational difficulties in the evaluation of risk, the first-order 

second-moment reliability method (FOSMRM) is generally used in structural reliability 

analysis. The first order approximate mean and variance of Z 

are given by 

Z = g  (  X,,X2, . . . ,XJ 

m m 
a z

2 =  (  z  2  ( B g / d X ± )  ( d g / d x . )  C O V ( X j , % ) )  
i=l j=l 
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The partial derivatives of g  () are evaluated at the mean values of all parameters. 

COV (Xj,Xj) is the covariance of X; and Xj. The second order mean is 

Z = g(X,,X2/ . . . ,Xm)+ 1/2 2 2 [ (d2g/ (dXidXj) ) COV(X,,%) ]  

The use of the second-order mean and the first order variance is adequate for most 

engineering applications. 

A safety index /3 is introduced as 

/8 = Z/ffz 

If Z is assumed to be a normal variable then the probability of failure is given by 

Pf = 1 - *03) 

in which $ is the cumulative probability distribution function of the standard normal 

van ate. 

6.3 The advanced second-moment method 

Unfortunately, when gr() is not linear, significant error may be introduced by 

neglecting higher order terms. The approximate method may yield different results for 

mechanically equivalent formulations of the same problem. 

It will give correct results only when variables are normally distributed and the function 

g{) is linear. To solve the problems associated with the first-order second-moment 

method, the advanced second-moment method was proposed in which Taylor's series 
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expansion of g  () is linearized at some point on the failure surface rather then at the 

mean, say (X1*,X2*,...,Xm*) which is called the design point. The design point and the 

reliability index /3 are determined by solving iteratively the following system of 3 

equations: 

0sr/3x,)ffx i 
Oi = 

m 
[  2  (  d g / d X , ) 2  o 2

x i  ] " 2  

i = l  

X|' = Xj - a; (3 CTxi 

g ( X, , X2 , . . . , Xm ) = 0 

In which the derivatives dg/dXj are evaluated at X*'s and a, is the directional cosine of 

random variable X( . In many problems the design variables are not normal, and there 

are ways to transform them into equivalent normal variables however, that is beyond the 

scope of this work. 
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6.4 Probability analysis of experimental results 

The advanced second-moment method described previously will be used to determine 

the design criteria for straw-bale shear walls. The results will be analyzed using a 

computer program developed by Zhengwei Zhao (Ref. 13). The program requires the 

input of the limit state equation, the variables distributions, and their mean and standard 

deviation. It gives the design point : X1*,X2',...,Xm*, the safety index j8, and the 

probability of failure (the probability the limit state condition could occur.). For example, 

if a wall is to have a mean resistance R of 120 kips with a standard deviation of 18 kips, 

and a mean service load S of only 50 kips with a standard deviation of 12 kips, then what 

s h o u l d  b e  t h e  p r o b a b i l i t y  o f  f a i l u r e  ? .  T h e  l i m i t  s t a t e  e q u a t i o n  i s  g ( )  =  R  -  S  .  

Assuming a normal distribution for both variables, the program gives /3 = 3.23575 and 

Pf = 0.000607. Note that a safety index of /3 between 3 and 4 is acceptable, any value 

less than 3 is too risky, and any value more than 4 is very conservative (Ayyub and 

Haldar, Ref. 1). 
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The straw-bale design problem is different from the previous example since the 

design value for the maximum service load is not known. Trial and error will be used 

until a value of /3 between 3 and 4 is obtained. For example, to find the maximum straw-

bale service design stress, the limit state equation is 

g() = Force/Area - Service design stress 

Pb is the maximum axial load on the bale (kips) 

L,, is the bale length (in) 

lb is the bale width (in) 

D is the service design stress (ksi) 

In the first trial D was equal .074 ksi (which is actually the same value as Pb/(Lb*lb) ), 

that gave j3 = .312 which was very risky. In the second trial D was set to be .060 ksi 

which gave /3=5.13, and that was very conservative. In the third trial D = .065 ksi which 

gave (3 =3.248, a safety index that is acceptable. Although experiment gave a maximum 

stress value of .074 ksi (74 psi), it is safer to reduce that value to only .065 ksi (65 

g ( )  =  P b / ( L b * l b )  -  D ,  w h e r e  

psi). 

