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Nader Khalili, an Iranian-born
California architect and author, is
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Geltaftan Earth-and-Fire System
known as “ceramic houses” as
well as the Superadobe building
technologies. He received his
education in Iran, Turkey and the
United States, and has been a
licensed architect in California
since 1970. In 1975, he closed his
successful practice in the United
States and Iran designing high-rise
buildings and journeyed by motorcycle for five years through
the Iranian deserts, where he worked closely with local
villagers to develop his earth architecture prototypes. His
impressions have been collected in his book Racing Alone.

Mr. Khalili serves as a consultant to the United Nations and
is a contributor to NASA on construction technologies for the
moon and Mars. He is the founder and director of the Cal-Earth
Institute, Geltaftan Foundation—dedicated to research and
development in earth and space architecture technologies for
the moon and Mars.

The views expressed here are those of the authors and do not necessarily
reflect the opinion or agreement of the International Conference of
Building Officials.
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Approximately one third of the people of the world live in
houses built with earth, and tens of thousands of towns and vil-
lages have been raised practically from the ground they are
standing on. Today, world consciousness about the use of nat-
ural resources and the new perception of building codes as the
steward not only of individuals’ safety, but of the planet’s equi-
librium, are leading us into the new millennium of sustainable
living.

In 1984, NASA’s first symposium on lunar bases and space
activities of the 21st century enthusiastically received the presen-
tations dealing with the utilization of onsite natural resources to
construct future lunar and martian habitations. The integration of
the ancient technologies of building with earth into planetary con-
struction technigques was presented with the following passage:

The accumulated human knowledge of the uni-
versal elements can be integrated with space-age
technology to serve human needs on Earth; its time-
less materials and timeless principles can also help
achieve humanity’s quest beyond this planet. Two
such areas of knowledge are in earth architecture
and ceramics, which could be the basis for a break-
through in scales, forms and functions. . . .

The Sandbag/Superadobe/Superblock technology presented
here {(ceramic structures are also part of generic earth architec-
ture systems) is the spinoff from several consecutive presenta-
tions to the space and planetary scientific community since that
first symposium in 1984, These concepts have been the subject
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of an intense research and prototype construction program
since 1991, The research and development, engineering, and
testing have been carried out at the Cal-Earth Institute under
the scrutiny of the Hesperia Building and Safety Departiment,
in consultation with ICBO. Building permits for the stock plans
of “Earth One” housing models as well as the Hesperia
Lake Museum and Nature Center have been issued, and the
Sandbag/Superadobe/Superblock building technology is recog-
nized as a construction system.

A New Approach to Sandbags

Common sandbags and connecting barbed wire, as well as
mile-long bags, are referred to here as Sandbag, Superadobe
and/or Superblock construction. For centuries, sandbags have
been used as elements in building temporary dikes and protec-
tive walls in combat zones, as well as in numerous lesser appli-
cations. After the structure has served its tlemporary purpose, the
sandbags normally are removed, emptied and discarded.

The Sandbag/Superadobe/Superblock building system builds
on three fundamental aspects of historical sandbag modules,
resulting in a permanent system of construction:

1. The most serious drawback in the past concerning sand-
bags as a structural element is that a stack of bags has no tensile
capabilities, which has kept structures very low in height. Also,
curved, arched or domed structures were impossible without
some friction and tensile resistance available.

Superadobe uses four-point barbed wire (or a similar element) Wall of Superadobe construction—earth-filled
between sandbag layers, allowing one to develop the tensile and sandbags and barbed wire. Coils/courses can be
shear capabilities that have not been previously achievable. filled by hand or by pump at speeds of 10 to 15
The barbed wire element increases the friction factor between feet per minute, depending on bag width.

the bags and creates tensile resistance in a wall or structural ele-
ment. It is an important aspect of Superadobe to provide for the

transfer of shear stresses from
one sandhag to another by using
the barbed wire as an interface
between the bags, overcoming
problems of low shear capability
in the earthen fill. The increased
capacity of the sandbags,
achieved by using barbed wire,
creates the capability of design-
ing higher walls and curved sur-
faces, such as bearing walls,
arches, domes and vaults.

2. Previously, sandbags were
not considered part of a perma-
nent structure due to the use of
loose fill material, usually sand,
which can be loaded easily and
discarded when the temporary
structure is no longer needed.

Superadobe fabric tube or
individual sandbags are packed
with different mixes of fluent,
particulate  material.  These
include earthen, cementitious,
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- organic, manufactured and
A model house similar to this one built of Superadobe was constructed and tested as a prototype recycled materials that form into
in Hesperia, California. a permanent hlock.
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3. Historically, the potential deterioration of the bag and the
subsequent effect on the structure has precluded permanent
structures. Superadobe construction shields the sandbag walls
from the elements with protective overlay materials. Additional-
ly, the fill material becomes self-supporting once it has been
formed into a block by the tubing. When the fill material is suffi-
ciently resistant by itself, the shielding of durable exteriors is not
necessary.

