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Abstract
While the use of earth as a building material is as old a concept as the human act of
building itself, the mechanized compression of earth to create structural block is a

relatively recent development that has pushed earthen construction towards modern

standards of efficiency and material performance. Since the invention of the CINVA-Ram
manual block press in the 1952, Compressed Earth Block has become a widely used

construction material in the realm of low-cost, self-built construction in rural areas across
Africa, South Asia, the Middle East, and South America. Developments to the material

and the design of interlocking block geometries have addressed the lack of specialized

labor in these regions and have allowed the construction of higher quality earthen homes
than those built with other earthen block types, such as adobe or sun-dried mud brick.
Although CEB construction methods have seen great improvements through

technological development, the use of CEB at present is restricted to the construction

of walls and foundation blocks. When it comes to the issue of roofing a CEB structure,
current conventions default to the use of imported and comparatively expensive

corrugated sheet materials with high requirements for specialized labor and technology.
In the closely related field of mud-brick construction, the Nubian Vault serves as an

ingenious precedent for providing an earthen roof without the use of wasteful centering,

however this is an extremely specialized skill that takes years of training and practice to
perfect. This thesis therefore examines the question,

How may we achieve an earthen roof while retaining the benefits of low specialized
skill, low construction cost, and strong environmental performance inherent in CEB
construction?

A study of the cultural contexts in which CEB is used by self-builders will yield a set

of parameters for a process of iterative design as research. The reciprocal processes
of designing and making will show that engagement with all aspects of a proposed

materials production triad (machine, architectural element, architecture) is necessary in
order to address this cultural and tectonic problem.
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Key Terms
Compressed Earth Block (CEB): A structural earthen block produced by compaction in
a mechanical block press. CEBs are composed of sifted sub-soil (30% clay, 70% sand)
with the option of added stabilizer such as portland cement or lime.
Interlocking Stabilized Soil Block (ISSB): CEBs that are designed with an integrated
geometric aligning element. Interlocking blocks reduce the need for both mortar and
skilled labor, as the geometry of the block ensures that they are laid in the proper
configuration. This work will use the name ‘compressed earth block (CEB)’ to refer to all
blocks, including those with stabilizer and interlocking geometry.
CINVA-RAM: A mechanical block press developed by Raul Ramirez of the InterAmerican Housing Center (Columbia) in 1952. Compaction is generated by the manual
depression of a lever by a worker. This block press has served as the basis for many
future iterations of block presses with added features such as soil hoppers and multiblock capacities.
Centering: Temporary formwork that is used in conventional vault construction.
Centering is generally composed of tensile materials (wood, steel) as opposed to the
compressive materials it supports (earth, stone).
Self-Build: a mode of construction in which the user of the building serves as the main
labor force during its construction, as opposed to a contractor or builder. Self-build may
also apply to collaborative community efforts in which groups of individuals contribute
their efforts to individual and public building projects with the implied understanding that
providing labor for another’s project will ensure that the individual receives help with his/
her own future projects.
Knowledge Transmission: This work will explore the means by which the products of
resources (design capabilities, access to contemporary research, high-tech production
facilities) are transfered to end-users in rural areas. The challenge at hand is to provide
the benefits of these resources to those without access while retaining local autonomy.
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PART ONE: BACKGROUND

CEB, Mechanized Production, and the Earthen Roof

1

fig. 1.0 pallet of compressed earth blocks
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1.1 Earthen Construction and CEB
The use of earthen building practices is a ubiquitous practice across the globe
with a lineage of precedent across countless times and places. “Throughout
Africa, Central and South America, much of India, China, and south-east Asia
the principal building material is mud“ (Oliver 1987). The use of earth as a
building material yields many benefits, which may speak to its wide global reach.
Most obviously, earth is almost universally available and is cheap. Although soil
types may vary, many types of earthen construction have grown out of specific
places to make the best use of what is locally available. With variation, there are
essentially three processes used to turn raw earth into useful building material
(fig. 1.1). A wet earth mix may be used in additive techniques, essentially
globbed onto itself, as in Cobb or Wattle and Daub. A wet mix may be formed
and then baked into blocks, as in mud-brick or adobe. Dry earthen mixtures may
be compressed in order to yield structural elements, as in rammed earth and
compressed earth block.
The resultant structures of these techniques share common traits, for instance
high thermal mass, which naturally regulates indoor air temperature. Walls are
fire and insect resistant, and in cases where the mix is purely earth, the walls
may ‘breath,’ thus naturally regulating moisture content as well.
The drawback to earthen construction generally lies in its laborious nature.
Compared to modern practices such such as wood framing and concrete block
construction, earthen construction is generally slower, and a high level of skill is
required to produce structures that are as durable as these other types.
Compressed Earth Block construction shows great promise as a technique that
may retain all of the benefits of earthen architecture while becoming faster and
easier to produce, and while yielding stronger and more durable structures than
other modes of earth building. These benefits stem from the mechanization
of what has traditionally been a hand craft. A block produced by a mechanical
press may yield a compressive strength of 300-600 psi, while a block stabilized
with cement may reach 1000-1500 psi (Morgan, 2008).

