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GRAPHIC METHODOLOGIES, BASED IN EQUILIBRIUM HYPOTHESES,
FOR THE STRUCTURAL ANALYSIS OF MASONRY DOMES. Application to a
historical building

José Antonio Gonzalez Casares
Abstract

This dissertation presents a new graphic methodology for the structural analysis of domes and other
surfaces of revolution, based in the combined use of funicular and projective geometry. The new
methodology is presented through its application to a hemispherical brick dome of small thickness.

The analysed model has been referenced to the inner brick dome in Basilica of San Juan de Dios in
Granada (Spain). This basilica is regarded as a benchmark in the Spanish Baroque. For the first time, it is
set out a detailed constructive analysis and a geometric modelling of the dome over the transept, which
was built according to the “encamonada dome” typology, divulged by Fray Lorenzo de San Nicolas.

The structural analysis of the inner brick dome is carried out by applying different equilibrium
methodologies of increasing refinement.

Firstly, an approximation is made by applying the Guastavino’s formulas. This is an experimental
methodology that can be applied very quickly.

Secondly, the application of the slicing technique in the frame of limit analysis. This is a very well
known, and contrasted methodology, for the stability analysis of domes, which does not take into account
the influence of the parallel internal forces.

Finally, this dissertation presents a new graphic methodology, which allows to graphically determine
internal forces in the dome, imposing the equilibrium in both vertical and horizontal planes. The dome
is simplified into a network of longitudinal and latitudinal lines. The equilibrium in the vertical plane is
assured by fitting the weight force polygon to the polar rays, so the dome geometry is a closed
antifunicular polygon of the system of forces. The equilibrium in the horizontal plane is guaranteed by
the formation of closed force polygons in the dual figure.

The application of the new graphic methodology considers three structural situations: complete
hemisphere, hemisphere with oculus, and hemisphere with lantern. Different inclinations of the reactions
at the support are considered as well as various hypotheses for the structural behaviour of the backfilling.
Multiple solutions with acceptable tensional values for the brick masonry have been obtained, which
makes consideration of the backfilling on the extrados unnecessary.

The results have been contrasted with the ones from the application of membrane analysis, and it
indicates a strong coincidence if the number of sectors in the discretisation of the graphic methodology
are high enough. Additionally, the new methodology allows its application to different structural
situations, it is easy to understand, easy to program, and can be applied in domes of arbitrary geometry.

Keywords: historical structure, encamonada dome, structural analysis, graphic statics, funicular geometry,
projective geometry.
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METODOLOGIAS GRAFICAS, BASADAS EN HIPOTESIS DE EQUILIBRIO,
PARA EL ANALISIS ESTRUCTURAL DE CUPULAS DE FABRICA Y
MAMPOSTERIA. Aplicacion a una construccion historica singular

José Antonio Gonzalez Casares

Resumen

Se presenta una nueva metodologia grafica para el analisis estructural de cipulas y otras superficies de
revolucion, basada en el uso combinado de geometria funicular y proyectiva. La nueva metodologia se
presenta mediante su aplicacién a una cipula semiesférica de poco espesor.

El modelo analizado se ha referenciado a la cupula interior de ladrillo de la Basilica de San Juan de
Dios en Granada (Espafia). Esta basilica es considerada una de las grandes obras del barroco espanol.
Por primera vez, se presenta un detallado analisis constructivo y una modelizaciéon geométrica de la cupula
sobre el crucero, que fue construida de acuerdo a la tipologia de ctipula encamonada, difundida por Fray
Lorenzo de San Nicolas.

El analisis estructural de la capula interior de ladrillo se ha realizado mediante la aplicacién de
diferentes metodologias basadas en el equilibrio y con grado de aproximacion creciente.

En primer lugar, se ha realizado una aproximacién aplicando las férmulas de Guastavino. Esta es una
metodologia experimental de rapida aplicacion.

En segundo lugar, se ha aplicado el método de los cortes en el marco del analisis limite. Esta es una
metodologfa de analisis de estabilidad en ctupulas muy conocida y contrastada, que no considera la
influencia de los esfuerzos paralelos.

