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Abstract \

After World War I1, the socio-economic difficulties in some Latin American countries

often led to political instability conditions. In this complex context, solutions were

adopted by some designers to meet looming needs: housing for populations reduced

to poverty and the construction of strategic infrastructures. %

In these countries, starting from the 1940s, the introduction of new technig
materials - such as concrete and steel - enabled the industrialization

consideration that their strength is determined by their shap
following the theories of R. Guastavino Moreno.
Based on these assumptions, this paper aims to some solutions developed for

e remarkable buildings.

construction technique, the solutions
useful for suggesting the developme utions to put in place shells
and thin vaults in the second mil i

adopted after World War II in several Latin American countries for prefabricated

elements f3 shells and thin vaults. In these countries, the use of brick elements was predominant over
other b e to the high import cost of the latter. Prefabrication techniques for such thin-layered
structureS@¥gd #67a reduction in construction time, and even today, they can be used as a model for the construction of
modern prefyricated thin vaults/shells, where ribbing can be reduced or eliminated.

orable economic conditions. This prompted them to think of vaulted systems in which they could combine
eir knowledge of building history with the possibilities obtained from the use of techniques and materials that were
oming preferred in those years (steel and reinforced concrete, among all).

The thin-tile vaulting technique has been altered throughout history. Designers/builders have been able to adapt them
more and more effectively to the varying dimensions of the spaces as well as to the types of buildings in which they
were being built.

On the origin of the construction technique related to thin vaults, many debates still take place and there are many
hypotheses suggested to identify where it would derive from: from the timbrel vault found in the Campbell chamber
inside the Great Pyramid of Giza (ca. 2550 BC) [1] to the bipedales brick vaults (sized 60x60x7 cm) of Roman times

10.30682/tema100017



TEMA: Technologies, Engineering, Materials and Architecture Rivistatema.it

Pesaro court registration number 3/2015 ISSN 2421-4574 (ONLINE)
51 [2], to the hypothesis of an Arab architectural inspiration [3]. The oldest written evidence of the brick-and-gypsum
52 mortar setting system dates from an early 15th-century document concerning the construction of a vault for a votive
53 chapel in Valencia, Spain [4]. In the Spanish regions of Catalonia and Extremadura, some excellent examples of the
54 so-called bovedas tabicadas (bricked-up vaults) are still visible [5]. More examples, in addition to the Iberian area, can
55 be found in Portugal in the Alentejo region (hence the name abobadilhas alentejanas, Alentejo vaults) [6], and in
56 France, in Languedoc-Roussillon, where combles briquetes (bricked roofs) can be observed [7]. In Italy, they are know

57 as in folio vaults [8] or, in relation to the areas where they are built, as volterrana vaults (in central Italy) [3] or realine

58 vaults (in Sicily) [9] (Fig. 1, left).

59 The traditional construction technique for thin vaults consists of thin clay masonry tiles (no greater than 3 cm

60 and weighing 1.6 kg) joined with gypsum mortar (in many cases combined with various materials or,

61 substituted by cement mortar) [10]. The lightness of the tiles and the rapid setting of the mortar used to b

62 several advantages, such as the ease and rapidity of installation and the absence of any ribbing systems

63 remained nearly unchanged until the end of the nineteenth century. Afterward, the advent of

64 longer associated with local culture, such as concrete and steel, enabled the testing of new geometr

65 their “free” shapes. As a result, an increase in the plan size of the elements (vaults or shells

66 to an increase in their thickness, albeit in a considerably smaller percentage when compar

67 the capacity of shells to resist loads is dependent on their resistance by shape, namely th

68 function, material, and statical principles) [11]. In this sense, Rafael Guastavino )

69 pioneer in designing and constructing thin vaults. Thus, between the 19th and

70 and readapt the tabicada technique, even registering several patents [1], expo

71 and carrying it to a level of excellence and audacity until then unexplor

72 behavior of thin vaults, defined as “cohesive structures”, that is, struc

73 separated without destroying the entire element [12].

74 There is one distinction to be made between “carrying shells”

75 appear to be similar from an architectural point of view, the disti

76 shell, subtracting a portion leads to a redistribution of int n the other hand, in a carried shell, the
77 stress states remain unchanged. This is because, while stresse ibuted in a continuous pattern in the carrying
78 shell, they are distributed linearly along the shell’s i shell, which behaves similarly to grid-shells.
79 Otherwise, carrying shells must be modeled for, a contlnuous elements, whereas carried shells can be modeled for
80 linear elements. Therefore, because of their co structural behavior, shells and vaults shown in this paper
81 can be considered carrying shells.