3

Self-aligning CEBs eliminate the need for mortar by allowing dry-laid
construction, thus reducing requirements of specialized masonry skills as
well. Cored block may be filled with reinforcement and concrete, increasing
performance in seismic zones, and specialized blocks allow for specific
architectural elements, such as corners and openings.
Why Stabilize?
In some types of earthen wall construction, stabilization of the soil is
unnecessary and may even be detrimental to the breathability of the wall.
Portland cement is a harsh substance and it should be used cautiously, however
in order for blocks to retain more complex geometries, stabilization is necessary.
The addition of only 10% portland cement greatly increases the durability of
surface blocks as well, reducing the need for plastering and maintenance.
Stabilization may yield water resistant blocks, as blocks of this composition have
been used in Uganda to construct subterranean water tanks (UNHabitat 2009).

fig. 1.1 earthen construction types (additive, baked, compressed)
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1.2 CINVA-Ram and the Mechanization of Earth Block Production
In 1952 Chilean engineer Raul Ramirez developed the CINVA-Ram as part of
an initiative by the Colombian InterAmerican Centre for Housing and Planning
(CINVA). It was designed to provide a low-tech, easy to operate means of
producing uniform compressed earth blocks. The machine was constructed of
welded plate steel and simple mechanics, making it able to be produced in any
machine shop with access to steel welding and cutting equipment.
Compression is generated by a simple lever system (see fig. 1.2.3), requiring
no energy input besides the effort of a worker pulling the lever and removing the
formed block for curing. 2 workers using the press may produce 2-3 blocks per
minute (United Nations, 1964). Along with the design of the block press, CINVA
released the publication Soil-Cement: Its Application in Building, providing an
in-depth manual on the preparation, production, and implementation of stabilized
compressed earth blocks (Correia and Neves, 2008).
An important precedent in the implementation of the CINVA-Ram is the constuction
of the Santa Rita Coop in Honduras. In 1962, 175 farmers and laborers from Santa
Rita purchased an abandoned banana plantation and established the cooperative.
The farmers created their homes and shared buildings using a CINVA-Ram
borrowed from the U.S. Peace Corps. Despite political unrest the coop and its
buildings exist today and support a community of 13,000 inhabitants.
Following the invention of the CINVA-Ram, variations to the block press have been
introduced (see fig. 1.2.4). It is now produced by many manufacturers, including
Fernco, EarthTek, and GreenMachine. Modern block presses may be powered
by diesel or electric motor, however these machines are more expensive, less
portable, and they require greater energy input in order to function. This work will
focus on the use of the manual block press, as it has the greatest potential reach
in developing countries, and because improvements to the manual press may
be easily transferred to use in motor-driven presses, while the opposite is not
necessarily true.
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fig. 1.2.1 CINVA-Ram parts diagram
source: Soil-Cement: its use in building
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fig. 1.2.2 workers produce soil-cement blocks using a CINVA-Ram at the Santa Rita co-op,
source: Soil-Cement: its use in building
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fig. 1.2.3 exploration of CINVA-Ram mechanics
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1

2

3

4

A

B

C

D
fig. 1.2.4 Matrix of developments post-CINVA

A1: Standard Single Block Press (for reference)
A2: Soil Hopper
A3: Two Block Capacity from single press
A4: Interlocking Block Geometry
B1: Soil Hopper and Two Block Capacity
B2: Arms to resist overturning
B3: Sliding Soil Measuring Device
B4: Re-Design using standard C-Channel Steel

C1: All-Terrain Rolling Cart
C2: Soil Hopper and Two Block Capcity
C3: Cutting Blade for Block Modification
C4: Electric Motor
D1: Diesel Motor, Large Capacity Hopper
D2: Diesel Motor, Auto-Sifting Hopper
D3: 2-Part Lever System
D4: Diesel Powered Hydraulic Press
9

