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Abstract:  

This paper discusses the potential of tile-vaulted struc-
tural systems to provide sustainable and low-cost con-
struction for Africa, based on experiences both in acade-
mia and practice.  

The proposed tile vaulting building technique adopts an 
unreinforced masonry construction method with a 600 
year tradition in the Mediterranean, where the bricks 
have traditionally been made from fired clay. [1] The tech-
nique is now combined with the local tradition in Africa of 
cement-stabilized, soil-pressed bricks, which use locally 
available soil. In this context, Social and economic con-
cerns were jointly addressed with local leaders and in-
habitants to ensure that the structure is relevant to the 
local culture and successfully implemented. The pro-
posed vaulting technique has the potential to meet three 
primary objectives: to provide an environmentally-sound 
building solution using mainly local materials, to engen-
der social cohesion and pride within the local communi-
ties by drawing upon traditional methods, and to stimu-
late economic growth by providing local jobs, while reduc-
ing dependence upon imported materials.  

Keywords:  tile vaulting, soil-pressed bricks, low-cost con-
struction, capacity building 

1. Introduction 

With an annual growth rate of almost 7%, Ethiopia is one 
of the fastest growing countries worldwide, yet it also re-
mains among the poorest ones. In 2008, Ethiopia was 
home to approximately 81 million people and by 2025 
this number could reach more than 125 million. There is 

an immediate need to enhance indigenous construction 
capabilities and create more awareness of the economic 
value of local materials to meet the urgent need for 
housing.  This is of particular concern to poorer areas, 
where dwellings are often constructed from corrugated 
metal.  These dwelling units cannot be expanded upon 
for multi-story construction, yet sprawl outward, consum-
ing limited resources including wood, expensive imported 
materials, and land (Figure 1). Innovative solutions are 
necessary to address these pressing issues in a sustain-
able manner, considering the shortage of building mate-
rials, economic resources, and skilled labour. While the 
urgency for action might be extreme in Ethiopia,  its socio
-economic conditions are nevertheless comparable to 
other parts of Africa and throughout the developing 
world. 

Historical methods of vaulting have remained economi-
cally viable in the  contemporary construction markets of 
Spain and Mexico, mainly because tile-vaulting is also 
being reinvented as a contemporary construction tech-
nology [2]. One such example, the Mapungubwe National 
Park Interpretive Centre in South Africa, which was built 
using tiles pressed from local soil, was named the World 
Building of the Year at the 2009 Architecture Festival [3, 
4]. The impressive forms of the Mapungubwe vaults 
demonstrate the elegance of the design possibilities us-
ing structural tile (Figure 2.a), and even more extrava-
gant forms are possible. More recently, a similar method-
ology was used to build a prototype vault for a more 
modest (and more repeatable) tile floor system in Ethio-
pia (Figure 2.b). [5, 6] These two buildings signify the re-
emergence of a technology, which could provide a solu-
tion to sustainable low-cost housing.  

Tile vaulted systems for low-cost construction in Africa 
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Fig. 1. b-c a) Traditional dwellings/huts as they can be found in rural Ethiopia (Amhara region); and two versions of newly built houses: 
b) built with found corrugated metal, and c) with Eucalyptus wood and plastered mud with a corrugated metal roof. 
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This paper discusses the potential of tile-vaulted systems 
which make use of local material, and follow the tradition 
of compressed earth block (CEB) construction in Africa to 
meet the need for more sustainable construction technol-
ogy in the field of  low-cost housing.  

An introduction to the structural and construction princi-
ples of tile vaults will be presented, followed by a discus-
sion of the engineering advantages and challenges of tile 
vault construction. Ethiopia will serve as a case study to 
exhibit the challenges of implementing this historic con-
struction technology in a rapidly urbanizing society. 