Finalmente, se presenta una nueva metodologia grafica que permite determinar graficamente los
esfuerzos internos de la cupula, asegurando el equilibrio en los planos vertical y horizontal. La cupula es
simplificada en una red de lineas longitudinales y latitudinales. El equilibrio en el plano vertical se asegura
ajustando el poligono de fuerzas de los pesos a los rayos polares, por lo que la geometria de la cupula sera
un poligono antifunicular cerrado del sistema de fuerzas. El equilibrio en el plano horizontal se garantiza
con la formacién de poligonos de fuerzas cerrados en la figura dual.

La aplicaciéon de la nueva metodologia grafica considera tres situaciones estructurales: semiesfera
completa, semiesfera con oculo, y semiesfera con linterna. Asimismo, analiza varias inclinaciones de las
reacciones en el soporte y diferentes hipotesis del comportamiento estructural del relleno. Se han
obtenido una multiplicidad de soluciones con valores tensionales aceptables para la fabrica de ladrillo, lo
que lleva a considerar el relleno del extradés innecesario.

Los resultados se han contrastado con los obtenidos al aplicar analisis de membrana, resultando una
gran coincidencia si el numero de sectores de discretizacion, de la nueva metodologia grafica, es
suficientemente alto. Ademas, la nueva metodologia permite su aplicacion a diferentes situaciones
estructurales, es facil de entender, facil de programar y se puede aplicar a capulas de geometrias arbitrarias.

Palabras clave: estructuras histéricas, capula encamonada, analisis estructural, estatica grafica, geometria
funicular, geometria proyectiva.
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Chapter 1

Introduction

Masonry arches, vaults and domes have been a fundamental part of the main buildings in the western
world until the end of the 19" century and beginning of the 20™. The protection of cultural heritage is
crucial if a society wants to preserve its identity for future generations. This growing interest in historic
structures has created the need for accurate and efficient methods for the analysis of load-bearing

unreinforced masonry structures (Boothby, 2001).

A particular challenging element in its structural analysis, are the brick thin domes (timbrel domes).
One case, of special significance to architectural heritage, are the thin brick domes that internally defines
the constructive system known as the “encamonada dome”. This system is described in the treatise of Fray
Lorenzo de San Nicolas (1639, 1665). This typology spread quickly, thanks to being cheap, easy to build

and they also were of the taste of the Counter-Reform.

In Granada (Spain), we find an outstanding example of an “encamonada dome” in the baroque Basilica
of San Juan de Dios. Its inner brick dome is used in this dissertation to present the new graphic

methodology.

In recent times, the technology and methodologies derived from the new structural materials like
concrete and steel, made the traditional graphical methods to be considered approximate by engineers,

strongly conditioned by the elastic theory (Huerta, 2004).

However, the accuracy of the new computer aided drawing (CAD) brings a mathematical preciseness
to the graphic calculation methodologies (Allen & Zalewski, 2009). This has helped to revive the interest
in this type of graphical methodologies, which are visual and easy to understand (Zalewski & Allen, 1998).
In the words of the engineer Karl Culmann “Drawing is the language of the Engineers, because the
geometric way of thinking is a view of the thing itself and is therefore the most natural way; while with
an analytic method, as elegant as that may also be, the subject hides itself behind unfamiliar symbols”
(Hines, 2012).

This dissertation develops a new graphic methodology for the structural analysis of domes and other
surfaces of revolution, based in the combined use of funicular and projective geometry. It is a new tool
for the analysis of historical constructions based in Thrust Network Analysis presented in section 2.7.2,
and incorporating other notions from projective geometry to make a more comprehensive method for

the analysis of certain classes of structures.
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CHAPTER 1. Introduction

1.1. Outline of chapters

This work is divided in 14 Chapters. In Chapter 1 there is an introduction of the subject of this thesis,

along with the objectives and the methodology followed in the research process.

Chapter 2 reviews different equilibrium methodologies used in arches, vaults and domes, in order to

place the new graphic methodology into context.

Chapter 3 outlines the foundations of limit analysis in masonry structures. This chapter includes a
brief historical development of the thrust line. It also includes an introduction to the collapse mechanisms

of masonry arches and the basic theorems of limit analysis.

In Chapter 4 the funicular geometry is explained, with special attention to obtaining the thrust line

of an arch.

Chapter 5 reviews the applications of projective geometry and reciprocal figures for structure analysis,
paying special attention to the works of Maxwell and Robert Bow. This chapter shows some examples

to clarify the concept of reciprocity in structures and the notation system.