1.3 UN-Habitat in Northern Uganda
A 2009 publication released by UN-Habitat, the UN Human Settlements
Programme, traces the spread of CEB construction throughout Northern
Uganda. The construction method is used as a means of rebuilding homes and
civic structures (see fig. 1.3.1 - 1.3.3) following mass destruction from civil war,
and its benefits are clearly outlined:
- Earth as a resource is readily abundant whereas lumber is not
- Rapid building rate; speedy recovery from destruction
- Establishes a focus on sustainable development during a time of vast
reconstruction
- Stabilizing element in soil mix reduces water damage
- Useful for a variety of structures: wells, water tanks, latrines
(UN-Habitat 2009)
The blocks featured in the publication are produced with a CETA-Ram block
press (see fig. 1.3.2), a descendant of the CINVA-Ram. This manual press
requires little maintenance and minimal training to operate. It is capable
of producing blocks that self-align, which reduces mortar and labor input.
The interlocking blocks also reduce construction time, allowing for more
rapid rebuilding. 2-4 workers in an 8 hour day may produce 400-600 blocks
(UNHabitat 2009).
UNHabitat considers this technology to be extremely successful in both
rebuilding from civil strife and providing durable, low-cost structures, however
the shortcoming of the roof is explicitly stated:
“currently, the use of ISSB technology is restricted to building walls
and water tanks. In customary shelter construction in Uganda and other
countries, the wall is not the most expensive building component. The roof
generally makes up to 50% of the final building cost” (UNHabitat 2009).
The publication closes with a specific call for research in the “Use of ISSBs in
other building elements, such as the roof” (UNHabitat 2009).
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fig. 1.3.1 St. Kizito Primary School		

fig. 1.3.2 ISSB detail

source: UN-Habitat 2009, all images this page

fig. 1.3.3 CETA-Ram block press
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1.4 Primary School in Gando
In 2001, Architect Diébédo Francis Kéré returned from Technische Universität in
Berlin to his home village of Gando, Burkina Faso to construct a primary school
of compressed earth block. The building was quite successful in its use of local
labor and material, and instilled a great sense of pride in its users and builders.
On the inclusion of users in the planning and construction process, Kéré has
stated,
“Only those who are involved in the development process can appreciate
the results achieved, develop them further and protect them”
(KERE ARCHITECTURE).
While the walls and ceilings are built of CEB, the roof structure is a space
frame of welded rebar supporting a soaring plane of corrugated metal. Kéré’s
advanced education resulted in a metal roof that functions quite well-- ample
ventilation and a sub-layer of CEB creates a more comfortable environment
below than a standard single sheet of metal.
However, in order to construct the project, Kéré had to establish School Building
Blocks for Gando, a massive fundraising effort in back in Germany (Lepik 2010).
Kere’s education in Germany was the result of a won scholarship, a rarity
among those who would benefit from CEB construction. If the goal of using local
material and technology is to increase the autonomy of rural builders, reliance on
foreign aid is not a sustainable model.
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fig. 1.4.1 Gando Primary School, source: KERE ARCHITECTURE

fig. 1.4.2: welded steel space frame to support corrugated metal roof, source: KERE ARCHITECTURE
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1.5 Open Source Ecology: Liberator, Micro-House
A more advanced type CEB Press has been developed by Open Source
Ecology, a non-profit dedicated to the open source dissemination of the ‘Global
Village Construction Set,’ a set of plans for the construction of 50 essential
machines that may give rise to a self-sustaining civilization. The OSE Liberator
block press is an electric powered hydraulic press that produces uniform CEBs
that have been used by OSE to build prototype micro-houses. When questioned
in an online forum about the decision to roof a CEB structure with standard wood
framing, founder Marcin Jakubowski explained the difficulty of current earthen
roof techniques:
We are also explicit about not entering vaulted and arched roof construction.
Vaulted ceilings are advanced technique and require significant skill. The
assumption for our model is that an unskilled DIY builder can perform the work
under the guidance of an experienced leader. If we are developing a model that
potentially millions of people will replicate, we want to make sure that nobody
dies under a collapsed roof (Open Source Ecology).
The most significant precedent established by Open Source Ecology is a means
of knowledge tranmission. Providing free plans of machines as opposed to the
machines themselves enables users to build their own means of production,
from machine to block to building. This greatly reduces cost. The Liberator, for
instance, requires $4,000.00 in materials, whereas the comparable PGA-600-12
press, available on the US market, costs $52,500.00 (Open Source Ecology).
This model may have even greater reach in the realm of the manual press,
which requires far less knowledge of metal fabrication and no knowledge of
electrical systems to produce.
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fig. 1.5.1 The OSE Micro-House, source: Open Source Ecology