82 The earliest example of a proper

83 Exhibition in Zurich and later demo

84 parabolic shell connected to two

85
86

i

5. 1. Left: View of the extrados of a realina vault in Partinico, Sicily. Image by C. Di Maggio, 2019. Right: Cement Hall by Robert
89 Maillart. Image by Billington, 2003.

90 2. Evolution of the construction technique in Latin America

91 In Latin American countries, the earliest examples of thin vaults can be dated back to the work of the Valencian

92 missionary Fray Domingo de Petres. Between 1759 and 1811, the missionary employed the traditional technique of
2
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tabicade vaults in Colombia in the buildings he built [14]. This technique, which soon spread to other countries [15],
remained almost unchanged until the second half of the 20th century. During those years, each state’s complex and
unique socio-economic context provided fertile ground for experimenting with various vault and thin shell construction
methods. In particular, these solutions were related to the specific area and used for the roofing of social housing as
well as large strategic and public buildings. In this sense, the limited availability of economic resources and the
consequent reduced import of cement and steel from abroad led designers to adopt building solutions using the raw,
materials available, including bricks largely used in traditional construction.

Since the second part of the 20th century, different types of shells and thin vaults have been tested in Latin A
reinforced ceramic shells, reinforced brick prefabricated vaults, and precast reinforced concrete vaults (see Ta
Several variations exist for each designer who designed them, and in each country where they were buil

ceramic material have been used to shape the elements of on-site prefabricated vaults
elements in reinforced brick or reinforced concrete.

Tab. 1. Overview of the different types of shells/vaults designed and built in Latin America ingk alf of i 20th century.

Types of shells | Designer Country Typology Thickness Rllsd/{ ormworks/
Reinforced Gaussian vaults
. Eladio Dieste | Uruguay and self- <12cm Wooden movable ribs
ceramic shells .
carrying shells
Vaults made of
bricks set with Wooden formworks
cement mortar
Edua.rdo Argentina Vaults made Middle-Class housing
Sacriste with
prefabricated Light wooden formworks
modules
Reinforced
brick
Carlos . .
prefabricated Gonzalez Mexico cm Poor class buildings Vault mold built on-site made
vaults of ceramic material
Lobo
Vault mold built on-site made
Mario 3 em of ceramic material
Kalemkerian Strategic buildings
ome made of Cover of a water tank used
. 12 cm
ick elements as a formwork
Vacuum 38cm Social housing Wooden Jformwork built on-
concrete shells site
Precast
. Structurally
reinforced independent
concrete vault, pene N/A Social housing N/A
prefabricated
modular vaults

aterials (brick for construction and timber for ribs), limiting the consumption of other imported materials,
effective because of the simplicity of assembling the elements. It is referring to the so-called cerdmica armada,
sisting of «...shells formed by a single layer of tiles laid flat and with continuous joints in both directions so that
bath in the catenary directrix of the vault and along its rectilinear generatrix can be placed a small metal reinforcement
that allows the complex to act as an elastic membrane. Once the ceramic part of the vaults is finished, a top layer of
sand and Portland cement is added, in which a thin steel reinforced mesh is embedded to control shrinkage actions...»
[17].