For walls, the following are the limit state equations: 

Vertical strength : g( )=P,/(L*1)-(VS) 

Out-of-plane lateral strength : g( )=P(/(L*h)-(OPL) 

In-plane lateral strength : g( )=P/(l*h)-(IPL), where 

P„ is the maximum applied vertical load (kips) 
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VS is the design vertical stress (ksi) 

P„ is the maximum applied out-of-plane lateral load (Kips) 

OPL is the design out-of-plane lateral stress (Ksi) 

Pi is the maximum applied in-plane lateral load (Kips) 

IPL is the design in-plane lateral load (Ksi) 

L is the wall length (in) 

1 is the wall width (in) 

h is the wall height (in) 

Both normal and log-normal distributions were assumed (statistics show that the normal 

and the log-normal distributions, when assumed, are adequate for most structural 

problems (Ref. 1)). 

Table-9 Design values and safety indexes 

Variable 

Bale stress D = 65 psi 

Wall vertical VS = 4.4 psi 

Wall out-of-plane OPL = 0.17 psi 

Wall in-plane IPL = 6.7 psi 

Distribution f3 
Normal 3.248 

Log-normal 3.099 

Normal 3.085 

Log-normal 2.928 

Normal 2.806 

Log-normal 2.754 

Normal 3.657 

Log-normal 3.464 
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CHAPTER 7 

CONCLUSION 

" All great truths begin as blasphemies" 

-George Bernard Shaw-

The straw-bale house idea started as a joke, then as a story (The three pigs story in 

the U.S, and the three goats story in the Arabic culture.). It became a practical solution 

for desperate people in the hills of Nebraska, and now it is a revolutionary idea for more 

economical, energy efficient, environmentally friendly houses. It is concluded from the 

results that the straw-bale is a good and safe material for building load-bearing walls, it 

has a strength of at least 72,000. lbs; which is about 80 psi. Although, when compared 

to masonry walls, straw-bale has only about the tenth of the masonry ultimate stress, it 

compensates for that by its bigger surface area, and the strength per linear foot for both 

materials are almost equal. Unlike concrete, wood, and masonry straw-bale is a ductile 

material that does not fail abruptly, and the more it is compressed the stiffer it gets. 

Walls made up of straw-bales have been proved to have the capacity to carry a typical 

roof load (a dead load of 25 lb/ft2, and a snow load of 40 lb/ft2), and a lateral load of 26 

lb/ft2 which is equivalent to 100 mph wind. 
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Unfortunately, properties of straw-bales are very different because of the different 

baling techniques, thus the previous results are only for the kind of bales tested or any 

other similar bales (straw-bales used in this research were three-string wheat bales from 

Yuma, Arizona. They were baled on May of 1992, and stored in the field covered for 

five months.). If purchase specifications were to be set, the straw bales should have a 

weight between 80 and 90 lb., a height of at least 16 in., and a flat area of at least 

900 in2. 

It is very important to come-up with a unified standard way of baling straw, so the 

bale characteristics will be uniform or at least similar. Also, more research and further 

investigation should be done on the fire-resistance and any termite risk of the straw-bale 

walls. An economic efficiency study should also be done to find out the cost savings in 

the short run (savings due to the use of straw-bales instead of concrete,wood, or steel.), 

and the long run savings (savings due to the energy efficiency of walls.). 

It is my sincere hope that this work will contribute in protecting our Mother Earth, 

providing shelter to her son the human being, and preserving a cleaner environment for 

the future generations. 