fig. 1.5.2 The electric-powered Liberator Block Press, source: Open Source Ecology
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1.6 Hassan Fathy and the Experiment in New Gourna
In order to locate CEB construction within a larger discourse on low-cost earthen
housing construction, and in particular on the issue of the earthen roof, it is
important to consider the work of Egyptian architect Hassan Fathy in New Gourna,
Egypt. When approached by the Egyptian Department of Antiquities in 1945 to
construct a village for 7,000 displaced citizens in rural Egypt, Fathy turned to the
vernacular language of mud-brick construction to address the needs of the new
community. Of particular fascination to Fathy was the rediscovery of the Nubian
vault-laying technique, in which highly skilled workers quickly constructed earthen
vaults without the use of wasteful centering (Fathy, 1973).
Fathy’s designs for New Gourna were highly successful in that he, “Revived
traditional materials and forms of Rural Egyptian Architecture… as a means
of providing the poor with cheap, attractive housing that was locally produced,
climatically sensitive, and culturally meaningful” (Curtis 2000.) However, the
designs fell short of pleasing the new villagers, who refused to move to the new
community: “only 70 of the 130 houses are currently inhabited…Fathy’s village
remained empty for more than 20 years” (Curtis 2000). While Fathy blames an
‘uncomprehending society’ for the failure of the project, a more significant cause
may have been a lack of involvement on the part of the villagers in the planning of
the village: “the architect never recognized the paternalism of his claim to restore
aesthetic qualities that the locals were incapable of appreciating and the hubris of
his assumption that the villagers would willingly relinquish their own homes for a
planned village” (Pyla, 2007).
Fathy also failed to acknowledge the potential of the machine as a means of
empowerment and expression for those who seek to construct their own shelters:
“A workman who controls a machine in a factory puts nothing of himself into the
things the machine makes. Machine-made products are identical, impersonal, and
unrewarding, as much to the user as to the machine minder” (Fathy, 1973).
Although Fathy’s project in New Gourna initially failed to meet the needs of its
inhabitants, the vault-laying technique used to construct earthen vaults without the
use of centering will serve as a critical precedent for a CEB roof system, as the
elimination of this requirement is directly in line with the inherent goals of material
efficiency and lack of waste in CEB construction.
16

fig. 1.6.1: Mud-Brick structures at New Gourna, source: Architecture for the Poor

fig. 1.6.2: Egyptian mason laying a Nubian Vault, source: Architecture for the Poor
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1.7 Parameters for Design
Vault Stacking System:
// No Centering (see fig 1.71 and 1.72)
// No Mortar
// Low Skill
Machine Production and Operation:
// Simple mechanics and manual operation
// Functions as conduit for knowledge transmission
// Effective integration of high-tech and low-tech modes of production

fig. 1.7.1 wooden decking on stone
masonry centering

fig. 1.7.2: timber structure of stone masonry centering
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PART TWO: DESIGN

The Triad of Materials Production

19

architectural element // block

machine // block press

architecture // vault

fig. 2.0 The Materials Production Triad
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2.1 Iteration 1

fig. 2.1.00 v.1 Overview
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fig. 2.1.01 1/4 vault stack
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Iteration 1

Stacking System

fig. 2.1.02 v.1 plan and axon with projected full vault

The proposed vaulting system is stacked in a manner similar to that of the Nubian Vault
(beginning in the corner and simultaneously stacking up and out), however the cleat of
the block does the job of the mortar in the nubian vault. As the blocks are stacked, the
cleat temporarily holds the front course in place. Once the full vault is completed, the
cleat is unloaded of tensile forces as the vault becomes a fully compressive structure.
The geometry of the blocks is self-aligning, such that they may only fit together in the
correct alignment. This characteristic serves to eliminate the need for specialized skill
during the construction process.
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Iteration 1

Block Development

fig. 2.1.03 block detail

fig. 2.1.04
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fig. 2.1.05
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fig. 2.1.06

fig. 2.1.07
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fig. 2.1.08

fig. 2.1.09
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fig. 2.1.10

fig. 2.1.11
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fig. 2.1.12

fig. 2.1.13
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fig. 2.1.14

2.1.06. First successful full scale block, 10% portland cement
2.1.07. Block sketch to determine location and size of frogs. The
frogs were added to decrease block weight and to conserve material. In future
renditions full cores may be added in order to allow for the addition of reinforcement.
2.1.08. Unstabilized block trial (100% sifted earth, no portland cement)
2.1.09. Unstabilized block detail. Damage to the corner occurred during release
from the press and after drying / crumbling.
2.1.10. 5% portland cement block
2.1.11. 10% portland cement block
2.1.12. The composite mix block: this block was created by placing a layer of stabilized
soil in the machine, filling with pure earth, and then placing stabilized mix on the surface.
The result is a block with a cement stabilized mix at the exposed surfaces and pure earth
infill. This measure more than doubled block production per mix (from 3 blocks per bucket
of stablized mix to 7 blocks). The composite block reduces production time and conserves
costly portland cement.
2.1.13. Composite block interior surface with frogs.
2.1.14. Composite block detail.
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Iteration 1

Machine Prototyping

Below Right:
The first 1/2 scale test block failed during release,
and the die split along a joint in the plywood. These
failures prompted two design changes:
1. Laminated plywood is a fast and easy material
for die-making, however it requires added support
to resist the immense force generated during
compression. Subsequent versions will require the
addition of metal members, such as throughbolts or
exterior plates.
2. Considerations must be made to reduce stresses
in the block during release as much as possible.