The layer of brick placed on the intrados, which in most cases remained exposed even after the work was completed,
served as a formwork for the reinforced concrete cast in the following phase. The choice of this material - a high-quality
product in countries such as Uruguay, Argentina, and Brazil - is related to its high mechanical compressive strength,
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123 which can reach up to 1,500 kg/cm?. Moreover, as Dieste himself states, «...for the same strength, brick has a lower
124 modulus of elasticity than concrete, which is an advantage and not a drawback, because it gives the structure greater
125 adaptability to deformation...» [18]. Other benefits of using brick include better resistance to thermal shock and aging,
126 as well as better acoustic and environmental qualities [19]. This construction system, which makes it possible to obtain
127 structures whose maximum thickness -in realized cases- is 12 cm [20], has been applied for the construction of different
128 shells and vaults belonging to two different categories based on the catenary principle: bovedas gausas and cascaras,
129 autoportantes.
130 Among the former - literally “Gaussian vaults” (from the mathematician Karl Gauss, who described the ge
131 of curved surfaces) - belong those structures in which the double curvature of the geometries used allows stru
132 resistance to loads otherwise not possible with single planar surfaces [21]. These vaults were made by varyingsiss
133 of the shell’s rise from a maximum value at the key to zero at the side walls. The geometric shape w;
134 moving a catenary with a fixed span and variable rise contained in a movable vertical plane that moved
135 parallel to another fixed vertical plane [20]. In bovedas gausas, the typical span-to-rise ratio is
136
137
138
139
140
141 , given their shape,
142 clsist tensile stresses due
143 2 of the shells, anchoring them at
144 e center point of the rings and
145 sion was reached, the wires were
146 es [23]. The Lanas Trinidad Wool
147 mn Salto (1973-1974) (Fig. 2, bottom
148
149
150 , on the one hand, since they could be used
151 avings in terms of materials. On the other hand, equally important
152 was the time savings in both the construction diithe selves and the shells (in fact, it was possible to strike the
153 formwork 24 hours after completing the cofrado consisted of a rigid steel tube frame supporting a
154 steel truss. Above this, a wooden trus ing the shape of the vault. The vertical sliding of the two
155 trusses on the frame allowed them t{ibe
156 installation of the adjacent vaultd
157 In the entire productio

essentially on their shape af

e — T

e i =

4

I
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position of
wires
prior to

pre-stressing .
jack pulls

| wires
together

162

163 Fig. 2. Bévedas gausas. Top left: Citricos Caputto Fruit Packing Plant. Image by Anderson et al., 2004 Top rig
164 Sylo. Image by Anderson et al., 2004 Cascaras autoportantes. Bottom left: Looped pre-stressing st

165 Bottom right: Municipal Bus Terminal in Salto. Image by Anderson et al., 2004.

166 2.2 The reinforced brick prefabricated vaults

167 Following the innovative capacity of Eladio Dieste’s constructions in Urug

168 for industrialization and, especially, prefabrication of thin-shell vaulte

169 [24].

170 Sacriste’s ability to combine aspects related to local building tr.

171 of Coérdoba) with the innovations he found in some examples o

172 Torres Clavé, Casa Berlingieri by Bonet and Dieste, Jaoul and Saraliiai ho

173 at the definition of new techniques for setting up shells a i

174 His production focused on the design and construction o

175 isolated houses, organized according to several adjacent spans, with i€avy masonry walls on top of which the beams
176 to support the vaults were built (Fig. 3, top left) icks for the vaults, produced in factories, were set in place with
177 cement mortar to form two or more overlappi single layer to which a functional layer of concrete was
178 superimposed, varying in thickness from 5 to 7 e of House B of the Clérico Hermanos (Fig. 3, top right),

179 built in 1948 in Salta province, the ade with a first layer of thin tiles measuring 20x20 cm
180 (tijuelas), while the successive two rs are of ordinary bricks. The mortar used is cement mortar. The
181 spandrels of the vaults are fille

sides of each series of vaults terminate with a one-meter-wide flat slab,
thrusts of the extreme vaults [2]. Another example of a vaulted roofing

183 of soil was finally placed
184 which acts as a buttress

185 solution is one in wh 31 ordinary bricks was laid on top of a lightweight metal formwork with the
186 overlay of a 3-ci concrete. In adhesion to this, a layer of about 10 cm of lightened concrete was
187 placed. The extra¥ o ed using bituminous sheets and tiles for rainwater drainage. Sacriste’s acumen is
188 expressed iz i o design buildings that are easy to build and low-cost (Casa Experimental Clérico Hermanos,
189 Casa E 3 iguel de Tucuman), in which the use of steel, as well as concrete, is kept to a minimum.
190 Anothe ole example is the creation of vaulted buildings for the upper classes (Casa Clérico, Casa Wright), in

191 which the pigCiples of cerdmica armada learned from the lesson of Eladio Dieste were applied.

Following W@ growing interest in prefabrication between the 1960s and 1970s, Sacriste and his group also tested
ousgfrcfabricated thin vault solutions. The main objective was to overcome the scarcity of materials throughout the
and, above all, the lack of skilled labor. An example of an application in this sense is the Casa Carrieri (1961):
es are subdivided according to the prefabricated modules of the vaults (called costillas), having dimensions
f3 m by 50 cm and a weight of about 200 kg. These modular elements, when placed together and joined according to

1 ir largest side, form the vaults of the different rooms of the dwelling.