The Sandbag/Superadobe/Superblock system, which has
developed out of these fundamental changes during intensive
research in the last seven years, is used in conventional struc-
tures for foundations (poured within the tubing form), for load-
bearing and partition walls in conjunction with conventional
roofing systems that bear on a bond beam, also generated by the
Superadobe tube itself. Emphasis in this article, however, is given
to curved structures, such as domes and vaults, since others are
addressing the conventional post-and-beam and rectilinear bear-
ing wall structural systems for earthen construction.

Non-post-and-beam Structural System

Superadobe techniques enable the construction of mono-
lithic structural systems built entirely from earth in curved forms.
The sandbag, because of its flexibility, allows the construction
of curved surfaces. When using single- and double-curvature
compression shells—arch, vault, dome, apse—the majority of
conventional roofing systems can be eliminated. In the case of
wood construction, this can save up to 95 percent of timber,
allowing not only for forest products to be more wisely utilized
but also resulting in fire-safe buildings. By waorking with the
principle of gravity, these features can be built without special
formwork,

The success of the tested prototypes for California’s seismic
codes and the resulting permits derive from the following princi-
ples:

1. Single- and double-curvature compression shells transfer
their stresses along the surface of the structure and not from ele-
ment lo element like column- and beam-type buildings. When a
single element in a beam and column construction is overloaded
to failure, the loss of that element will create a cascading efiect
on adjacent elements, causing failure of all elements in the vicin-

Double-curvature compression shell, or dome, of Superadobe
construction showing rebar guides for the dome shape
{removed later) and a simple plank scaffold. Gravity is the
generator of the form.
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AR
Trainee builders work with hand-filled Superadobe. Long
sandbags are filled with earth from the site and tamped in
place on the wall. Between courses are set two strands of
four-point barbed wire.

ity. In many cases, this will cause the entire structure to collapse,
as was witnessed in earthquakes in Northridge, California, and
Kobe, Japan. Such a structure is only as strong as its weakest ele-
ment. In a dome, and to a lesser degree a vault, excessive loads
on their surface will first cause a puncture failure, This results in
the excessive load being shed with only localized damage; the
remaining stresses in the vicinity of the failure are transmitted
around the failed area, and other loads continue to be held by
the structure without any prablem.

2. Dead-load and live-load stresses are transferred to the sup-
porting ground, spreading uniformly along the perimeter of a
dome or bearing wall. In a beam and column structure, the loads
are concentrated and transferred to the ground via a footing
under each column. This situation creates the two basic structur-
al problems of differential settlement and frost heaving. These
can cause severe localized stresses within the upper structure,
resulting in cracking and other failures. For this reason, most
foundations are extended to below the frost line to minimize
such problems. In a monolithic bearing wall, dome or vault, dif-
ferential settlement and frost heaving do not pose severe prob-
lems. The base of a dome or bearing wall distributes the load of
the structure over a much larger area, and local soft spots in the
supporting soil will not create a local problem, as local depres-
sions may be easily spanned. The effect of frost can be rendered
negligible with correct design when a dome is free to float on the
ground.

3. One of the most significant advantages of a domed or
vaulted bearing wall structure is its performance in earthquakes.
It is difficult to design conventional structures to withstand earth-
quake stresses. Their basic shape creates a severe problem, as the
building weight is either uniformly spread from roof to founda-
tion or, even worse, weights are often larger in the upper floors,
With this propensity for overturning, the deeply planted footings
and foundations rip apart at the very base of the structure during
an earthquake, causing failures rather than preventing them.
Modern earthquake design that incorporates foundation isolation
does have shifting capabilities, but it is expensive.

{continued on page 29}
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Sandbag/Superadobe/Superblock: A Code Official Perspective

When architect Nader Khalili first proposed construct-
ing buildings made of earth-filled sandbags, stacked in
domes, the building department was skeptical, to say the
least. In fact, if we hadn’t been trained to be courteous, we
would have laughed out loud. How could anyone believe
that you could take native desert soil, stuff it into plastic
bags and pile them up 15 feet (4572 mm) or more high?
Why, if they didn’t fall down from their own weight, the
first minor earthquake would cause a total collapse, killing
everyone inside. How could a responsible building official
possibly condone such building code heresy?

Well, Nader Khalili is a very persistent man. Over
time, he convinced us that he was going to prove our
skepticism wrong, that earth-filled sandbags (now called
Superadobe) could be built to meet the rigorous standards
of the 1991 Uniform Building Code™ (UBC). It all started
with Sections 105 and 107, allowing building officials to
consider the use of any material or method of construc-
tion “. . . provided any alternate has been approved by the
building official” and to require testing to recognized test
standards as determined by the building official. Although
we had applied these sections numerous times, we had
never used them to such an extent on a building so for-
eign to our codes. To say the least, it was a challenge.