fig. 2.1.15 1/2 scale plywood die prototype

fig. 2.1.17 1/2 scale bottle jack press prototype

fig. 2.1.16 prototype damage during release
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fig. 2.1.18 plywood die 2.0:
Added holes for
throughbolts strengthen
the laminated plywood, and
a release along the axis
of compression reduces
stresses in the block during
release.
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Iteration 1

Machine Design: PSUMM-Press 1

fig. 2.1.20 PSUMM-Press 1 mechanism

PSUMM-Press 1 is an
a block press that is even easier to fabricate than the
01attempt
5 at10”
CINVA-Ram. By using a bottle jack (a widely available and simple piece of machinery)
as the main agent of compression, the mechanics shift from the responsibility of the
fabricator to being contained in an off-the-shelf item.
The machine is a frame of welded box steel that contains a die of laminated plywood,
and a platform to support the bottle jack. The frame system accepts multiple inserts,
allowing one machine to produce multiple block types.
In keeping with the tradition of the CINVA-Ram, PSUMM-Press 1 gets its name from the
organization in which it was born-- the Penn State University Material Matters research
cluster in the department of Architecture.
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fig. 2.1.19 PSUMM-Press 1 detail
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fig. 2.1.21 PSUMM-Press 1 lid detail

fig. 2.1.22 PSUMM-Press 1
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fig. 2.1.23 laminated plywood die upper

fig. 2.1.24 laminated plywood die lower
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Iteration 1

Labor

Raw Earth

Sifted
Earth

Sifted
Waste

Portland
Cement

Block Press

Blocks

fig. 2.1.25 process flow diagram

Block Production Stats (Single Bucket Batch, 1 worker)
yield: 3 blocks
sift time: 12 minutes
mix time: 3 minutes
press / release time: 3 minutes
For the lone worker, 3 blocks take 24 minutes, or 8 minutes per block. With the addition of a
partner, one worker sifts and mixes while the other operates the press. The overlap decreases
time per block to 3 minutes. While the bottle jack is a cheap, readily available resource, it is fairly
slow and does not match up to existing block press timing stats. A return to the simple lever
system of the CINVA-Ram will be explored in future iterations.
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fig. 2.1.26 block production work station
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Iteration 1

Vault Assembly

fig. 2.1.27 vault assembly sequence
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fig. 2.1.28 assembly detail exterior

fig. 2.1.29 assembly detail interior

40

fig. 2.1.30 highest reach of v.1
The final assembly warrants a shift from no centering
to a single re-usable centering arm.
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Iteration 1

Analysis
After stacking 1/4 of the vault, the system failed and the vault collapsed under its own
weight. The failure may be the result of one of a list of factors, or more likely some
combination of them. First, it was not possible to achieve a high degree of precision in
the production of the blocks. Wet soil led to a lumpy mix, causing chunky corners and
edges. In addition, the plywood form of the press created high levels of friction during
release. This friction caused the edges to become more compressed than the center,
resulting in slight cracking at the center and a bowed surface that did not match the
desired arc. The imprecise block geometry resulted in unsound connections between the
blocks, which prevented them from gripping one another in order to support the rising
vault. Another complication arose from the connection between the first course of blocks
and the gable wall. The angled first course of the vault block and the flat gable wall were
att odds: In future renditions, another block is needed to mediate between these two
elements.
The snags in the final assembly led to questions about the nature of what the design
suggested. Eliminating the use of mortar removed the substance that cushions and
unites, and allows for slight variation between individuals. In the proposed system,
absolute uniformity among elements was imperative for the larger order to succeed.
Perhaps this was not a detrimant to the design. If the machine is perfected, it is entirely
possible to achieve the necessary uniformity. However, is this strict uniformity worth
striving for? Is a system stronger when it controls and regularizes, or when it actively
responds to variation?
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2.2 Iteration 2

fig. 2.2.00 v.2 Overview
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Iteration 2

Catenary Vault Geometry
Vault system v.2 marks a shift from a semi-circular
vault to a catenary form. The catenary is the most
structurally efficient self-supporting vault form,
and is explored here in response to the tendency
of the semi-circular v.1 to collapse upon itself. As
famously explored in the hanging chain models of
Antoni Gaudi, a caterary arch takes the form of the
inverse of a hanging material suspended between
two points (see fig. 2.2.01). While translating
this curve into built form may be difficult, there
is potential for a set of dies to translate this
knowledge: a set of blocks that may only be
assembled in one manner creates the catenary
form on its own, without a difficult on-site mapping
process.

