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Introduction
As both an engineer and builder, considering the value of knowing how bale walls
behave under huge compressive loads was enough to get me interested in the testing that
is summarized in the attached thesis. I want to take a little bit of your time explaining
some of the intricacies of not only the test, but load-bearing straw bale construction,
before you attempt to digest the test results. Following is my interpretation of those
results, and some commentary on bale construction in general. I hope you enjoy your
trip.

Summary of the Test
From our desire to understand how bale structures behave in the physical world (as
opposed to peoples imaginations), we attempted to simulate and observe a plastered straw
bale wall in use under tremendous compressive load. We believe we achieved our goals
very successfully.
We created nine (9) wall specimens, each 12 feet long by eight feet tall. Three specimens
of three different bale/plaster configurations were tested, giving a total of nine walls. Our
testing apparatus was designed to be mobile so we could test the walls where they stood
in the laboratory. The results gave us some clearer understanding of how load-bearing
bale walls behave under compressive loads, and also raised other questions about “what
is going on.”

Test History and Testers Backrounds
Back in the summer of 1998 was the first inspiration for the tests. I was approached by a
graduate student at the University of Colorado at Boulder who was also a local builder
completing his masters degree in architectural engineering. That student eventually
dropped out of school, but I remained in contact with his advisor. The advisor, a
professor of structural engineering, found another student interested in such an
undertaking. This student was Matt Grandseart. Little did he know what we were about
to embark upon.
I have been formally designing buildings for close to 13 years, and working construction
for over 18. The thought of failing a wall under such tremendous loads seemed naturally
intriguing. As an engineer, being able to prove just how strong plastered bale
construction is seemed like a worthy undertaking, since most people just can’t seem to
grasp how a building made of spongy, elastic blocks can be a structure with integrity. In
the bale construction community, we knew that our walls were strong – stronger than
framed construction – but just how much was the question.
And so we began. We focused the test down to three wall configurations, calling the first
wall the “control” wall. The first configuration was constructed to be similar to how

many people were doing load-bearing construction in our region. We chose two
configurations using 3-string bales, and a third using 2-string bales. We were all very
excited to see how the smaller, seemingly softer, bales would stand up to their stout,
broad cousins. The test was on!

Test and Specimen Descriptions
Before we began to build the walls, we knew that we had to do this kind of testing in the
structural engineering laboratory on campus. This was due to the fact that the floor was
created for such tests. Without the anchorage of the 3-foot thick, reinforced concrete
floor, riddled with 2” holes for anchoring testing equipment, the test are very difficult to
execute. Furthermore, there was a 5-ton ceiling hoist that made the job of construction,
testing and disposal much easier. Shelter from the elements was also just as important.
The main obstacle became the task of creating enough space within the lab, in places with
accessible holes at the ends of each wall. This alone reduced our test walls from over 12
down to nine. Believe it or not, we actually wanted to test more configurations.
Once space was cleared, the walls began to rise on the lab floor. The walls were
constructed exactly as described in the attached report. But it wasn’t as simple as
stacking some bales and plastering them. We needed to consider how we wanted the
walls to be prior to plastering. We wanted to build them in such a fashion so as to
simulate a real-life situation. Just stacking bales and plastering them was not close
enough. What we needed was some compression from the structure above, which
normally would be a roof or second floor. How we accomplished this came from how we
tested the walls. A local steel supplier donated a steel beam to use as a crusher beam. It
was too long, though, so we had a local welder cut an end off of the beam and weld it
back on top of the main beam in the center. Once the walls were constructed, we hoisted
the beam up and set it down on each wall. This “pre-load” helped us simulate the weight
of the dead load of a roof prior to plastering. It compressed each wall a couple inches
and steel straps previously installed were tightened to hold the wall in compression. The
weight of the beam simulated roughly 225 pounds per lineal foot – a modest dead load.
Once “pre-compressed”, the walls were ready for plaster.
Plastering inside a laboratory was interesting, hard work. Luckily, one end of the lab was
actually a mixing room, with a floor trench drain, a mixer and hose bibs. We solicited
help from numerous curious students, roommates, friends and strangers. It took
approximately three weeks to complete all nine walls with two coats of plaster. We
performed this work at night and on weekends. It was at this point that the real scale of
building 108 linear feet of 8-foot high building walls hit us. We were building a small
cabin inside the lab!
Next we needed to design and build our testing apparatus. We decided to use two
reaction frames, each with a jack for compression. Each of these jacks were centered
over the beam previously described as it projected beyond each end of the wall once the
beam was placed on the wall. The jacks were calibrated using one hydraulic pump and
away we went.
At first we didn’t know what to expect as the walls failed. We began by being across the
room, watching from behind other testing apparatus, as the first couple walls were tested.

The dramatic failure some of us expected never happened. Instead each wall creaked and
groaned, cracked and popped until some part of the plaster failed, but never with enough
deflection or outward force as to cause injury to anyone standing nearby. This was one
of the first indications of the inherent safety within these walls. Upon failure and
maximum deflection of the jacks, we unloaded each wall and loaded them again to full
deflection. We re-loaded some of the walls multiple times. To our excitement, all of the
walls absorbed at least 50% of the initial failure load. There was no indication that upon
continued, cyclical loading, the walls would catastrophically fail. Reloading did not
seem to change the walls in any way from their initial failure form. The ultra-stability of
these walls was becoming apparent. The following results table is reprinted here from
the thesis report:
Table 1 - Testing Results
Configuration 1
Wall 1
Wall 2
Ultimate Strength (lbs.)
37,856
38,902
Ultimate Strength (plf)
3155
3242
Maximum Displacement (in.) 0.500
1.705
Maximum Strain
0.00521 0.01749
Modulus of Elasticity (ksi)
5.848

Wall 3
39,844
3320
0.529
0.00546
2.364

Average
38,867
3239
0.911
0.00939
4.106

Configuration 2
Wall 4
Ultimate Strength (lbs.)
28,044
Ultimate Strength (plf)
2337
Maximum Displacement (in.) 0.384
Maximum Strain
0.00393
Modulus of Elasticity (ksi)
4.246