2. Tile vaulting: Origins, methods and structure 

2.1. Origins and method  

To construct a brick vault between parallel walls, one of 
several different vaulting methods may be considered 
(Figure 3). European-style vaults (Figure 3.a) would pro-
vide a durable solution from local materials, though ex-

cessive formwork (centering) should be avoided to pro-
tect scarce timber resources in many African locations. 
Mediterranean tile vaulting (Figure 3.c) makes use of 
thin ceramic tiles for structural vaults in which minimal 
centering is required during construction. This type of 
construction flourished in medieval Spain, and was suc-
cessfully imported to the United States by the Spanish 
immigrant, architect and engineer, Rafael Guastavino 
(1842-1908). [1] The R. Guastavino Company built thou-
sands of thin-shelled masonry vaults in the late 19th 
and early 20th century, including such prominent build-
ings as the Terminal of Grand Central  Station and the 
Cathedral of St. John the Divine in New York City and the 
Boston Public Library.  With high load capacity, fire resis-
tance, and long spans, these structures were a cost-
effective solution to spanning space. 

Tile vaulting is a construction technology requiring little 
to no formwork as well as minimal material for the shell. 
The technology was developed during a period in which 
building with local material was a necessity, and not 
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Fig. 2. a) First completed vault of the Mapungubwe project in South Africa (Image credit: James Bellamy); b) Unreinforced thin -tiled 
floor system of housing prototype for Ethiopia: simple barrel vault with stiffening diaphragms (Image credit: Lara Davis).  

Fig. 3. Three methods of brick vault construction [7]: a) Northern European vaults require extensive wooden centering; b) pitched 
brick vaults, built in North Africa and Mexico, eliminate the need for centering; and c) Mediterranean tile vaults may be con-
structed without centering.  
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merely fashionable. Such frugal practice is rapidly becom-
ing a necessity again. This system employs typically three 
layers of thin brick, the first of which is set with a fast-
setting Plaster-of-Paris mortar, with subsequent layers built 
with a typical cementitious mortar. The tiling pattern is altered 
in each layer to prevent tile joints from being continuous 
between layers and to establish a strong structural bond 
(Figure 4). The flat bricks are typically 3cm thick. 

2.2. Structural capacity 

The layered tile vault can be remarkably thin when it has 
a suitable structural form.  A funicular shape is the most 
efficient geometry to resist loads as it acts in pure axial 
tension or compression. One example of funicular geome-
try is the hanging chain, which acts in pure tension (with 
no bending moments) and takes the shape of a catenary 
under self-weight only. Bending moments require a great 
deal of material to carry loads, so structures without 
bending moments can be very thin.  Another funicular 
geometry is created when the hanging chain is inverted. 
However, the inverted structure acts in pure compression 
rather than pure tension. Thus, the same catenary ge-
ometry may be used to form a funicular arch, which car-
ries loads in pure axial compression for the specific load-
ing condition, i.e. self-weight only [7, 8].  In order to de-
velop arch action in this compression structure, the arch 
needs to be properly supported at its ends, able to resist 
the outwards “thrust”.   

The proposed vaulting system takes advantage of funicu-
lar geometry to limit the amount of material required, and 
to avoid tensile reinforcements. Stresses are low within 
the structure, so soil tiles with relatively little material 
strength can be utilized. However, the geometry is only 
funicular for one specific loading condition, so the vaults 
must have additional support to account for other possi-
ble loading conditions. This is achieved for example by 
adding thin stiffening walls on top of the thin vault to give 
the vault additional structural depth (Figure 3.b).  

Such a floor vaulting system is not entirely new. Indeed, 

the Guastavino Company was particularly successful 
with their very efficient floor system (Figure 5).  Its rein-
vention in the African context is quite appropriate as it 
requires minimal steel reinforcement and formwork  and 
makes use of readily available, low strength, soil materi-
als.  Most critically, it allows for a structurally sound, 
multi-story construction to address urban density.  

2.3. An African floor system    

For the vaulted floor prototype in Addis Ababa, the two 
different systems for stabilizing thin, funicular vaults 
used by the Guastavino Company (Figure 6.b), has been 
implemented. The left approach adds structural depth to 
the vaults by adding lightweight stiffening walls, and the 
right approach adds a stabilized fill. The latter does two 
things: it adds structural depth, but also adds extra 
weight to the floor system, causing asymmetric live 
loads to have less effect in comparison to the more 
dominant self-weight of the floor system.  By combining 
the two systems, the stiffening walls can be made very 
thin, as they are stabilized by the compacted fill. The 
continuous fill furthermore prevents that the vault can is 
point-loaded locally, which is not recommended for sin-
gle curvature vaults. Instead, these point loads are 
nicely distributed over an area of the vault and the stiff-
eners. 