fig. 2.2.01 catenary chain stiudy

Because the catenary is not a single continuous
radius, each block is unique in its curves and
angles. In an effort to reduce the number of block
types necessary for the vault, the blocks of v.2 are
significantly larger than those of v.1. While there
were concerns with longer blocks being unable to
withstand tensile forces before curing, the tested
blocks were able to be handled without failure (see
fig. 2.2.05).

fig. 2.2.02 catenary block division study
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Iteration 2

Block Development

fig. 2.2.03 catenary block divisions

fig. 2.2.04 straight course alignment study

fig. 2.2.05 test blocks of larger dimension
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fig. 2.2.06 plaster molds for block set
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Iteration 2

Modeling

fig. 2.2.08 resultant building section

fig. 2.2.07 self supporting dry-laid catenary blocks
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Iteration 2

Analysis
The switch to a catenary curve
and to larger blocks created an
even more precarious connection
between vault and gable wall than
seen in v.1 (see fig. 2.2.04). This
prompted a key development
in the form of the vault: as
opposed to a vertical gable wall
that receives incomplete leaning
courses before the first full course
is achieved, an angled gable wall
allows a complete first course (see
fig. 2.2.09). The difficult process
of simultaneously building out
and up, as in v.1 and the Nubian
Vault, is taken care of with simple
corbeling in the gable wall, making
the vault stacking process more
direct: one complete course at a
time.
The corbeled gable wall is a
key development in the vaulting
system, however the large number
of specific blocks required by
the catenary is not conducive to
the goal of a simple construction
system. In future renditions a
return to a continuous curve, and
therefore to fewer block types, will
be necessary.

fig. 2.2.09 leaning gable wall
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2.3 Iteration 3

fig. 2.3.00 v.3 Overview
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Iteration 3

Vault Geometry

fig. 2.3.01 v.3 assembly axon

The v.3 vault system retains the corbeled gable wall of v.2, but retuns to the semi-circular form
of v.1. The cleat system is also still present, providing the support for each block as it is stacked
on the preceding course. The forces generated by the semi-circular form are counteracted with
two measures. The tendency for the vault to collapse inward while being stacked (as in v.1) is
countered by the corbeled gable wall and the addition of a layer of mortar behind the first course
(see fig. 2.3.53). Outward thrust generated by the form (see fig 2.3.57) is contained by infill
between the vault and the high parapet along the length of the side walls (see fig. 2.3.61).
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Iteration 3

Modeling

fig. 2.3.04 semi-circular 9 block set
Early versions of the set included a base block to
connect to the wall below and half blocks in order to
stagger the joints of the courses. Because these blocks
required discrete dies, the set was later simplified.
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fig. 2.3.05 1/2 scale model of wooden block (note specialty blocks at base)
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fig. 2.3.06 1/2 scale model elevation
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Iteration 3

Block Development

fig. 2.3.02 interlocking cleat design study

fig. 2.3.03 study of leaning flat courses
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fig. 2.3.07 v.3 block detail

fig. 2.3.08 typ. v.3 block
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fig. 2.3.09 typ. block connection

fig. 2.3.10 traces of mechanized production
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Iteration 3

Machine Prototyping

fig. 2.3.13 full scale prototype detail

fig. 2.3.14 die prototype in language of sheet metal construction
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fig. 2.3.15 full scale prototype
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Iteration 3

Machine Design: PSUMM-Press 2
12”

12”

7”

1

2

1. maximum volume of insert
3

2. vault block insert with top and
2.3.21-22)
bottom plates (see fig. xx)
3. piston and lever arm assembly
4. press frame (receives insert)
5. rolling cart

4

5

fig. 2.3.11 PSUMM-Press 2 components
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PSUMM-Press 2 retains the variability
of its predecessor by receiving
inserted dies for different blocks,
however it uses a lever system
similar to that of the CINVA-Ram
for compression and release of the
blocks, making the press faster
and easier to use than the previous
version.
The shell of the machine is primarily
welded plate steel (fig. 2.3.16), while
the die is a block of laminated plywood
with a resin coating and added steel
angles to reinforce the connection to
the shell (fig. 2.3.21). The die used
in this study is only one possibility-there is potential for many materials
to produce the same geometry, from
metals to ceramics to polymers,
allowing the system to be produced
based on the availability of local
industry.
The plates of the die produce the cleat
in the block, and are interchangeable
in order to produce both left and right
vault blocks. One plate is screwed
to the lid of the press while the other
attaches to the plunger inside the die,
and it is only a matter of switching the
two in order to make a mirror image
block (fig. 2.3.25).
Only one die is necessary to make all
blocks of the system-- the keystone
and base blocks can both be produced
simply by modifying a standard left or
right side block with a hacksaw (fig.
2.3.35).

fig. 2.3.12 PSUMM-Press 2 detail
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Iteration 3