Wall 5
48,763
4064
0.394
0.00403
7.669

Wall 6
52,449
4371
0.595
0.00610
8.917

Average
43,085
3590
0.458
0.00469
6.944

Configuration 3
Ultimate Strength (lbs.)
Ultimate Strength (plf)
Maximum Displacement (in.)
Maximum Strain
Modulus of Elasticity (ksi)

Wall 8
80,557
6713
0.035
0.00036
-

Wall 9
59,920
4993
1.115
0.01141
8.523

Average
73,877
6156
0.417
0.00427
12.864

Wall 7
81,155
6763
0.101
0.00103
17.205

One of the main errors in our test came from the measurement of displacement. We used
displacement measuring devices called LVDT’s. They did not always work, or they
measured a part of the wall that rotated instead of displacing vertically. The ultimate
failure strengths, though, were very encouraging. Notice the ultimate strengths of Wall 7
and Wall 8! Wall 9 had a similar strength, but this was the first wall we tested that was
so strong, and the computer measuring the load saturated at 59,920 pounds. We kept
increasing the load, but no higher load values registered. We had no choice but to use the
lower number because it was all we had. This dropped the average value of the three
walls down, but made the value conservative for design.

Interpretation of Results and Use in Design
The results from this test have given us a much better understanding of how load-bearing
bale walls behave under compressive loads. Although we did not print the data in Matt’s
thesis, cpost-failure cyclical loading of the walls proved how much they can absorb
energy after initial failure. These results corresponded with lateral strength tests on bale
walls. This similarity between tests tells us that there is some very valuable energy
absorption taking place. It tells us that these walls may behave very well in seismic
areas.
The most valuable direct data was of course the ultimate failure loads. To everyone’s
surprise, the smaller bales created a much stronger wall configuration. This helped to
prove that it is the plaster skins that do most of the work. Little has to do with the straw,
other than it braces the plaster from buckling. The strength of the walls in Configuration
3 have an average strength of 6156 pounds per linear foot (plf). In panel construction, the
International Conference of Building Officials (ICBO) recommends using a factor of
safety of 3 when designing walls using ultimate failure values. This gives us a design
value of 2052 plf. To put this in perspective, the design capacity of a 2x4 framed wall
with ½” plywood on both faces and studs at 16” is 1270 plf.1 Our volunteer-constructed
walls were almost twice as strong as a double-sheathed 2x4 wall! This is exciting!
One part of the results we could not clearly explain was how to correlate the strength of
our plaster to the strength of the walls. In one sense, it seems that if our plasters had a
strength of 1500 psi, it would follow that the capacity of the walls would be the
summation of the plaster area along each face of the wall, times the compressive
capacity. This was not the case. Even with reduction factors for slenderness, bracing,
etc., we could not describe this correlation. This may make it difficult to translate this
data to other types of plaster, such as earthen and lime, even if we know the compressive
capacities. At this time we do not know if other types of plasters will fail in a similar
fashion, thereby allowing us to make direct comparisons.
Another surprise from the results was that the strongest walls used no metal plaster
reinforcement. The plaster was instead reinforced with Fibermesh – a polypropylene
fiber product usually added to concrete slabs as a form of crack-reduction reinforcement.
Stucco manufacturers, such as El-Rey, are also using a different form of this same fiber
in pre-mixed stucco. These other forms are more suited for stucco spraying machines.
We are currently using this data in the design of structures, both load-bearing and postand-beam. One of the interesting ideas that has come out of this test is the fact that in
some post-and-beam straw bale structures, the plaster skins actually harbor more strength
than the wood posts within a given length of wall. Many people do not know this, and
are therefore over-designing their structures. What is happening on a large a scale is that
many people are building such strong structures, while at the same time having to
overcome many obstacles with building officials showing them that their buildings will
be strong enough to stand up under the loads that will be imposed. In addition, the fact
that a cement-plastered bale wall weighs roughly 450 to 550 plf is important. This dead
load needs to be accounted for in design, but also acknowledged that it is providing a
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huge amount of redundant stability to these buildings. Of course in seimic areas, this
extra weight can make for some interesting design solutions. For the rest of us, it usually
helps.
In conclusion, the results of these tests were nothing short of exciting for us in the bale
construction industry. I use these design numbers to design both types of bale buildings.
This helps in the creation of a more efficient post-and-beam structure, while also
allowing us to build load-bearing structure in more places. We hope you find this
information just as valuable. Good luck!
Jeff Ruppert, P.E.
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INTRODUCTION

Straw bales have been used for construction in this country for over one hundred
years. Many of these buildings are still standing today, serving testament to the
resiliency and durability of straw as an effective building material
This test was conducted as a direct response to a Boulder, Colorado, Building
Code ordinance concerning alternative building materials, including straw-bale
construction. The ordinance states that, “The allowable vertical load (live and dead
load) on the top of the load-bearing bale walls shall not exceed four hundred pounds per
square foot, based on walls with bales laid flat.” Other states across the country have
similar ordinances. California Code AB1314 allows for a maximum load bearing
capacity of 400 psf. Pima/Tucson County Code in Arizona allows for only 360 psf.
Common engineering practice is to assign an allowable load for a crucial structural
element –such as a bearing wall- that is no greater than one-fourth the failure load of that
element. The purpose of this test was to see if the aforementioned codes met that
standard.

HISTORY

Straw Construction
Anthropologists believe that straw has been used as a building material for some
40,000 years (Bryce, 1994). It was found in adobe bricks from Jericho that date back to
8300 B.C. and in ancient Egyptian tombs. A mixture of earth and straw, known as cob,
has been used in England for centuries. A two hundred-year-old building wall
constructed of laying bundles of straw with an earthen mortar was also recently
discovered in England (Myhrman and Knox, 1993). In Germany, builders made
something called leichtlehm, a mixture of straw dipped in clay which was then pressed
into a wooden form. It is still used today in several Bavarian villages.