APPENDIX A 

Bales (Flat) 

Bale #1 

Load Stress Strain 

(lbs) (psi) (in/in) 

0 0.00 0.000 

1250 1.45 0.005 

2500 2.90 0.015 

3750 4.36 0.020 

5000 5.81 0.025 

7500 8.71 0.040 

10000 11.61 0.065 

11250 13.07 0.080 

12500 14.52 0.085 

13750 15.97 0.098 

15000 17.42 0.108 

16250 18.87 0.118 

17500 20.33 0.125 

18750 21.78 0.135 

20000 23.23 0.143 

21250 24.68 0.153 

22500 26.13 0.158 

23750 27.58 0.163 

25000 29.04 0.170 

26250 30.49 0.175 



27500 31.94 0.180 

28750 33.39 0.185 

30000 34.84 0.190 

31250 36.30 0.195 

32500 37.75 0.203 

37500 43.55 0.220 

38750 45.01 0.225 

40000 46.46 0.230 

41250 47.91 0.235 

42500 49.36 0.240 

45000 52.26 0.248 

47500 55.17 0.250 

50000 58.07 0.258 

52500 60.98 0.265 

55000 63.88 0.268 

57500 66.78 0.273 

60000 69.69 0.280 

62500 72.59 0.283 

65000 75.49 0.285 

67500 78.40 0.293 

70000 81.30 0.295 

72500 84.20 0.303 

73000 Failure Failure 



Bale #2 

Load Stress Strain 

(lbs) (psi) (in/in) 

0 0.00 0.000 

1250 1.26 0.015 

2500 2.53 0.025 

3750 3.79 0.033 

5000 5.06 0.040 

7500 7.58 0.062 

10000 10.11 0.093 

12500 12.64 0.126 

15000 15.17 0.164 

17500 17.69 0.198 

20000 20.22 0.226 

22500 22.75 0.256 

25000 25.28 0.272 

27500 27.81 0.300 

30000 30.33 0.321 

32500 32.86 0.342 

35000 35.39 0.355 

37500 37.92 0.373 

40000 40.44 0.392 

42500 42.97 0.416 

45000 45.50 0.431 

47500 48.03 0.441 

50000 50.56 0.456 

52500 53.08 0.471 



55000 55.61 0.482 

57500 58.14 0.493 

62500 63.20 0.515 

65000 65.72 0.518 

67500 68.25 0.535 

70000 70.78 0.545 

72500 73.31 0.561 

73750 Failure Failure 



Bale #3 

Load Stress Strain 

(lbs) (psi) (in/in) 

0 0.00 0.000 

2500 2.68 0.052 

5000 5.35 0.078 

7500 8.03 0.119 

10000 10.70 0.178 

12500 13.38 0.230 

15000 16.05 0.267 

17500 18.73 0.307 

20000 21.40 0.341 

22500 24.08 0.359 

25000 26.75 0.378 

27500 29.43 0.396 

30000 32.10 0.415 

32500 34.78 0.433 

35000 37.45 0.452 

37500 40.13 0.467 

40000 42.80 0.481 

42250 45.21 0.489 

45000 48.15 0.496 

47750 51.10 0.504 

50000 53.50 0.519 

52500 56.18 0.530 

55050 58.91 0.535 

57500 61.53 0.541 



60150 64.37 0.548 

62500 66.88 0.556 

65250 69.82 0.563 

67750 72.50 0.574 

70050 74.96 0.579 

72700 Failure Failure 



Bale #4 

Load Stress Strain 

(lbs) (psi) (in/in) 

0 0.00 0.000 

2500 2.53 0.028 

5000 5.05 0.060 

7500 7.58 0.103 

10000 10.10 0.151 

12500 12.63 0.190 

15000 15.15 0.254 

20000 20.20 0.310 

25000 25.25 0.349 

30000 30.30 0.381 

35000 35.35 0.421 

40000 40.40 0.437 

45000 45.45 0.460 

50000 50.51 0.476 

55000 55.56 0.492 

60000 60.61 0.524 

70000 70.71 0.540 

72300 Failure Failure 



APPENDIX B 

Bales On-Edge 

Bale #5 on edge 

Stress Strain 

(psi) (in/in) 