Machine Fabrication

fig. 2.3.16 PSUMM-Press 2 shell construction

fig. 2.3.17 lever arm assembly construction
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fig. 2.3.18 complete PSUMM-Press 2

Fabrication Tool Set:
- Oxy-Acetylene Torch
- MIG Welder
- Drill Press
- Horizontal Bandsaw
- Angle Grinder
- Tap and Die set
Necessary Materials:
- 1/4” plate steel
- 1.5” box steel tubing
- 1” round stock steel
- Basic Hardware: Nuts, Bolts, Pins for Hinges
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fig. 2.3.19 damaged shaft due to loads greater than those generated in the CINVA-Ram

fig. 2.3.20 retrofit flange design for bending resistance
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fig. 2.3.21 vault block die

fig. 2.3.22 variable die plates for vault block
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Iteration 3

Machine as Print and Paper-making Tool

fig. 2.3.23 print and papermaking set, clockwise from top left:
// mould and deckle for forming paper pulp
// paper composed of reconstituted newspaper and craftpaper
// block assembly detail, woodcut print produced in PSUMM-Press 2
// the print and papermaking insert
In order to further test the variability of the machine, new mediums besides earthen blocks were
explored. A flat block insert allows the production of paper, and may also be used as a printing press for
woodcut and lino-cut prints. Knowledge transfer occurs in the geometry of blocks, and also in the ability
to reproduce architectural drawings using the same machine (see figures 2.4.4-7).
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fig. 2.3.24 printed press mechanism diagram
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fig. 2.3.25 printed plate assembly diagram
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fig. 2.3.26 PSUMM-Press 2 after use
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fig. 2.3.27 PSUMM-Press 2 elevation
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Iteration 3

Block Production
fig. 2.3.28
Clay-ey earth pile. Sand is
added for a proper composition.

fig. 2.3.29
earth sifter

fig. 2.3.30
sifted earth

fig. 2.3.31
The ball test for moisture content:
A hand pressed ball of earth should crack
when dropped. A crumbled ball is too dry,
and a ball that slumps is too wet.
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fig. 2.3.32
vault block die
within press box
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fig. 2.3.33
filling the press cavity

fig. 2.3.34
fresh blocks curing

fig. 2.3.35
Simple modifications to the
blocks are easily made with
a hacksaw. This enables the
production of half blocks and
keystones.
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fig. 2.3.36
a freshly
pressed
block
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Iteration 3

Full-Scale Construction:
Site Prep

fig. 2.3.37
retaining wall detail

fig. 2.3.38
constructing the
retaining wall to level
the site

fig. 2.3.39
the cleared and
leveled site
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Gable Wall
Construction

fig. 2.3.40
first course of
the gable wall
established

fig. 2.3.41
gable wall half
complete

fig. 2.3.42
improvised line
levels from saplings
found on-site
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fig. 2.3.43 The gable wall in progress. The corbeled cavity wall is filled with rubble found on-site.

fig. 2.3.44 Backside of the complete gable wall.
A bricolage of CMU and found brick
is used in place of CEB due to time
constraints and availability of material
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fig. 2.3.45 front face of the gable wall

fig. 2.3.46 tracing the semi-circle path using twine and chalk
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fig. 2.3.47 the first course receives a layer of earthen mortar in order to adhere to the gable wall

fig. 2.3.48 Collapse at block 7. Small supports are added in order to continue (see fig. 2.3.56).
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fig. 2.3.49 the complete first course
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fig. 2.3.50 wide view of the build site

fig. 2.3.51 first course keystone detail
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fig. 2.3.52 Second course keystone detail. Note the difference between this and
the first keystone in order to stagger the joints between courses.

fig. 2.3.53 the dry-laid second course engages the cleats of the mortared first course
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fig. 2.3.54 course number 3 under way
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fig. 2.3.55 Second course beginning to pull away from the first at its peak. Mortar may be needed
at strategic locations throughout the vault in order to ensure snug connections.

83

fig. 2.3.56 Small props tie the blocks to the nearest course of the corbeled
gable wall, providing support during erection of the first course
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fig. 2.3.57

Outward thrust creates separation between blocks 2 and 3 of the second course. This force
will be countered by the addition of infill between the vault blocks and the high parapet.
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2.4 Resultant Architecture

fig. 2.4.1 These precedents of transformations to the repeated barrel
vault typology may be applied to CEB vaulted structures
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fig. 2.4.2 vaulted space interior study
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fig. 2.4.3 vaulted structure exterior study
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fig. 2.4.4 wall section detail
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fig. 2.4.5 block stacking pattern detail
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fig. 2.4.6 single vault building section
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fig. 2.4.7 repeated vault building section
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PART THREE: CONCLUSIONS
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DESIGN
Machine