Straw-Bale Construction
Straw-bale construction in the U.S. began shortly before the turn of the century.
Hand-operated hay presses and horse-powered balers had been used since the 1850’s, but
it was not until the invention of steam-powered balers that straw building blocks could be
produced efficiently enough to make them feasible for construction.
The first bale buildings were built in the Sand Hills of Nebraska out of a need for
immediate and inexpensive housing. “The Sand Hills magnified the difficulties of the
previous homestead lands: they were even more barren of trees and the weather was even
more hostile” (Welsch, 1973). Sod was the choice for many of the early homesteaders,

but this sandy soil made construction difficult; the sod would crumble under its own
weight and proved ineffective as a building material.
With an abundance of straw available, bales were a natural choice, and what was
once thought of as temporary housing soon became permanent. The durability and high
insulation value were quickly discovered in the extremes of the Nebraska summer and
winter (Steen et al, 1994).
Figure 1 shows the characteristic “Nebraska-style” of construction where bale
walls provided the sole support for the roof. The thickness of the bale walls narrowed the
angle at which sunlight was able to enter the home so window encasements were often
beveled. Before 1936, all known bale structures were built using this load-bearing
technique. “Of approximately seventy structures built from this period documented by
Welsch, thirteen were known to still exist in 1993 and all but one of these (the oldest,
from 1903) were still being lived in or used for storage” (Myhrman and MacDonald,
1997).

Figure 1: Early Baled Wall Construction

Rediscovery: The Straw Bale “Revival”
In 1973, Roger Welsch wrote an article called “Baled Hay,” discussing some of
the advantages of plastered straw-bale construction for a book entitled Shelter. It was
this article which spurred a number of individuals around the West to build experimental
structures. More followed, along with some media attention, and a revival had begun.
There are now straw-bale structures all over the world, in every climate and seismic zone,
and their popularity continues to grow.

TEST SYSTEM

General
The testing system was designed using the American Society for Testing and
Materials Standard Methods of Conducting Strength Tests of Panels for Building
Construction (ASTM E72). This standard sets the guidelines for testing the strength and
rigidity of existing and new material elements employed in construction systems. Several
guidelines were of significant importance in the design of the test specimen, including
size and number of test specimens, application of loading, and deformation
measurements.

Test Specimen
Base
A base was needed to simulate the role of the foundation and to provide a lower
bound from which the metal band could compress the walls. The base was made by
stacking two 2 x 4’s flat on top of one another along the edge of a ½” CDX plywood
footprint (Figure 2). The 2-string bale footprint was 20” across and the 3-string bale
footprint was 24” across. These 2 x 4’s were blocked by additional 2 by 4’s spaced at
three feet on-center to make the base stiffer. The interior void was then filled with sand
to make a smooth and solid surface and simulating the pea gravel drain bed commonly
used in practice. Finally, a ¾” metal weep screed was placed along the “exterior” edge of
the base. As this was an area of high probability of failure, the weep screed was secured
to the base using forty-two -6 x 1 ½” deck screws.

Figure 2: Base

Box Beam
Box beams are used to distribute the weight of the roof load in the field; the box
beam used for testing served a similar purpose. It allowed the test to more closely mimic
what is often built in the field and helped distribute the load across the entire cross
section of the wall. The box beam was built using 9½” timber I-joists along the sides
with ½” CDX plywood top and bottom flanges (Figure 3). Additional 6½” strips of
plywood were placed along the outside web of the I-joists to make them flush with the
flanges and provide a smooth and continuous surface for stuccoing. The 2-string box
beam was 19” across and the 3-string box beam was 23” across. The ends and crossbracing were completed using 2 x 10 blocks spaced at three feet on-center. Tyvek strips
were placed along the edge of the beam to prevent the timber from rotting from the
moisture of the stucco. Finally, 18” strips of 20 gauge stucco netting were placed
overlapping the edge of the beam and the top 6” of the bales to create a continuous
system from box beam to bales. The netting was held in place using 3/8”pneumatically
fastened, 12 gauge staples and 6” sod staples spaced at 12” on-center.

Figure 3: Box Beam

Wall System
The wall system was built in accordance with ASTM E72 Section 3.2 which
states that, “The length or height of specimen for each element shall be chosen to
conform to the length or height of that element in actual use.” The wall system used for
testing has dimensions of approximately 8’H x 12’L x 1½ -2’W (depending upon the
configuration and discrepancies of the individual bales).
ASTM requires the loading to be applied “uniformly along a line parallel to the
inside face, and one-third the thickness of the specimen from the inside face.” This
provides a “worst-case scenario” for testing. In this way, tests allow for accidental and
design eccentricities.
Following the requirements for compressive loads set by ASTM E72 Section 9.1,
three like specimens were made using three different configurations for a total of nine
walls. Each configuration was built six courses high on top of the base and capped with a
box beam. The walls had four ¾” metal bands spaced at 30” on-center that were looped
underneath the base and over the top of the box beam. The walls were then loaded using
the self-weight of a W12 x 106 beam cut in eight and sixteen foot sections welded one on
top of the other. A ceiling crane lowered the beam on top of the box beam of each wall
until there was no longer tension in the crane cable and the full weight of the beam was
being absorbed by the wall. The resulting 212 plf load was used to simulate the roof load
that ordinarily precompresses the walls. Under the weight of the beam, the walls
deflected two to three inches and were cinched together with the metal bands.

Configuration 1: 3-String Bales with Fibermesh
The first configuration is the most basic and commonly used load-bearing
assembly in Colorado. This configuration is used as a reference from which the other
configurations are compared. Six courses of three 3-string bales each are stacked in a
running bond on top of one another. In the interest of keeping the testing as simple as
possible, dowels or bamboo pins were not used in any of the configurations. (Dowels are
used for lateral support to begin with, but the real concern was that readers might
conclude that the dowels provided a considerable portion of the wall stiffness, making it
difficult to determine exactly which parts of the wall were truly providing resistance to
the load.) After preloading the walls and strapping them down, the first coat of cement
stucco with 1½” polypropylene fibers (mixed at 8 oz. per cubic foot of stucco) was
placed by hand. The 1” coat was allowed to dry for at least 96 hours and then a second
1” coat of cement stucco with fibers was placed with trowels.