The material of the first thin layer of tiles is Trachyte 
stone, the same type of stone used for the interior of 
Cologne Cathedral in Germany, which has a high com-
pressive strength (≈150MPa) and is locally available in 
Ethiopian quarries.  This stone tile layer was laid with 
locally produced gypsum mortar, which was custom-
produced by a manufacturer and burned at higher tem-
peratures to meet our optimal requirements for the 
speed of setting.  The vault was designed with the sub-
sequent layers of soil masonry units, produced with a 
press and stabilized with an 8% inclusion of ce-
ment.  Because the masonry vault is designed to have 
an efficient, funicular geometry (a catenary curve de-
rived from a hanging chain, see Figure 7.a), the com-
pressive strength required for these tiles is only 4 

Fig. 4. a) Layered tile construction at Mapungubwe (Credit James Bellamy) b) Tile vaulting, built from multiple layers of thin bricks 
laid flat [9] 
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MPa.  All masonry on the upper layers was laid with a 
cementitious mortar, a mixture of sand, cement, lime 
and water.  The spacing between the tiles set with plas-
ter was on average 4mm (varying between 1-7mm), and 
that between the tiles set with cementitious mortar was 
on average 8 mm. 

The span of the structure is approximately 5.8 meters, 
with a vault thickness of less than 10 centimeters.  This 
does not include the fill for the floor system, which is a 
lightweight, semi-hard composition of pumice and 
lime.  The theoretical line of thrust, which represents the 
path of compressive forces through the masonry vault, 
must travel through the cross section of the masonry for 
the vault to be stable without tensile reinforce-
ments.  The  vertical diaphragm walls of masonry, built 
at intervals of 0.9 meters, provide reliable, alternative 
load paths for the masonry vault, effectively resulting in 
a structural depth at the supports of the full rise of the 
vault (50cm). This becomes important when the vault is 

heavily asymmetrically loaded (e.g. a group of people 
standing on one side of the vault), resulting in asymmet-
ric thrust lines which no longer fit in the thin section of 
the vault.  It is very important to note that such dia-
phragms are critical structural components for a barrel 
vault, which has only a single degree of curvature. Sin-
gle-curved vaults are very vulnerable for asymmetrical 
loads, particularly applied at the quarter point of the 
arch.  A vault with double-curvature is more stable.  

For this prototype housing unit, the vault was nonethe-
less designed as single-curved barrel so that no thrust 
would be directed into the terminal edges of the vault, in 
order to reduce the reinforced concrete edge supports 
and to allow stop the vault at any point to allow for a 
stair well to the second floor. A simple barrel vaulted 
shape also has as important advantage that the guide-
work for building the vault can be minimized to two stiff 
arch profiles on each side with strings tied between 
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Fig.  3. a) Rafael Guastavino standing on a newly built arch during construction of the Boston Public Library, Boston, Massachu-
setts, 1889. [10] b) Guastavino Rib and Dome System, New York, 1902. [11] 
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them (Figure 7.b-c).  

A barrel vault needs linear edge supports to receive the 
horizontal thrust exerted by the vault. To avoid the trans-
mission of these horizontal forces in the walls, the two 
reinforced concrete edge “beams” are tied back with four 
steel tension ties, spaced at intervals of approximately 
two bays.  

For estimated sizing of the required tension ties and 
thickness of the vault at the crown, the following calcula-
tion can be used to calculate the horizontal thrust (H) in 
the vault,:   

 H = wL²/8f, 

where w is a linear, average line load representing the 
self-weight of the vault (including fill) for a 1 meter strip, L 
the vault span, and f the rise of the vault at midspan.   

3. Implementation: Ethiopia as a case study for social 
context 

3.1. Challenges of low-cost housing in Africa 

In rural areas of Ethiopia, there is no sufficient building 
practice which would allow for the construction of towns 
to proceed with minimum standard, multi-floor living 
units. Many of these present dwellings – essentially ver-
nacular huts – are still built incorporating traditional 
techniques such as mud plastering, known as 
“Chikapet” in Amharic (Figure 1.a).  These vernacular 
construction techniques contribute to a fairly well-
developed common knowledge base  of the diverse local 
soils.   