Here's a brief description of what we did. Since we are
not licensed engineers, and we dont have one on our
staff, we contacted ICBO Plan Review Services to see if
they would perform the plan review for our city. ICBO
welcomed the challenge, but indicated the same skepti-
cism we shared, since Hesperia, California, is within Seis-
mic Zone 4 and local examples of this type of construc-
tion are nonexistent,

After some initial discussions regarding standards, Mr.
Khalili submitted plans in November 1992, with the
understanding that a testing program would be designed as
part of the plan review process. In January 1993, ICBO
returned the plans with nine general comments, including
a provision to provide a rational analysis pursuant to 1991
UBC Section 2303(b).

At about this time, we were introduced to Mr. Khalili’s
structural engineer, Phill Vittore. Mr. Vittore, with his part-
ner Morrall Harrington, had designed numerous large thin-
shell dome structures in the Midwest and was properly
represented by a California licensed structural engineer.
Mr. Vittore responded to ICBO's initial comments, and a
negotiation began that resulted in the design of a static
load test program that was agreed to by this department
after our discussions with ICBO staff.

The static load test was designed to add 200 percent of
the UBC loading of 20 pounds per square foot (psf) (97
kg/m?) live and 20 psf (97 kg/m?) wind load. The first test
used an 80 psf (390 kg/m?) loading of additional sandbags
over one third of the exterior surface and, after monitoring,
over one half of the exterior surface. During the entire test
period, deflection was monitored to verify if ultimate loading

was approached. Two domes, one of sandbags and one of
unreinforced brick, were tested. Special inspection by a
local engineering firm was approved and test results showed
“that there was no movement of any surface of either dome
structure as a result of the loading described in the test pro-
cedure.” The domes had passed their first test.

After reviewing the test results, ICBO's Plan Review Ser-
vices staff felt that the use of the domes should be limited
to 15-foot (4572 mm) domes of Group M, Division 1 or
Group B, Division 2 occupancies until sufficient monitor-
ing had been completed. Mr. Khalili was principally inter-
ested in Group R Occupancies, although he was also
proposing the construction of a museum and nature cen-
ter, a building that would house a Group A Occupancy in
a 50-foot (15 240 mm) diameter dome. Because of his
desire to build larger structures and house occupancies
other than Group M, Division 1 and Group B, Division 2
occupancies, Mr. Khalili notified the city that he would not
accept the size and occupancy limitations and would pro-
pose new testing to approve the use of larger structures,

After extensive negotiations, which lasted more than a
year and included a face-to-face meeting at ICBO head-
quarters, we agreed to a dynamic test procedure. The pro-
cedure involved applied and relaxed loads over a short
period of time, with a series of tests with increasing loads
until Seismic Zone 4 limits were exceeded. After several
months of fine tuning and discussion of “passing grades,”
the tests and desired results were agreed to. Tests involved
three buildings, including the brick dome, the sandbag
dome and a sandbag vault structure with 5-foot-high
{1524 mm) vertical walls and a barrel vault above. The
tests were conducted and monitored by an ICBO-
recognized testing laboratory in December 1995, and the
required test limits were greatly exceeded. Testing contin-
ued beyond agreed limits until testing apparatus began to
fail. No deflection or failure was noted, however, on any
of the tested buildings.

With these results, the plans went back to ICBO, and
after final plan check comments were satisfied, ICBO rec-
ommended the plans for approval in February 1996. Our
skepticism had long since vanished, as we had seen this
style of building meet and exceed the testing of rational
analysis as required by our code. Mr. Khalili had succeed-
ed in gaining acceptance by the City of Hesperia for a
building made of sandbags filled with earth. It is a testa-
ment to Mr. Khalili’s perseverance and to the flexibility of
the UBC.

—Tom Harp
Building Officer/Planning Director
City of Hesperia, California

—John Regner
Senior Plans Examiner
City of Hesperia, California
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fcomtinued from page 27)

A dome or bearing wall built on a floating foundation, the
base isolated by a layer of gravel or sand, provides the ideal
earthquake-resistant structure. The continuous or ring foundation
can slide across the moving ground, while the upper structure,
which diminishes exponentially in mass toward the apex, per-
forms as a unified monolithic piece, eliminating local failure
higher up the building.

Structural tests performed during intensive prototype research
in Hesperia addressed both live-load and dead-load, static as
well as dynamic loading forces. The structural engineering and
testing procedures were conducted by Phill Vittore of P.J. Vittore,
Lid. The successful results were documented by an ICBO-
approved testing laboratory, Southwest Inspection and Testing.