198 On-site prefabrication was done with wooden formworks (as for the vaults of Casa Robert, Fig. 5, bottom right) or
199 in brickwork (as for the vaults of Casa Carrieri) completed with mortar on top of which bricks were placed and joined.
200 The use of a light scaffolding -useful also to allow transport- was provided for connection to the other costillas or to
201 the perimeter walls, without the need, therefore, for supporting ribs at the time of installation.

202
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RS
A

203
Ilmﬂlﬂﬂf
\
L 6. thin bricks i
7.2 layers of common bricks
VARIA 8. strong concrete
9. lightened concrete
75‘ 10. waterproofing insulation
f / 11. soil i
14 12. brick edges
13. gargoyle
14. beam
204
205 Fig. 3. Top left: Reinforcement of the support bea
206 Hermanos. Bottom left: Structural section of the va

207 for the vaults of Casa Robert. Images by S

208 In Mexico, the architect Car

209 spent his time, until his rece

210 poorer classes [25].

211 Gonzalez Lobo’s startin

212 thin vaulted roof thatgi s

213 peri

214 ing

215 :

216

217

218

219

220 bars; and iron wires were placed to form the reinforcement for the subsequent concrete filling (cement and
22 a ratio of 1:4). For the vaulting, the various costillas were assembled. The reinforced concrete edge beams were
22 the perimeter walls, while in the key, the reinforcement for a triangular section beam (cadena triangular)

was installed. Once the concrete was placed, this beam was supposed to reinforce and join the various modules (Fig. 4,
t). The vault was completed by a functional concrete layer where the steel-reinforced mesh was placed [26].

225
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226

227

228

229 J gs is due to Uruguayan
230 il of the Argentine National Army.
231 gs and the construction of new
232 structures for use by civil staff [27].

233 The planned works included installing a series of prefabricate ew roofs for existing buildings to
234 floors and vaults. The latter are self-supporting, prefabricated brickQaults span of 13 m, rise of 1 m, and weight
235 of about 6 t, while their thickness is 5 cm, corresponding t i s of the bricks with which they were made [15].
236 The vaults were executed on-site in the close surrounding uilding site (Fig 5, top left). To simplify the
237 prefabrication work of these building elements, a_vault mold (bovedti-molde) was made of ceramic material, thus
238 obtaining a shape conformed with sand and P

239 removal of the formwork. This same vault m Ipful in forming the front gables of the vaults. The inner
240 faces of the gables were separated by 5 ¢cm fro

241

242

243

244

245

246

247 ilding is a dome -equipped with a skylight- made of brick elements with a
248 , ing about 200 kg/m on the structure below. The formwork with which this was
249 i ear the building (Fig. 5, bottom left).

250 i 2 i sonstruction of the dome were placed following the direction of its construction. For every two
251 4 insciggd as a bracket. To overcome the dome thrust problem, a reinforced concrete beam with a
252 i oinciding with the thickness of the bricks, was placed along the entire circumference. Another beam,
253 i 'd 25 cm high, was placed to delimit the skylight. Once the beams were completed, a 2-cm layer of
254 inforce ete and an isolating layer of expanded polystyrene sheets were placed on the extrados of the dome.
255 ly &Verything was covered with 3 cm-thick tiles (tejuelas de campo) (Fig. 5, bottom right).
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256
S 2 4
| B AT g
c/50
d and portland / unfolded metal
ymmon bricks
257
258 Fig. 5. Top left: Transportation of two of the arsenal vaults. Top right: St i showing vault reinforcing bars and steel
259 reinforced mesh. Bottom left: Lifting the dome from the tank use right: Structural section of the dome. Images
260 by Kalemkerian et al., 1976.
261 2.3 The precast reinforced concrete vaults
262 In Colombia, the construction technique of bov@ias tabicadas was imported in the late eighteenth century.
263 This remained almost unchanged until of more modern materials and techniques, in fact, allowed
264 the use of thin shells not only for soci s but also for the roofing of large industrial sheds or factories.
265 Among the most significant innoyati rd is the use, by Alvaro Ortega, of the patented vacuum concrete
266 system (hormigon al vacio) |
267 The patent titled “Met for treating concrete”, registered by Karl Pauli Billner in 1936 and

f a vacuum pump to remove exceeding water from the wet concrete mix,
269 improving its strength time. The advantages of this system are «...increased resistance, economy,

271 casting, an incred ggainst time, maximum compactness and impermeability...» [29]. Furthermore, there
272 is no need foumi

rs of paper to divide them from each other. Thereby, each shell formed the mold for the next shell, and this
allowed up to eight shells to be made per day (Fig. 6, left). The shells, as well as the panels constituting the walls, were
ved by the so-called “Vacuum Lifter method”, consisting of suction cups attached to girders hooked to a crane (Fig.