Current demand for new housing, however, is answered 
with the construction of poorly made shacks, assem-
blages of (eucalyptus) wood, straw and mud, utilizing 
sheet metal for roofs, doors, openings, and occasionally 
for walls (Figure 1.b-c). Inhabitants of rural areas resort 
to these fast, low-quality solutions, because of a lack of 
available building materials, constructional know-how, 
and financial resources. It is not unlikely that the local 
construction market is ignoring the needs of the inhabi-
tants as many of them cannot afford to pay for the ser-
vices they could. These constructions typically result in 
very low standard living conditions. The use of thin sheet 
metal with poor acoustic and thermal qualities for exam-
ple cause extreme temperatures during day and night. 
These constructions furthermore do not utilize Ethiopian 
resources in a sustainable manner (e.g. the abundant 
use of wood contributes to deforestation and resulting 
erosion, a perennial environmental concern in Ethiopia 
with important, corresponding economic implications) 
[12]. An interesting phenomena is that the dependency 
on imported sheet metal  has not only economic rea-
sons. This inappropriate building component  bestows 
upon the rural people a sense of ‘quality’ and assurance 
associated with modernity and development [13]. This 
building practice though precludes the possibility for 
safe, multi-story construction. 

Fig. 6. Unreinforced thin-tiled floor system of housing prototype for 
Ethiopia: simple, single-curved barrel vault with stiffeners (Image 
credits: Lara Davis). 

     

Fig. 7. a) Inverted hanging chain to find the shape of the compression-only vault, bb) simple guidework and mason’s line, and cc) 
building the vault into space without the need for formwork (Image credits: Lara Davis). 
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3.2  Effective Low-Cost Housing 

To make housing truly low-cost – with specific consid-
eration to the Ethiopian condition – we must identify 
what makes traditional “low-cost housing” prohibitive by 
Ethiopian means. To this effect, elements of a low-cost 
construction need to be reduced even further in order to 
make low-cost housing accessible for low-income inhabi-
tants. 

Imported building materials commonly used in low-cost 
projects, such as steel, cement, and construction tim-
ber, are scarce in Ethiopia, both as natural resources 
and in terms of industrial manufacturing prevalence 
(Figure 8). Scaffolding and formwork for concrete con-
struction are expensive, produce excessive building 
waste, and put strain upon the scarce natural resource 
of trees.   

‘Low-cost’ for Ethiopia is classified as less than 1000 
ETB/m2 (� 75 USD/m2). Currently, large construction 
companies who are heavily subsidized by the govern-
ment to build western concrete frame/slab construction 
dominate low-cost government housing. Low-cost hous-
ing is  expensive because of the cost of imported materi-
als. Compared to the Western paradigms they copy, the 
only improvement has been the use of precast ribbed 
beams and prefabricated concrete floor elements – 
again, both produced by heavily government subsidized 
programs – resulting in less concrete and simplified 
formwork. At the end, the cost of the housing provided 
by the government as ‘low-cost’ still costs the buyer 
2500-3500 ETB/m2 (� 185-260 USD/m2), and this after 
heavy subsidies on different levels. 

In addition to the need for being more independent from 
imported materials and minimizing building waste, a 
‘low-cost’ strategy also implies that the construction 
process should employ local labour.  In Ethiopia, the 
workforce is large, unskilled, and mainly agricultural. 
Therefore, a structured training program (e.g. in form of 
formal apprenticeship) to impart the knowledge and 
practice of new building technique would allow for an 
upgrade in skills of the local workforce in constructing 
low-cost housing.  