Configuration 2: 3-String Bales with Stucco Netting
This configuration is similar to Configuration 1 with the exception that 20 gauge
stucco netting was rolled across the faces of the walls and held in place with sod staples.
Polypropylene fibers were not added to the stucco in this configuration as the netting
provided the tensile reinforcement.

Configuration 3: 2-String Bales with Fibermesh
This configuration is the same as Configuration 1 with the exception that 2-string
bales were used. In order to keep the overall wall dimensions the same, four 2-string
bales were needed end-to-end along each course instead of three.

Figure 4: Configuration 1

Figure 5: Configuration 2

Figure 6: Configuration 3

Bales
The bales came from barley grown in the San Luis Valley and were baled using a
Freeman baler. They were baled in the evenings when there is a slight dew. Moisture
probes were used throughout the process to monitor moisture levels. A small amount of
moisture allows the bales to take the shape of the baling chamber and then hold that
shape once the bales have been set on the ground. In this way, consistently rectangular
bales are produced. The bales are tied using blue and green polypropylene twine which is
slightly stronger and allows for greater compaction, than the orange twine that is also
frequently used.
For each of the three configurations, five randomly selected bales were examined
to obtain average 2- and 3-String bale properties. Both bale sizes were one year old. The
3-string bales had been wrapped in plastic, but the 2-string bales had been left uncovered
for the winter. Tables 1 and 2 below show the results of this work.

Table 1: Average 2-String Bale

Sample No.
1
2
3
4
5
Average

Dimensions (in.)
15 x 18 x 38.5
14.5 x 18.5 x 38
14 x 18 x 38
15 x 18.5 x 40
13.5 x 18 x 37
14.4 x 18.1 x 38.3

Weight (lb.)
55.25
57.50
48.75
63.00
54.50
55.80

Density (lb/ft3)

Weight (lb.)
74.00
84.25
75.25
84.00
84.25
72.00
87.00
79.00
90.75
90.00
82.05

Density (lb/ft3)

9.18
9.75
8.80
9.81
10.47
9.60

Moisture Content (%)
14.50
21.00
14.50
25.00
14.50
17.90

Table 2: Average 3-String Bale

Sample No.
1
2
3
4
5
6
7
8
9
10
Average

Dimensions (in.)
14.5 x 23 x 47
15 x 23 x 46
15 x 24 x 47
14.5 x 23 x 45
15 x 23 x 48.5
14.5 x 24 x 44
14.5 x 23 x 44
14.5 x 23 x 43
15 x 23 x 44
14.5 x 23 x 44.5
14.7 x 23.2 x 45.3

8.16
9.17
7.69
9.67
8.70
8.13
10.48
9.52
10.33
10.48
9.23

*The moisture meter would not measure moisture contents less than 14.50%.

Moisture Content* (%)
14.50
14.50
14.50
14.50
14.50
14.50
14.50
14.50
14.50
14.50
14.50

Cement Stucco
As mentioned earlier, there were two mixes used for testing. Both mixes
conformed to the proportions set forth in the 1997 Uniform Building Code for Portland
Cement-Lime plaster (Table 3). Configurations 1 and 2 were coated with the fiberreinforced, cement stucco while Configuration 3 used a basic cement stucco in

Table 3: Portland Cement-Lime Plaster Mix Proportions

Coat

Volume
Cement

Maximum Volume
Lime per Volume
Cement

First
Second

1
1

1
1

Maximum Volume Sand per
Minimum
Combined Volumes Cement Interval between
and Lime
Coats
4
4.5

48 hours
7 days

conjunction with the stucco netting on the walls. Tables 4 and 5 show the results of
compressive, cylinder tests performed on three samples of the two mixes. Samples were
taken for both the first and second coat of stucco applied. The cylinders were 3” in
diameter and 6” high, and were broken 50 days after casting. (The walls were tested, on
average, 40 days after applying the second coat).
Table 4: Ultimate Compressive Strength of Cement Stucco with Fiber

First Coat
f'c (psi)
Sample No.
1
2
3
Average

990.3
1450.1
1867.4
1435.9

Second Coat
f'c (psi)
Sample No.
7
8
9
Average

1527.9
884.2
1018.6
1143.6

Table 5: Ultimate Compressive Strength of Cement Stucco without Fiber

First Coat
f'c (psi)
Sample No.
4
5
6
Average

1294.5
1259.1
1054.0
1202.5

Second Coat
f'c (psi)
Sample No.
10
11
12
Average

933.7
756.9
1230.8
973.8

Testing Apparatus
The walls were tested in-situ with the testing apparatus being moved around them.
The welded W12x106 beam assembly was placed along the top of the walls with two
hydraulic rams at either end applying the load onto the beam. The beam transferred the
load to the walls via the box beam of Figure 3.

Plate
A plate was incorporated into the design to further distribute the load across the
entire cross section. There were concerns of the box beam crushing locally, so.....
The plate was made by gluing two 1 1/8” CDX plywood sheets together with
structural adhesive and 8d ringshank nails. The length of the plate was stiffened using 2
x 4’s along the top and bottom edge of the plate which could be moved laterally with
bolts according to the width of the wall assembly. In this way, the bottom of the plate
was cinched along the top of the box beam while the 2 x 4’s along the top of the plate
provided “safety rails” in case the wall severely buckled and the steel beam began
slipping off of the plate.
Figure 8: Compression Plate

Figure 7a: Testing Apparatus Elevation

Figure 7b: Testing Apparatus End View

Reaction Frames

The reaction frames were designed (Appendix A) using square tube steel as it
eliminated lateral torsional buckling concerns and had nice, flat tangential surfaces for
welding. The columns were made from 8” x 8” x 0.1875” sections and the beams were
made from 8” x 8” x 0.3125” sections. The column design was governed by tension yield
and the beam design by axial-flexural interaction. Five-inch legs were made from the
leftover lengths of the 8” x 8” x 0.1875” sections to provide temporary stability to the
frame. Once in place, the frames were bolted through the floor using 1½” All-Thread rod
with 1” steel plate washers. An Enerpac RC-254 Spring Return Ram was attached
underneath the top beam of each frame using a webbing and ratchet system. In this way,
the rams and hoses were easily detached from the frame for ease in movement from one
testing assembly to the next.