0.00 0.00 

2.11 0.01 

4.22 0.02 

6.33 0.03 

8.44 0.04 

12.66 0.07 

16.88 0.13 

18.99 0.15 

21.10 0.17 

21.43 Failure of 

middle wire 



Bale #6 on edge 

Stress Strain 

(psi) (in/in) 

0.00 0.00 

1.89 0.02 

3.79 0.03 

5.68 0.05 

7.58 0.06 

9.47 0.09 

11.36 0.12 

13.26 0.16 

15.15 0.19 

17.05 0.22 

Failure of 

middle wire 



APPENDIX C 

Wall Vertical Test 

Wall #1 Wall n Wall #3 

Load Stress Deflecti 
on 

Deflecti 
on 

Deflecti 
on 

(lbs) (psi) (in) (in) (in) 

0 0 0.00 0.00 0.00 

2100 0.65 0.38 0.56 0.38 

3800 1.17 1.00 1.56 1.44 

5500 1.70 1.38 2.56 1.88 

7000 2.16 1.88 2.81 2.06 

8500 2.62 2.25 3.56 2.63 

10000 3.09 2.88 3.88 2.76 

10600 3.27 3.38 4.19 3.44 

11900 3.67 4.13 4.56 5.06 

13200 4.07 5.18 5.50 5.50 

14500 4.48 6.18 6.56 6.75 

15800 4.88 6.88 7.58 7.8 



APPENDIX D 

Wall Out-Of Plane Test 

Wall #4 

Point #1 Point #2 Point#3 

Stress Deflecti 
on 

Deflecti 
on 

Deflecti 
on 

(lb/ftA2) (in) (in) (in) 

0 0.00 0.00 0.00 

5 0.00 0.00 0.00 

10 0.06 0.13 0.00 

15 0.19 0.25 0.06 

20 0.31 0.75 0.12 

23 0.50 0.94 0.18 

Wall #5 

Point #1 Point #2 Point #3 

Stress Deflecti 
on 

Deflecti 
on 

Deflecti 
on 

(lb/ftA2) (in) (in) (in) 

0 0.00 0.00 0.00 

5 0.00 0.06 0.00 

10 0.19 0.13 0.06 

15 0.31 0.25 0.12 

20 0.50 0.62 0.18 

23 0.62 1.00 0.19 



Wall #6 

Point #1 Point it2 Point #3 

Stress Deflecti 
on 

Deflecti 
on 

Deflecti 
on 

(lb/ftA2) (in) (in) (in) 

0 0.00 0.00 0.00 

5 0.00 0.00 0.00 

10 0.06 0.06 0.00 

15 0.12 0.25 0.06 

20 0.18 0.38 0.06 

23 0.31 0.63 0.19 



APPENDIX E 

Wall In-Plane Test 

Wall #7 

Point 1 Point 2 Point 3 

Load Deflection Deflection Deflection 

(lbs) (in) (in) (in) 

0 0.00 0.00 0.00 

605 0.50 0.25 0.25 

1145 2.00 1.25 0.50 

1685 4.25 3.25 1.20 

2135 6.00 5.00 1.50 

Wall #8 

Point #1 Point #2 Point #3 

Load Deflection Deflection Deflection 

(lbs) (in) (in) (in) 

0 0.00 0.00 0.00 

605 0.25 0.25 0.00 

1145 1.25 1.25 0.25 

1685 2.75 2.25 0.25 

2135 4.25 3.25 0.50 



Wall #9 

Point #1 Point #2 Point#3 

Load Deflection Deflection Deflection 

(lbs) (in) (in) (in) 

0 0.00 0.00 0.00 

605 0.25 0.25 0.00 

1145 0.50 1.00 0.00 

1685 1.50 2.00 0.25 

2135 2.30 2.25 0.25 
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