The new graphic methodology is laid out in Chapter 6. Section 6.1 specifies the characteristics of the
hemispherical brick dome of small thickness that is used to present the methodology. Section 6.2 explains

the methodology in detail.

Chapter 7 addresses the historical context and background of the “enmcamonada dome” over the
transept located in Basilica of San Juan de Dios in Granada (Spain). Section 7.4 analyses similar domes
that have been uncovered due to refurbishments. Section 7.5 contains a detailed constructive analysis and

a geometric modelling of the dome in the basilica.
In Chapter 8 there is an application of the Guastavino’s formulas.

The dome of reference, is also analysed with the slicing technique in Chapter 9. Section 9.2 explains

the different structural cases and backfilling hypotheses to be considered in the tests.

Chapter 10 is devoted to the application of the new graphic methodology to the hemispherical brick

dome and for different structural cases. Section 10.2 presents and discusses the results.

Chapter 11 develops the equations of the membrane analysis for different structural cases. Those
equations are applied to the dome of reference. Chapter 12 includes the contrast of results obtained by

the new methodology and those obtained in the membrane analysis.

Chapter 13 presents the conclusions, and Chapter 14 outlines future lines of research.
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CHAPTER 1. Introduction

1.2. Objectives

The main objective of this work is to develop a new graphic methodology for the structural analysis
of domes and other surfaces of revolution, based on the combined use of funicular and projective
geometry. The new methodology will be presented through its application to a hemispherical brick dome
of small thickness in a historical building. This type of dome is frequently the element that internally

defines the constructive system known as “encamonada dome”.

This doctoral thesis will delve into the study of the “encamonada dome”, which is an important element
of the architectural heritage in the 17" and 18" centuries, in Spain and its overseas possessions, in the

frame of the treatise of Fray Lorenzo de San Nicolas.

The model to be analysed will be referenced to a real one: the hemispherical inner brick dome of the
“encamonada dome” in Basilica de San Juan de Dios in Granada (Spain). Therefore, a detailed constructive

analysis and a geometric modelling of the dome will be carried out.

1.3. Methodology

This work has gone through different phases that contributed to collect all the data needed to fulfil

the objectives.

This dissertation started with a review of the evolution of the equilibrium methods for the structural
analysis of domes. Afterwards, it began the process of developing the new graphic methodology, which
consumed a significant part of the time and involved the trip of the thesis director to the USA to meet
first-hand an expert in the area such as Dr Thomas Boothby, from the Penn State University, in the

summer 2018.

This new graphic methodology is presented through its application to a hemispherical brick dome of
small thickness. In this work, the model analysed has been referenced to a real one: the brick dome over

the transept, in Basilica of San Juan de Dios in Granada (Spain).

Simultaneously, it took place a detailed constructive analysis and the geometric modelling of the dome
in Basilica of San Juan de Dios. This analysis was developed from visual inspection of the different

elements, and measurements made with metric tape and laser meter.

All the drawings and 3D models used in this dissertation for the tests that were made with the different
methodologies, were created with Autocad®. This brings a mathematical preciseness to this graphic

calculation methodology.
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Chapter 2

Structural analysis of domes by equilibrium methods

This chapter presents a brief historical review of equilibrium methods for the structural analysis of

domes, in order to place the new graphic methodology in context.

The chapter starts with a historical review of the origins of the equilibrium methodologies applied in
domes. It continues with an analysis of the slicing technique, which is a method that simplifies the

assessment of equilibrium in domes and it is still in use nowadays.

To understand the foundation of graphical analysis, there is a section dedicated to understand the

scientific approach involved in graphic statics and its relation to structure calculation.

There is a part dedicated to the membrane analysis that deals with the calculation of equilibrium in

domes in a three-dimensional way.

The graphical method developed by Eddy H. in 1878 to assess the membrane internal forces in a
dome is examined. An impressive example of the application of this methodology is in the Cathedral

Saint John the Divine in New York by Guastavino Jr.

Rafael Guastavino (1842—1908) was an architect of special relevance, who along with his son Rafael
Jr. (1872-1950), created some of the most important spaces in the United States (Ochsendorf & Freeman,
2010). Part of the renewed interest in masonry structures, and their structural behaviour, is also due to
the rediscovery of Guastavino's striking work. This is why this chapter has a section addressing both, his

constructed work and his theoretical texts.