Figure 9: The bottom of the
reaction frame showing the tube
steel and the All-Thread rod used to
attach the frame to the structural
floor.

Figure 10: The top of the reaction
frame showing the webbing and
ratchet system used to hold the ram
in place.

Data Acquisition System
The rams were run using an Enerpac PEM-1321 Electric Pump. The pump was
connected to a pressure transducer which converted pressure changes into voltages.
These voltages were directly correlated with the loading applied to the beam. In order to
accurately establish the correlation between load and voltage, the rams were loaded in a
load frame and a calibration factor was determined.
Similarly, a linear-voltage-differential-transducer (LVDT) was used to determine
displacement values. A metal rod which overhung the side of the wall was attached to the
top of the I-beam. It was used as the origin or fixed point from which displacements
would be measured. Monofilament was hung from the rod down to the core of the
LVDT. The outer housing of the LVDT was held fixed in place by clamping it to a small

steel beam resting on the floor. As the walls were loaded, the LVDT measured the
relative displacement between the core and housing. As the housing was fixed, the
displacement of the core gave reasonably accurate displacement readings of the wall.
There was only one LVDT available and consequently only the displacement of one side
of the wall was measured. In order to determine the worst-case scenario, the LVDT was
placed on the eccentric side of the loading where displacements would be greatest.
Finally, the voltages from both the pressure transducer and the LVDT were
simultaneously run through a data acquisition system which took load and displacement
readings at one second intervals. Plotting loads on the ordinate and displacements on the
abscissa, load-deflection and stress-strain curves were then obtained.

RESULTS

Configuration 1: 3-String Bales with Fibermesh
Wall 1
The first specimen tested was clearly the most poorly built of the nine walls. The
wall was never plumb before the first coat of stucco was applied. Consequently, the top
of the wall was not level and the wall had a slightly buckled shape before testing had
even begun. Masonite and plywood wedges were layered along the top of the wall to
provide a level surface from which the beam would be able to more evenly distribute the
load. The wall was also located in one of the more difficult spots in which to effectively
stucco.
Another problem arose once testing began. A screw attached to the LVDT was
placed in the stucco just below the box beam to serve as the fixed point from which
displacement readings would be taken. Unfortunately, within the first few minutes of
testing, the screw “sheared” upwards and any displacement readings taken became
inaccurate. Fortunately, however, the possibility of this problem was foreseen and a
rudimentary backup system was incorporated just before testing began. A thin steel plate
was clamped horizontally to a neighboring machine and used as a reference from which
to measure the displacements. The end of the plate stopped an inch away from the stucco
where a mark had been made at the same height as the plate. The difference in height
between the plate and mark served as an approximate displacement measurement for the
wall. This difference was less than ½” for Wall 1.
Failure initiated from the stucco delaminating from the box beam (Figure 10).
The plywood plate began deflecting which forced its 2 x 4 rails to cinch upon the top of
the stucco skin. Cracks developed underneath the 2 x 4’s and quickly propagated
throughout the length of the wall (Figure 11). It was these cracks which led to the
delamination from the box beam.
Another cause of failure was a poor bond between the two coats of stucco.
Efforts were made to keep the surface of the base coat rough in order to help facilitate the

bond between layers, but apparently the initial coat was not rough enough and the second
coat began spalling off of the base coat (Figure 12).
A thin horizontal crack developed one-third of the way down from the top of the
tensioned side of the wall. This tension crack coincided nearly perfectly with the buckled
shape of the wall; it began from the location of extreme fiber tension due to bending and
stretched across the wall as more load was applied.
Despite the difficulties, the ultimate strength of the wall was recorded. The wall
withstood a combined ram load of 37,856 pounds. The load was not applied at a constant
rate, but Figure 3-4 shows the approximate load histogram of the wall.

Figure 10: Stucco delaminating from the box
beam.

Figure 11: Stucco beginning to crack as the 2 x
4’s cinch upon the wall. The steel plate and
mark used for the backup displacement
readings can also be seen.

Figure 12: The second coat of stucco spalling away from the base coat.
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Figure 13: Load Histogram for Wall 1.
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In order to obtain more reliable displacement readings, the top of the steel beam
was chosen as a relatively safe fixed point from which to attach the monofilament of the
LVDT. Although this point was not physically attached to the stucco as it ideally should
be, it provided reliable readings without having to worry about the screw shearing or
being placed in a spot where spalling might occur.
Unfortunately, another problem was encountered once testing began. The core of
the LVDT was not sliding smoothly through its housing. Consequently, as the wall
compressed, the friction between the two components caused the monofilament to
become slack and the LVDT had stopped taking accurate readings at 0.90 inches of
displacement. Periodically throughout the test, the line was physically tightened to get a
general idea of the relative displacement, but the core was no longer moving on its
accord.
Several localized cracks developed near the metal banding as the load was applied
(Figure 14), but failure did not occur until the stucco had been completely pushed to the
floor. The stucco skin sheared the sod staples out of the bales and slipped over the weep
screed. Once the skin had hit the floor, there was nowhere left for it to go and it began to
buckle. A nearly uniform crack developed one foot up from the base (Figure 15). Other
than this large crack and the areas of localized failure near the banding, the wall was
virtually crack free. The upper half of the wall was completely unaffected.

Figure 14: Localized cracks forming near the metal
banding.