What follows is the chronology of testing, which includes
static and dynamic load tests of the prototype Sandbag/
Superadobe/Superblock and masonry structures.

CODE TESTING CHRONOLOGY

Tested models:

1. Two domes constructed with standard sandbags and
barbed wire, filled with pure desert sand/earth excavated in situ.
The sand/earth used in the first dome was dry, while for the sec-
ond dome it was dampened with water before filling the bags.

2. A vaulted structure consisting of three adjoining vaults
constructed with pure desert sand/earth excavated in situ. The
walls were built with standard sandbags and barbed wire, as well
as long tubular bags (Superadobe/Superblock) filled with damp-
ened sand/earth. The roof material for the 4-inch (102 mm) slab
was the same sand/earth stabilized with 7 to 10 percent portland
cement.

3. A 4-inch-thick (102 mm) perforated dome constructed with
standard fired clay bricks and cement mortar with no reinforcing.

June 1992. Two earthquakes centered in Big Bear and
Landers, California, measuring 6.9 and 7.4 (respectively) on
the Richter scale, affected the Hesperia site of the Cal-Earth
Institute, with the completed brick masonry dome and the
Sandbag/Superadobe/Superblock dome under construction.

October 1992. Plans and engineering for two completed pro-
totype domes in Superadobe and masonry were submitted to,
and reviewed by, the Hesperia Building and Safety Department
in consultation with ICBO.

September 24-27, 1993, Live-load tests to simulate seismic,
snow and wind loads. Static eccentric loading of both domed
structures to 200 percent of code requirements. Monitored by
independent engineers from the Inland Engineering Corporation.
No deflections were observed.

February 18, 1994. Uniform Building Code™ (UBC) Group M,
Division 1 and Group B, Division 2 structures were allowed in
Hesperia as part of a prototype program.

October 27, 1994, Plans and calculations for the Hesperia
Museum and Nature Center, to be constructed using earth and
ceramic architecture lechnology (Superblock/Superadobe and
masonry/ceramics), were submitted to, and reviewed by, the
Hesperia Building and Safety Department in consultation with
ICBO.
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December 12-13, 1995. Simulated dynamic and static load
tests were performed on all structural prototypes relevant to the
project to establish their safety for all UBC occupancy categories.
Tests were performed on Superblock/Superadobe dome type
{double-curvature compression shell), vault type (single-curva-
ture compression shell) and masonry dome type. Testing moni-
tored by Southwest Inspection and Testing.

December 27, 1995. Report by Southwest Inspection and
Testing to ICBO and the Hesperia Building and Safety Depart-
ment concludes that all tests have exceeded ICBO and City of
Hesperia requirements.

March 7, 1996. Construction permit was issued by the Hes-
peria Building and Safety Department for the Hesperia Museum
and Mature Center.

January 8, 1998. “Earth Architecture—Environmentally
Friendly Housing Types: Superadobe Model House Plan Permits
for 3- and 4-bedroom Models” was issued by the Hesperia Build-
ing and Safety Department as stock plans for the Earth One house
and variations on the plans and designs.

Over this period, climatic stress to the protolype structures
was monitored in the harsh high-desert climate zone, including
flash floods, heavy driving rain, dry heat up to 115°F (46°C),
freezing and snow, and high winds.

Universal Applications

Modern computer software now allows for structural design
analysis on an individual basis. The computer will also permit
the utilization of the Sandbag/Superadobe/Superblock systems in
space and planetary construction based on performance pro-
grams, such as finite element analysis. The construction of infra-
structures, structures and shielding elements, such as for thermal,
radiation and/or impact shielding on the moon and Mars, would
otherwise imply costly transportation of building materials into
outer space. The utilization of in-situ, minimally processed ma-
terials, is crucial to space exploration.

Flood control; erosion control; stabilization of waters” edges,
hillside slopes and embankments; and retaining walls, land-
scapes, and infrastructures are applications in which the Sand-
bag/Superadobe/Superblock system has shown great potential.

Individuals are enabled once again to build their own homes
without the use of heavy equipment, with materials native to the
country of use. All the skills required are simple and can be
acquired by anyone who wishes to learn them. The
Sandbag/Superadobe/Superblock system can use existing con-
tractors” machinery, such as concrete and gunnite pumps, to
mechanize the packing of the fill material into the bag forms.

Sandbag/Superadobe/Superblock has been used internation-
ally by the United Nations for emergency housing prototypes
and is currently in limited use on several continents and under
construction in several states in the United States. Further permits
are being sought with other building and safety jurisdictions in
California and the Southwest. If integrated into the 2000 Interna-
tional Building Code™, it will serve internationally for many
building types, including that of emergency housing construc-
tion, and be used extensively within the United States for stan-
dard housing. |
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