4. Appropriateness of tile vaulting in context 

 
Soil and stone are the primary materials, which can be 
considered as sustainable in the Saharan/African con-
text, where precision construction wood is often scarce. 
As  stone or soil have limited tensile capacity, building 
with these materials demands compression-only struc-
tural solutions. For walls carrying dominantly vertical 
loads, this criteria is easily satisfied; however, once a 
space must to be spanned, beam elements, which work 
in bending, are typically required and can thus not be 
built using stone or soil, but in timber, steel or reinforced 
concrete – all materials that are not readily available in 
most parts of Ethiopia. A beam, as a structural system, 
demands that its section can accommodate tension and 
compression forces, which is not possible when building 
in stone or soil only. 

As outlined previously, structural vaulting provides a solu-
tion to this constraint by allowing for compression-only 
solutions to span space. There are different techniques to 
build compression-only vaults, but tile vaulting allows for 
the construction of compact floor systems with a depth of 
less than a tenth of the span, without the need for any 
formwork or internal tension reinforcements. Other tech-
niques result in much deeper structures which are ineffi-
cient and economically unfeasible for multiple story build-
ings.   

It is important to point out though that soil-pressed tile 
vaulting is not necessarily an appropriate building tech-
nology anywhere in the world. In places where wood or 
bamboo are not scarce, these materials may be much 
more sensible construction materials than earth-based 
architecture, particularly in seismic areas. Fired clay tiles 
may be preferred where clay is abundant because they 
are more durable. In Pakistan, for example, there is a 
tradition of baking bricks using small kilns, and custom 
bricks are produced in local kilns directly adjacent to the 
building site. 

The proposed technology has the potential to generate 
successful local entrepreneurship that generates income 
and employment for the local economy. The structural 
elements can be produced by people from local commu-
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Fig. 8. A selection of imported – hence expensive – building materials in current “low-cost” projects: a) Precision timber for formwork; 
b) precision formwork for columns and edge beams; c) interior panels (Made in China); and d) reinforcement steel and Portland ce-
ment for concrete.  
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nities, and local labourers can easily be trained to master 
the constructional practices required. The main challenge 
is to set up the necessary institutions that support train-
ing programs and entrepreneurial activities and improve 
access to credit and investment. Furthermore, political 
and cultural aspects must be taken into account to en-
able such a building technology to take root on a regional 
scale, including the social, political and religious structure 
of local leadership. 

Most importantly perhaps, the discussed vaulting method 
is not far off from achieving the very tough ‘low-cost’ limit 
set at ETB 1000/m2. Taking data from previous projects 
and translating the costs to the Ethiopian context, the 
method is still 30-40% too high, but this is largely due to 
the dependency of the technique on the fast-setting mor-
tar. This mortar is not available yet on the Ethiopian mar-
ket and is thus costly. If such a vaulting method were to 
become standard practice in Ethiopia, the cost of this 
product would obviously be reduced.   

5. Challenges of tile vaulting in context 

5.1 Supervision and Training: 

Abundant local labour is clearly a tremendous advantage 
in the implementation of a technology such as thin-shell 
vaulting. However, the lack of a reliable skill-base must 
be comprehensively addressed.  Technology-related ca-
pacity building and training must be implemented at uni-
versities as well as in vocational training centres to guar-
antee a safe and durable transfer of technology and 
skills. It needs to be integrated into the curriculum of ar-
chitects and engineers to design for these new technolo-
gies. Moreover, universities should collaborate closely 
with construction managers in the private sector to man-
age safe construction of such buildings and ensure qual-
ity standards. 

This vaulting technique, which allows one to build out into 
space without any support, may give the false impression 
that there is no risk.  The first basic level of tile vaulting is 
very easy to learn, yet this tremendous advantage may be 
deceptive or even dangerous.  A brick laid does not nec-
essarily mean that the bond is sufficiently strong to en-
sure that the position of the brick does not compromise 
the structural form, or that it does not propagate errors in 
tiling geometry, which require skill and time to correct.  

The learning curve is quite steep when one considers all 
of the critical aspects of construction. It is extremely 
important, for example, to understand the sequence of 
construction.  One must always build in stable sections, 
carefully following geometrical guides throughout the 
construction. A partial or full collapse may occur (and 
have occurred) when these important aspects are for-
gotten. A fully constructed masonry vault is structurally 
robust if designed properly, but certain states in the con-
struction sequence are less secure than others. Thus, 
critical supervision, quality control, and a robust training 
program are necessary.  