Figure 15: Linear buckling across the entire
lower portion of the wall as the stucco slips past
the weep screed and onto the floor.
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Figure 16: Wall 2 Load vs. Displacement Curve.
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Wall 3
By the time Wall 3 was tested, the previously described problems had been
resolved. The core of the LVDT was attached to the steel stand with a rubber band in
order to keep the monofilament taught. This was the first wall to reveal a truly reliable
load versus displacement curve.
Buckling from both sides was the demise of Wall 3. The compression side
developed a dramatic crack which, upon further loading, forced the layer of stucco above
the crack to slip over the layer below. Once this had happened, the opposite side of the
wall could no longer support the tension it was taking and a horizontal crack developed at
the point of maximum bending (Figure 17). Figure 18 shows the upper half of the stucco
skin which had slipped over the lower portion of the wall. This was one of the few walls
that remained bonded to the box beam. As shown in the picture, however, the portion of
the wall that was stuccoed to the straw became detached.

Figure 17: Tension crack formed as a result of
the compression side having buckled.

Figure 18: Once buckling had initiated, the
upper portion of the stucco skin slid past the
lower portion causing further buckling and
widening of the tension side crack.
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Figure 19: Wall 3 Load vs. Displacement Curve.

Configuration 2: 3-String Bales with Stucco Netting
Wall 4
Walls 4 and 6 were the most tightly confined walls in the lab, making it difficult
to both work and see. They were, undoubtedly, the most poorly stuccoed walls tested,
but they demonstrated a failure mode which had yet to be seen.
Wall 4 experienced sudden failure once reaching 28,000 pounds. There wasn’t
the dramatic buckling shape of the previous walls (due to the load still being relatively
small), but there was enough load to cause some small imperfection in the stucco to fail,
catalyzing the ensuing chain of localized failures (Figure 20). The stucco netting kept the
spalled pieces of stucco together and attached to the wall, but it may have inhibited the
bond between the straw and stucco. The spalled pieces examined had very little straw
bonded to them. Additionally, as the wall was compressed, the stucco skin slipped past
the weep screed and onto the floor. Once again, with nowhere to go, the stucco began to
buckle just above the weep screed, further damaging the already weakened wall (Figure
21).

Figure 20: The first stucco imperfection to fail
caused a chain reaction from which the rest of
the wall ultimately failed.

Figure 21: The stucco is pushed to the floor
where it can go no further. As the stucco began
to buckle, the lath and sod staples were pulled
out laterally from the wall.
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Figure 22: Wall 4 Load vs. Displacement Curve.
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Wall 5
Wall 5 was the most resilient wall tested. It underwent more modes of failure
than any of the walls yet still held up quite well. It buckled much more dramatically than
any of the other walls had (Figure 23). The weep screed was pushed to the floor where it
remained unblemished throughout the rest of the test. It may have contributed to the
buckled shape, but it was not a direct source of failure. The compression side ultimately
failed from a combination of bending and delamination from the box beam. In response
to this failure, the familiar (although more dramatic) horizontal crack formed on the
tension side. Figure 24 illustrates just how dramatic the buckled shape really was. The
wall had buckled so much that the top of the wall was being loaded by the rams at an
angle of around 30° from the horizon.

Figure 23: Wall 5 undergoing severe buckling
while being tested. Notice how far the beam has
shifted on the plywood plate.

Figure 24: Due to the buckled shape of the wall,
the beam had rotated and the ram could no
longer deliver a purely vertical load.
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Figure 25: Wall 5 Load vs. Displacement Curve.

Wall 6
Wall 6 behaved in nearly an identical manner as Wall 4. The wall experienced
sudden failure as the first stucco imperfection failed. The major difference between the
two walls was that in addition to the stucco slipping past the weep screed (Figure 26) as
with Wall 4, it also started shearing the screed from the base it was attached to (Figure
27). The screed was never completely detached from the base, but the top began to bend
out laterally from the face of the wall. Just as with Wall 4, the weep screed failure alone
probably would not have caused the wall to fail, but in combination with the stucco
imperfections, it was enough to further diminish the strength and ultimately fail the wall.

Figure 27: Weep screed shearing from the base.

Figure 26: Stucco skin slipping past the weep
screed.
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Figure 28: Wall 6 Load vs. Displacement Curve.
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Configuration 3: 2-String Bales with Fibermesh
Wall 7
The compression side of the wall began delaminating from the box beam at
around 67,500 pounds. There was very little interaction between the stucco and the
stucco netting placed over the box beam (Figure 29). As the beam was unloaded,
portions of the delaminated stucco fell to the floor. Once the initial crack had formed
along the bottom of the compression side box beam, it didn’t take long for it to propagate
across the entire upper portion of the wall. Due to the box beam rotating, a crack also
formed just below the box beam on the tension side of the wall (Figure 30). This crack
spread its way down to the middle of the wall and then flared out horizontally.
Unfortunately, the LVDT had been zeroed without leaving enough room for the
foreseeable displacement and it reached a maximum value of 0.1 inches at 57,000
pounds. Thus we have no measure of deflection between 57,000 pounds and the ultimate
load of over 81,000 pounds.

Figure 29: Poor bond between the stucco and
stucco netting which led to delamination from
the box beam.

Figure 30: A tension crack formed just below the
box beam as the stucco on the compression side
delaminated and allowed the box to rotate.
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Figure 31: Wall 7 Load vs. Displacement Curve.

Wall 8
Wall 8 behaved much like Wall 7. Failure came as the stucco delaminated from
the box beam. This time, however, a bond had formed (albeit rather limited) between the
stucco and stucco netting (Figure 32). As the stucco near the bottom of the box beam
started to peel away, the lower portion of the wall could no longer take the combined
lateral-compressive force and a horizontal crack formed along the lower half of the box
beam. Once the stucco had begun peeling away, the box beam was more easily able to
rotate and, just as with Wall 7, a horizontal tension crack formed on the opposite side of
the wall.

Figure 32: Although a bond had formed between
the stucco and stucco netting, the stucco skin still
delaminated from the box beam.

