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REPORT

Architects and engineers are searching for new ways to design structures that minimize materials, maintenance,
and energy used. Designed and built properly, thin shell concrete structures embody these principles and are dura-
ble, require little maintenance, and remain attractive. This project revisited the nearly lost art of thin shell concrete
structures through the works of Felix Candela. Our work has produced three outcomes that permit us to examine
the viability of thin shell concrete structures for today: (1) detailed structural analyses of Candela’s most sophisti-
cated thin shell concrete structures; (2) a book on Candela; and (3) models of Candela’s best works for exhibit in
an art museum. Each of these is described below.

Research Method

When asked what his favorite structures were Candela replied Restaurant Los Manatiales in Xochimilco, Chapel
Lomas de Cuernavaca (Figure 1), Bacardi Rum Factory, and Our Lady of the Miraculous Medal Church (Appendix
A). Each one of these structures was analyzed using finite element computer models. We also performed finite
element analyses of his bread-and-butter “umbrella” structures (Figure 2). These umbrella structures are essentially
square or rectangular roofs, whose four sides rise upwards away from the central column (which has an embedded
pipe to catch the rain water). Candela placed dozens of these side by side to create large roof coverings for mar-
kets and warehouses.

All of these shells were built 1.5 inches thick and of the hyperbolic paraboloid (hypar)geometric form. The hypar
surface has the geometric attribute of being generated with straight lines. Thus Candela achieved economy of con-
struction through the use of straight board forms as opposed to curved ones (Figure 3).

Figure 3: Chapel Lomas de Cuernavaca showing the generation of the form with straight lines

Using a finite element method that solves for large-scale optimization problems, we optimized Candela’s umbrel-
las and Chapel Lomas de Cuernavaca for thickness and shape. In each optimization an attempt is made to reduce
overall tensile stress and deflection to the system while stretching the limits of the structure’s physical shape.
Since these structures were designed in the 1950’s and early 1960’s, Candela did not use computers to analyze
these shells. Part of our task was to examine how Candela developed the form for his structures and how he
analyzed them. We were able to evaluate such things by visiting the home of Mrs. Candela and finding documents
such as an unpublished autobiography and transcripts of interviews.

Key Findings

Our structural analyses have shown that the compressive stresses in Candela’s shells are well below the strength
of concrete. The tensile stresses are also typically below the tensile strength, but in any case Candela included re-
inforcing steel throughout for incidental stresses that may arise from creep, shrinkage, and temperature effects for
instance. Such steel was more than sufficient for any tensile stresses that may develop.

The structural optimization study of the umbrellas and of Cuernavaca shows that a distributed concrete thickness
reduces shell stress, deflections, and area of tension (Appendix B). Candela actually did gradually increase the
thickness of Cuernavaca towards the support, although the exact gradation is not documented.

Candela has written that “The quality of a structural design is in inverse proportion with the amount of calculations
necessary for its erection.” Candela used membrane theory, which he validated with simple calculations that he
developed by reducing what appeared to be a complex form into something as simple as a cantilever (in the case of
umbrellas) and three hinged arches (in the case of groined vaults). We found that in many cases these simple equa-
tions lead to the same design as complex nonlinear finite element solutions.

Other Outcomes
The results of these structural analyses (but not the optimization study) and Candela’s approach towards analyses



are being published in a book by Yale University Press in 2008. This book will accompany an art museum exhibit
on Candela to open in October 2008 at Princeton University. The BSA grant has supported one student over the

summer who performed a few of the structural analyses described above as well as assisted in developing models
for the exhibition (Appendix C).

Conclusions

Candela’s structures are all still standing in excellent condition today because the form that he selected for his
structure was a form that is proper for resisting the intended loads. This form was not selected with a computer,
nor with whimsical creativity, but with sound engineering knowledge and judgment that considered economy of de-
sign and efficiency of materials. Such did not come at the cost of elegance as his completed works have shown.
An understanding of successful shells of the past combined with modern structural analysis methods can aid engi-
neers in designing efficient thin shell concrete structures. In the past, the designer relied on calculations and meth-
ods that were limited by hand calculations. Today, such simple methods of analysis can still be used, and should
be used at least to verify more complex computer analyses. Once the shell form is determined, modern optimiza-
tion tools can be used to evaluate the need of distributing the thickness or increasing the rise for example.

The outcomes of this work address engineer’s and architect’s intrinsic interest in Felix Candela’s thin-shell concrete
structures, and the lack of good material available on the subject. Candela is often referred to as an architect, but
this project has shown that he was also one of the greatest structural artists. His works teach much to engineers
as well as architects.






material, deflections, and stresses®.

The optimization study has been extended to other Candela shell structures. Structural
optimization of his umbrella type hyperbolic paraboloid shells, such as those used for Rio’s
Warehouse, results in a distribution of thickness throughout the shell. These results are shown
below for one quarter of the umbrella shell.?
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The results of the analysis show that an optimum design would have a thickening at the center of
the shell and along the valleys toward the outer edges to minimize stresses and deflections.
Candela’s umbrella shells often included beams along the valleys to serve this purpose.
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APPENDIX C. Models being developed for an art museum exhibition

Mercado de Chiclayo | Cosmic .F'Qays Laboratory

Our Lady of the Miraculous Medal Church Chapel, Lomas de Cuernavaca

Construction Model Finished Model
Models of Los Manantiales Restaurant, Xochimilco