The authors recommend and have had good experi-
ences with mockups to educate and train for further 
construction, and to provide the possibility for structural 
load testing. However, it is important to control those 
very carefully.  An uncontrolled structural failure is unac-
ceptable. On the other hand, it is important to be able to 
do full-scale load testing to give everyone involved the 
necessary confidence of this new construction and ma-
terial combination. Therefore, the authors typically de-
mand two full-scale prototypes to be built on site, the 
first one to be load tested to failure and the second to 
remain as a demonstration. 

It is critical to address the repeatability and the toler-
ance of this system to unintended appropriation for the 
purpose of structural safety.  Without the means to hire 
experienced professional supervisors, it is often un-
avoidable that others merely appropriate the technique 
and shapes of tile vaulting.  To this end, the vaults at 
Mapungubwe were a daring precedent, as they are com-
plex shapes obtained and verified with the latest 3D 
structural form-finding techniques [14]. Such forms can-
not simply be repeated without some risk. 

Nevertheless, by simplifying the form-generation 
method, the prototype may serve as a robust and re-
peatable model. The design of thin-tile vaults may be 
reduced to ultimately simple structural concepts and 
constructional methods.  In the case of a single-curved 
vault, a hanging chain may be used to derive the geome-
try of the vault.  This catenary geometry may then be 
used at the full scale to fabricate a simple, inexpensive, 
non-structural guide, which serves to describe the ge-
ometry of the vault for the masons. Construction may be 

 

Fig. 8. The floor system in the Mapungubwe project uses a) structural vaults as permanent formwork for b) a mass concrete floor. 
c) This floor can be built without formwork and significantly reduces the amount of reinforcement steel necessary. In the 
Mapungubwe project, the edge beams are made in reinforced concrete.  (Image credits: James Bellamy.) 
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repeated as a controlled sequence in 1m strips – includ-
ing an additional diaphragm wall as stiffener for asym-
metric loads – to construct a very simple, single-curved 
barrel vault. On account of this simplified vault form and 
constructional process, robust constructional systems 
could be more reliably copied and repeated. 

 5.2 Technical Challenges of thin-tiled vaulting in devel-

oping context 

Because the tiles are made from local soils, locally avail-
able soils have to be assessed, as soil can differ signifi-
cantly from location to location. Finding the correct soil 
and mix proportions is a fairly delicate matter, which 
depends largely on experience acquired through work-
ing with soils. There is a lot of knowledge of soils in Af-
rica, but it is imperative that the “engineering” of the 
tiles can be controlled and verified. [15] and [16] give a 
comprehensive manual on how to select good soils for 
the specific purpose of making soil-pressed tiles, never-
theless, one cannot learn about handling a natural ma-
terial merely from a book.  

This addresses a critical concern regarding material 
testing. Simple procedures, standards and building 
codes need to be developed to test tiles, which should 
not be dependent on expensive laboratory equipment, 
which is often not readily available.  
The thin-tiled vaulting technique depends entirely on the 
use of fast setting mortar, or plaster of Paris, which is a 
special type of gypsum mortar.  This material is typically 
not readily available and its specific properties are criti-
cal for the application of thin-tiled vaulting. Gypsum mor-
tar is also in comparison quite expensive, as it is not a 
typical material for the construction process. In Addis 
Ababa, we worked with the plaster manufacturer to cus-
tom-produce in a separate batch for our unique material 
requirements. Of course, this cost could be reduced if 
demand rises due to a new market based on this tech-
nology. 

If it is not necessary to have shallow vaults, other vault-
ing techniques which do not rely upon the fast-setting 
mortar should be considered. For a roof, deeper struc-
tural systems with greater double-curvature are in any 
case preferred to the asymmetric loads.  The Mexican 
style vaulting technique (Figure 3.b), built with regular 
mortar, may be more appropriate for these cases. 
Waterproofing is a very delicate point which still requires 
a great deal of attention and further research. As the 
building materials are basically stabilized soil, special 
care needs to be taken to protect these materials from 
the natural elements. In the Mapungubwe project this 
was achieved by continuous layers of cement and tar. 
Obviously, local materials would be preferred if possible. 
Special care or even best standard detailing needs to be 
developed for key details such as gutters or overhangs. 