Figure 33: Another view of one of the most
common modes of failure: stucco buckling along
the box beam.
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Figure 34: Wall 8 Load vs. Displacement Curve.

0.035

0.040

Wall 9
Wall 9 showed some slip between the weep screed and stucco skin which led to
buckling near the bottom of the compression side of the wall. Vertical cracks formed
where the metal banding had been placed (Figure 35). The box beam began to crush as
the nails between the I-joists and 2 x 10 blocks began pulling out (Figure 36). The top
plywood flange deflected towards the inside of the box beam, causing the plywood plate
to bend and eventually splinter. The force of the rams was pushing the plate further and
further inside of the box beam.
Further complications developed as the load reached 59,920 pounds. Since this
was the first wall tested that had reached such a value, the problem had not been
addressed earlier. The data acquisition system had been calibrated in such a way that if
the voltage went over a certain value, the system would become saturated and would not
record any higher readings. This maximum voltage value corresponded with a load of
59,920 pounds. Although the rams were still pushing down at probably close to 70,000
pounds, the data acquisition system would not record values higher than 59,920 pounds.
The test was eventually stopped. Upon unloading the wall, stucco started spalling off and
the box beam was found to be no longer useful as a load distribution system. It was
determined that the wall would never be able to regain a load greater than 59,920 pounds
and therefore, it was not re-tested.

Figure 35: Vertical cracks propagating from the
metal banding.

Figure 36: Nails pulled out from the 2 x 10 blocks
as the top plate splintered and began crushing
the box beam.
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Figure 37: Wall 9 Load vs. Displacement Curve.

PROBLEMS ENCOUNTERED

General
The main and general source of problems was the limited space in the lab. This is
a lab used by the entire civil engineering department, both undergraduate and graduate
students alike. The straw bale walls were constrained by a need to align with the holes in
the floor that the reaction frames were connected to. These holes were only in a small
portion of the lab, further limiting the amount of usable space.
Setting the eccentricities of the walls opposite one another, the two parallel walls
had approximately 20” between them in which to tighten the metal band, place stucco
netting, and apply the first coat of stucco. The trowel used to apply the second coat of
stucco was too long to fit between the walls. Consequently, it was held at an angle which
made stuccoing very difficult. Furthermore, since the walls were over eight feet tall with
the box beam on them and there was so little space between walls, adequate lighting
became a serious problem. Several times volunteers thought they had completed a wall

when upon closer examination, large portions of the wall had been completely neglected.
Any problems associated with non-uniformity of the stucco can be directly related to the
tight quarters in the lab, to the non-professional (volunteer) quality of the personnel, and
the lack of any moist curing. All of these resulted in a stucco quality lower than will
generally be encountered in the field, rendering these results conservative.

SUMMARY AND CONCLUSIONS

The Big Picture
Table 6 summarizes the ultimate values of each wall system and gives an average
value for each configuration. An approximate effective modulus of elasticity, E, was also
found (wherever possible) using the initial linear portion of the stress-strain curve.
Table 6: Summary of Results

Configuration 1
Wall 1
Ultimate Strength (lbs.)
37,856
Ultimate Strength (plf)
3155
Maximum Displacement (in.) 0.500
Maximum Strain
0.00521
Modulus of Elasticity (ksi)
-

Wall 2
38,902
3242
1.705
0.01749
5.848

Wall 3
39,844
3320
0.529
0.00546
2.364

Average
38,867
3239
0.911
0.00939
4.106

Configuration 2
Wall 4
Ultimate Strength (lbs.)
28,044
Ultimate Strength (plf)
2337
Maximum Displacement (in.) 0.384
Maximum Strain
0.00393
Modulus of Elasticity (ksi)
4.246

Wall 5
48,763
4064
0.394
0.00403
7.669

Wall 6
52,449
4371
0.595
0.00610
8.917

Average
43,085
3590
0.458
0.00469
6.944

Configuration 3
Ultimate Strength (lbs.)
Ultimate Strength (plf)
Maximum Displacement (in.)
Maximum Strain
Modulus of Elasticity (ksi)

Wall 8
80,557
6713
0.035
0.00036
-

Wall 9
59,920
4993
1.115
0.01141
8.523

Average
73,877
6156
0.417
0.00427
12.864

Wall 7
81,155
6763
0.101
0.00103
17.205

Table 7 summarizes the major contributors of failure and the walls that were affected by
them.
Table 7: Failure Contributors and the Walls that were Affected
Failure Contributors
Delamination from the Box Beam
Localized Stucco Buckling
Global Buckling of Wall Assembly
Poor Bond between Stucco Coats
Poor Bond between Straw and Stucco
Weep Screed/Stucco Slippage
Weep Screed Failure
Box Beam Failure
Localized Stucco Imperfection
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The two most destructive modes of failure can be directly attributed to nonstructural components of the wall system. Weep screed slippage and delamination from
the box beam may not have occurred with every wall system, but of the walls that were
affected, failure was eminent. Stucco slippage was also the number one cause of
localized stucco buckling. With nowhere left to go, the stucco began to buckle as it hit
the floor.
Other contributors, such as stucco imperfections and box beam failure, are much
less likely to be the cause of failure in a real home due to better quality control measures
taken. While the volunteer labor used throughout testing is indicative of community
wall-raisings, professional work would yield much higher results. Global buckling was
not the sole source of failure of any wall, but it did contribute to the diminished strength
of several. Global buckling from vertical loading would also be of little concern in a true
structure. Adjacent walls and vertical dowels provide lateral support to stiffen the walls.
The walls would fail from a variety of other sources before they toppled over from global
buckling.

Polypropylene Fiber Versus Stucco Netting
The fiber walls appeared to bond much better to the straw. Samples cut from the
stucco netting walls revealed very little interaction taking place. The stucco would
literally stop at the netting interface. Figure 38 shows a representative sample of the two
systems and their dramatic difference in bonding capacity.

Figure 38: Straw bonding comparison between fibermesh (left) and non-fiber reinforced/stucco
netting stuccoes.