The prototype of PSUMM-Press 2 used in this study was produced in the Arch. Model
Shop of the architecture department at Penn State. As a beginner machinist, I was
able to fabricate the machine with my only prior experience in metalworking being

the fabrication of PSUMM-Press 1. This meant that it took a very long time; it took 3

months of working evenings in the shop to produce the press. This time span included
all aspects of the build by one person: from seeking out materials from local surplus
depots, to fabrication, to the final paint job. A team of workers in a dedicated metal

fabrication shop would be able to produce this machine quickly and easily. Efforts were

also made to keep the fabrication process relatively simple. While there are other labs in
the university with plasma cutting and waterjet machines, all parts of this press were cut
manually using a bandsaw, oxy-acetylene torch, and cut-off wheel on an angle grinder.

This makes the machine possible to construct in areas without access to means of digital
fabrication. The design requires changes in future iterations, including a larger diameter
shaft to resist the bending seen in fig. 2.3.19, and the addition of some of the added

features seen in the post-CINVA developments table: a hopper, soil measuring device,
etc. With these additions the machine will meet or exceed the standards of efficiency

and output of current manual block presses while adding the capability of building roofs.
Vaulting System

The first course of the final vault went up quickly and easily, and is soundly connected

to the gable wall. Courses 2 and 3, however, are far less stable. As seen in fig. 2.3.55,

the top of the second course sags significantly and is prone to movement when touched.
Moving forward, it will be critical to assess whether subsequent courses serve to hold

the sagging course in place and increase its stability, or simply add weight and increase
instability until the vault fails. The solidity of the first course, however, leads to new

thinking concerning the use of mortar. Initially mortar was avoided for two reasons: first,
that it is an added expense for the construction, and second that it requires specialized
skill in order to evenly lay blocks on a bed of mortar. In this system, an earthen mortar

may be used that is composed of the same earth mix as the blocks, but with more water
added. The benefit of a significant increase in stability may outweigh the drawback

of a marginal increase in the requirement of cement. In terms of skill, self-regulating

block geometry may allow for faster and easier mortar spreading. In traditional masonry
construction, the mason lays mortar on the top course of blocks and then carefully
adds the new course while leveling each block. In the proposed system, mortar is

simply spread into the crevace of the cleat before the block is added to the vault. The
shelves on the sides of the block ensure proper alignment, so meticulous leveling is
unnecessary.
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A GREATER REACH FOR CEB
While switching material when constructing the roof of a CEB structure may at first seem
like a logical and necessary move, there are distinct benefits to the implementation of

an earthen roof. By constructing an earthen roof using the same method and the same
machine as the wall and foundation system, the manual block press becomes the sole
tool necessary for durable, low-cost, environmentally conscious buildings. This makes
sound housing possible in areas where earth is the only available material, or where

imported material is simply too expensive. But even in areas where conventional roofing
materials are available, the earthen roof provides the benefits of high thermal mass,

low embodied energy, and continuity with cultures in which the language of vaults and

domes is accepted and appreciated. By extending the possibility of an earthen roof to the
existing realm of CEB construction, the reach of this promising building type is expanded
to a greater potential, transitioning from a wall system to a full building typology and a
beautiful economy of means.

KNOWLEDGE TRANSFER
The machine, block, and vault system addresses a lack of specialized vault-laying skill by
embedding the design of self-aligning vault block geometry in the design of the machine
itself. As a researcher in a university setting, with access to information, experienced
builders, and with a state of the art fabrication shop, I was able to design a machine,
block, and stacking method that provide an earthen roof. But the real challenge is
whether this roof is able to be built without my input. During the final build, I was able to
step back and watch workers assemble the vault as one even exclaimed “this is VERY
user friendly” while stacking blocks. The design of the vault begins on my drawing board,
is simplified to a system of blocks, and ends as the design of a single variable die that
produces the blocks. Moving forward, the transfer of this die will be explored. In areas
where immediate aid is necessary, the die may be the only piece of equipment that must
be sent by agencies such as the Peace Corps, UN-Habitat, etc., while the shell and
mechanics of the machine are able to be produced virtually anywhere. Other methods of
producing the die through open source plans will also be explored, inviting the possibility
of local industry determining the mode of production and material choice.
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METHOD
This project led to developments in my attitude towards the role of design and making
in research, and the methods by which I tested ideas. The first iteration’s method put
off the simple question of does it work? until the final assembly. Apart from slight testing
throughout the block-making process, making was largely reserved for after the thinking
and designing. A more reciprocal relationship between the two during the early stages
of design yields a design in which the process of making determines the system, as
opposed to being a result of it. The simultaneous processes of designing and making
serve as effective research when there are significant unanswered questions that the
process of creation may address... When making is reserved as a final extension of the
design process, it stands to teach much less than it does as an engaged aspect of the
design and research process.
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