283 During and after construction, several critical issues emerged due to inaccuracy in the formation of the different

284 components on site: the non-perfect adherence of the joints between walls and shells, the presence of humidity in the

285 canals formed between the shells, as well as the cracks that appeared due to stresses on the edges of the prefabricated

286 elements.

287 The solution adopted by Ortega was improved in subsequent commissions concerning the construction of some

288 industrial buildings in Bogoté (Clark’s Chewing Gum factory and a warehouse owned by Banco de Bogoté). However,
8
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289 a growing general disinterest in precasting and, at the same time, the availability of more affordable steel quickly led
290 Vacuum Concrete de Columbia to cease operations.
291 The use of precast systems, industrialized construction processes, and adherence to the principles of modular
292 coordination can be found in other Latin American buildings constructed after World War II. Such is the case of
293 Gonzalez de Léon’s José Clemente Orozco residential complex in Guadalajara, Mexico.
294
295
296 Fig. 6. Left: Construction of the shells above a wooden formwork with vacuum con b Sattino a shell as a roofing for a
297 residential unit through the Vacuum Lifter method. Images by Galindo-Diaz et al.
298 In Guadalajara, central Mexico, another case of the application d vaults based on a design by
299 Teodoro Gonzalez de Ledn can be found: the José Clemente Oro lex, built in the late 1950s (1957-
300 1959) [28]. This is a unique example of prefabrication of structur modular vaults to roof 488 single-
301 story housing units.
302 The module-type consisted of a precast concrete pavi ult to which a perimeter drainage gutter was
303 attached for rainwater collection and disposal. The shells and the o form the outer walls were prefabricated on-
304 site and later moved with the aid of cranes (Fig.
305 Given its conformation and small size, su llowed a great deal of freedom in the spatial arrangement
306 within the urban fabric of the prefabricated while also allowing free aggregation. Modules were
307 distributed and combined to create freg es and achieve different housing configurations (Fig. 7,
308

309

3 . 7. Left: Setting, by crane, of one of the concrete shells. Right: General view of the residential complex. Images by
312 htips://momogdl.com/listing/unidad-habitacional-jose-clemente-orozco/

313 3. Conclusions

314 In the 20th century, Latin America became a center for developing and testing shell construction techniques and
315 thin vault architecture.

316 Observation of the illustrated cases, particularly the various building approaches used to build them, allows for a

9
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description of some considerations. First, using vault molds for prefabrication on-site reduced the need for formwork
and the need to move the parts to the construction site, leading to substantial savings in both time and money. Better
scheduling and planning, together with increased oversight during the execution phase, usually allowed for the
achievement of incredibly precise concrete proportions, thus resulting in material savings.

Another distinguishing factor in the prefabrication of these vaulted structures was the rapid training and education
of the workers who materially constructed the various pieces to be assembled since it was possible to reduce the various
stages to repeated and elementary movements.

The use of traditionally derived materials -such as clay bricks- and the availability of plants for their producti
the proximity of construction sites has contributed to the overall economy of the system. Also remarkable is the
to combine these materials with others unrelated to local culture (concrete and steel) so as to overcome theimms

Finally, it is emphasized that the cases investigated refer mainly to the prefabrication of modular va
functional for use in the building, or reconfiguration, of houses or entire working-class neighborhoods.
design and configuration of such elements have been useful for the conformation of buildings and iggdust
of smaller sizes.

The importance of prefabrication in plants or on-site, the lack or reduced use o the ful use and
juxtaposition of different materials according to specific needs, the modularity of the buil d tiPpossibility
of using even unskilled labor are some of the lessons that can be drawn from the case and}yom which it is
possible to start designing and installing vaults and thin shells that can be used
civil buildings) and large scale (for industrial buildings or public infrastructur
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