What does this tell us? If the stucco netting walls (with virtually no interaction
with the straw) were just as strong as the fibermesh walls (that had bonded with the
straw), how would they have reacted differently if the stucco had bonded through the
netting and into the straw? This is a discussion for a future test, but it would be
interesting to see how the results would have changed if the netting was sewn onto the
bales with twine. It would force the netting to remain closer to the bales and would
undoubtedly help facilitate the stucco and straw interaction.
One advantage of the stucco netting was the added ductility it provided. The wall
failures were slower and less dramatic. The netting helped keep the spalled stucco pieces
attached to the wall. The fibermesh kept most of the smaller pieces together, but was not
nearly as effective with the larger pieces.

2-String Versus 3-String Bales
The 2-string bale walls were clearly stronger, in fact more than 2 times stronger,
than the 3-string bale wall systems. There are several reasons proposed for the large
difference in strength.
Due to their smaller size, the 2-string bales may also be more tightly compacted,
creating denser, firmer bales. This difference was very small for the representative
sample of bales tested for this test. Neglecting the weight of moisture, the 2-string bales
had a density of 7.93 lb/ft3 compared to a density of 7.84 lb/ft3 for the 3-string bales. The
effect was more apparent on the walls themselves. The 3-string bales crushed along the
bottom few courses and began splaying the stucco. This was not observed with any of
the 2-string bales despite being subjected to much greater loads.
Furthermore, the 2-string walls were probably the most thoroughly stuccoed of all
the walls tested. The volunteers were all employees of StrawCrafters who had had
hundreds of hours of stuccoing experience. As has hopefully been shown, the stucco is
carrying the brunt of the load and no amount of care should be neglected to insure that
the stucco is applied properly. It can have a dramatic effect.
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APPENDIX A
REACTION FRAME CALCULATIONS
Cold formed A500 “B” Structural Tubing.
Fy = 46 ksi
Fu = 58 ksi
Tension
♦ Try 8” x 8” x 0.1875” for columns.
Yield:
φPn = φFyAg = (0.90)(46)(5.77) = 238.9 kips
Fracture:
φPn = φFuAe = (0.75)(58)(5.77) = 251.0 kips
Tension is controlled by yielding, 238.9 kips.

Bending
♦ Check columns (8” x 8” x 0.1875”).
Mu = 92.16 k-in = 7.68 k-ft
(from Sap2000)
Pu = 31.70 kips
(from Sap2000)
Yield:
φbMn = φbMp = φbFyZ = (0.90)(46)(16.8) = 696 k-in = 58 k-ft
No Lateral Torsional Buckling due to symmetry.
Check Local Failure.
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REACTION FRAME CALCULATIONS (CONT’D)

♦ Check beams (8” x 8” x 0.3125”).
Mu = 575.08 k-in = 47.92 k-ft
Pu = 1.60 kips

(from Sap2000)
(from Sap2000)

Yield: φbMn = (0.90)(46)(26.7) = 1105.4 k-in = 92.12 k-ft
No Lateral Torsional Buckling due to symmetry.
Check Local Failure.
b 8 − 3t
λ= =
= 22.6
t
t
λ = 28
p

For λ<λp, Compact Shape…No Local Problems.

Check Beam-Column Interaction

♦ Check columns (8” x 8’ x 0.1875”).
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REACTION FRAME CALCULATIONS (CONT’D)
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APPENDIX B
MATERIAL AND SUPPLIER LIST

Base
2 x 4-12 BTR Fir and Larch Dr
4 x 8-½ CDX Plywood 4-Ply
Play Sand, 50 lb.
¾” Weep Screed
6” Metal Lath
GripRite Fas’ners Gold Screws 6 x 1¼”
Paslode Galvanized 2 3/8” Nail Ring Shank
6” Sod Staples

Boulder Lumber Co. Donation
Boulder Lumber Co. Donation
Sutherlands
El Rey Distributing Inc. Donation
El Rey Distributing Inc. Donation
The Home Depot
The Home Depot
StrawCrafters Donation

Wall Assembly
2-String Barley Bales
3-String Barley Bales
Southdown Type I-II Portland Cement
Rolico Air Entraining Miracle E-Z Spread Lime
20 ga. Stucco Mesh Netting
Masonry Sand, ASTM C144
Harbourite Fiber Fibermesh

StrawCrafters Donation
Frank Lee Earley
Jones Heartz Lime Co. Donation
Jones Heartz Lime Co. Donation
Jones Heartz Lime Co. Donation
LaFarge Corporation
Fibermesh Corporation Donation

Box Beam
1½ x 9½ LPI Contr Series
2 x 10-12 #2 BTR Fir and Larch Dr
4 x 8-½ CDX Plywood 4-Ply
Paslode Galvanized 2 3/8” Nail Ring Shank
Dupont Tyvek
20 ga. Stucco Mesh Netting
Arrow 3/8” No. T-50 Staples

Boulder Lumber Co.
Boulder Lumber Co.
Boulder Lumber Co.
The Home Depot
StrawCrafters Donation
Jones Heartz Lime Co. Donation
Rental City Inc.

Testing Apparatus
W12 x 106
8 x 8 x 0.1875 Tube Steel
8 x 8 x 0.3125 Tube Steel
Structural Welding
¾” x 7” Hex Bolts, Nuts, & Washers
4 x 8-1 1/8” T&G U-Lay Plywood
PL 400 Structural & Sub-Floor Adhesive
Keeper Ratchet Tie-Down
1½” All-Thread Rod, Misc. Plates & Bolts
Enerpac RC-254 Spring Return Ram
Enerpac PEM-1321 Electric Pump
LVDT, Type 2000 HR-DC

Zimkor Industries Inc. Donation!
R & S Steel
R & S Steel
McLean Forge & Welding!
Boulder Lumber Co.
Boulder Lumber Co.
Boulder Lumber Co.
McGuckin Hardware Inc.
University of Colorado Donation!
University of Colorado Donation!
University of Colorado Donation!
University of Colorado Donation!