Ethiopia is situated near a fault line in the Rift Valley, 
causing some parts of the country to be susceptible to 
moderate seismic action. However, throughout most of 
the country there are no building codes or requirements 
to account for seismic loading. In this context, building 

with ‘advanced’ materials such as reinforced concrete 
allows for the construction of taller structures and gives 
an impression of safety and technological progress. In 
reality, these buildings require advanced reinforcement 
design as well as quality construction and detailing. The 
results can be devastating. For example, the 1999 Ko-
caeli earthquake in Turkey caused the collapse of thou-
sands of steel-reinforced concrete buildings, and the 
recent earthquake in Haiti underlines the importance of 
proper construction techniques to prevent fatal col-
lapses. Thus, concrete frame buildings, although they 
are becoming popular in big developments in Ethiopian 
and African cities, must be built properly or they will not 
perform well should an earthquake occur. 

Unreinforced masonry buildings also have a reputation 
for being susceptible to earthquakes, particularly if con-
structed poorly. Earthquakes may induce bending loads 
in vaulted structures which cause tensile stresses within 
the structure. Thin-tile vaults with single curvature have 
very little geometric resistance to bending and therefore 
very little material strength to resist lateral loading if 
their tensile strength is ignored. Thus, they have a rela-
tively low seismic capacity, and construction of unrein-
forced tile vaults in high seismic areas should be 
avoided. However, in moderate seismic areas they re-
main a viable option if they are designed properly and 
reinforced as necessary.  

To increase seismic capacity, the first option is to build 
vaults with double curvature. While these vaults may be 
more difficult to design and construct in some respects, 
and therefore require more skilled labour, the double 
curvature provides a cross-section with greater effective 
structural depth, which thus increases bending capacity 
and resistance to lateral loading. 

For further seismic resistance, reinforcement may be 
necessary. Steel reinforcement is one obvious option, 
however, it is not optimal because it must be imported. 
Furthermore, it is particularly susceptible to corrosion in 
soil-pressed vaults which are more permeable than con-
crete. Alternative reinforcement methods are the sub-
ject of current research. One possible option is to place 
a geogrid mesh between the tile layers. Although 
geogrid also must be imported, it is lightweight, easy to 
transport, and provides the necessary ductility to allow 
tile vaults to withstand significant bending action with-
out collapse. [17] Ideally in this context, techniques of 
natural reinforcement, which use locally available mate-
rials (e.g. hemp fibers, rice fibers, bamboo), could be 
used and are also being explored.  

6. Conclusions 

This paper has discussed tile vaulting as a viable, alter-
native construction system for low-cost construction for 
an African context, while offering the advantage of work 
for local labour, transmission of skill and material scar-
city. As vernacular methods in earth construction are 
prevalent, this method would not merely suggest the 
use of local materials, but confer also the advantage of 
local material expertise.  To this end, local labor and 
entrepreneurship may be mobilized, while enhancing 
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the value of local knowledge and thus pride associated 
with vernacular construction.   

The material economy and structural efficiency of thin-
tile vaulting  enables the construction of vaulted floor 
systems without the excessive use of formwork mate-
rial. These structures, which may be rapidly built, have a 
capacity to answer the housing demand by being pro-
duced at the community level. 

Realistic implementation of such methods may occur in 
various degrees to immediately impact local construc-
tion towards economically and environmentally sustain-
able means.  Already, having a tile floor in a reinforced 
concrete frame structure is a significant improvement to 
the full reinforced concrete alternative, as it would re-
move the expense of formwork, reinforcement steel and 
the cement for the concrete. It might even be preferable 
in certain contexts to keep a reinforced concrete frame 
for seismic safety reasons.   

We demonstrated the potential of tile vaulting as an 
appropriate building technology for Africa by designing 
and implementing a first prototype in Addis Ababa. This 
experience  also confronted us with the multiple chal-
lenges related to such an approach. If tile vaulting is to 
be successfully implemented in building practice in a 
country like Ethiopia, a lot of further careful research 
and (controlled) experimentation is required. 
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