The following section deals with the graphical methods at present, with works such as that of Jacques
Heyman who, in the second half of the 20™ century, presented for the first time the slicing technique to
find collapse mechanisms in masonry structures in the frame of limit analysis. Also remarkable has been
the methodology Thrust Network Analysis to explore three-dimensional equilibrium by Philippe Block
& John A. Ochsendorf. This section finishes with the discussion of other relevant current works in this

field.

The last part of the chapter introduces the main contribution of this thesis, a new graphic methodology
for the structural analysis of domes and other surfaces of revolution, based on the combined used of

funicular and projective geometry.
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CHAPTER 2. Structural analysis of domes by equilibrinm methods

2.1. Beginning of equilibrium analysis of domes

Following (Huerta, 2008), (Boothby, 2015), (Kurrer, 2008), (Baker, Beghini, Mazurek, Carrion, &
Beghini, 2013) and (Galassi, Misseri, Rovero, & Tempesta, 2017), this section presents a brief historical

review of the beginning of the equilibrium methods for the structural analysis of domes.

The first studies about domes started with Vitruvius, in 25-23 BC, Palladio (1570), Leon Battista
Alberti (1452 (published 1485)) and Scamozzi (1615), although they only addressed geometrical design

and constructions techniques (Galassi et al., 2017).

The graphic equilibrium methods to analyse a dome, started with the problem of the ideal form of an
arch. There is a review of this subject in Huerta (2008), where it is stated that Robert Hooke (1676) who
firstly posed the problem: What is the ideal form of the arch, and how large is the thrust of the arch
against the abutments? In addition, he gave the very well-known solution “As hangs the flexible line, so

but inverted will stand the rigid arch”.

The history of the theory of the masonry arch is very well known, but this is not the case for the
theory of spatial vaults and domes. The first building using this scientific approach was the dome of St.
Paul’s Cathedral in London (1675-1710), where Hooke and Wren used the cubic parabola in the
preliminary designs. However, the first contribution to the structural analysis of domes corresponds to
the French mathematician Bouguer (1734) in his work Sur les lignes courbes propres a former les vodites en dome
[On the curved lines that are suitable for forming the arches in domes]. Bouguer solved the theoretical
problem of finding the ideal form of a dome, that is, the mathematical equation of the curve, which by
revolution can generate a stable dome, considering the hypothesis that there is no friction between the
segments, see Figure 1. The detected shape corresponds to the rotation of a non-homogeneous catenary,

assuming the dome as composed of independent arches of variable thickness (Galassi et al.,2017).

e P Y

Figure 1 Bouguer 1734; Meridian funicular curve from (Lopez G. , 1998).
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CHAPTER 2. Structural analysis of domes by equilibrinm methods

Figure 2 Drawings of domes (Frézier, 1737).

The French engineer Frézier in his stereotomy treatise La théorie et la pratique de la coupe des pierres et des
bois pour la construction des voiites [The theory and practice of stone and woodcutting for the construction of
vaults] (1737) dedicates a full chapter to the thrust of the vaults and divides the study in simple vaults
(barrel vaults and lintel vaults) and compound vaults (spherical, ribbed vaults, cloister corner, etc.). Frézier
explains how to carry out the analysis, although he did not do any (Huerta, 2004). He considers the vaults
composed of elementary arches, and compares their thrust with the barrel vaults one, which he considers
to be known. This is the starting point of what is called today the slicing technique, which is develop in

section 2.2.

The first studies on the stability of existing domes were carried out in the 1740s, commissioned by

Pope Benedict XIV, on the occasion of the damages observed in the dome of St. Peter in Rome.

The first study was made by three mathematicians, Le Seur, Jacquier and Boscovich (1742). The
authors, based on the location of the cracks and the analysis of the movement allowed by them,
considered the formation of mechanisms, and established their equilibrium by applying the principle of
virtual works. This surprisingly modern approach did not receive the attention it deserved and had no

subsequent references.

However, it was the second expertise, written by Poleni (1748) the work that had a bigger influence
in later developments of graphic calculation of masonry structures. The following section expands on

this.
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CHAPTER 2. Structural analysis of domes by equilibrinm methods

Figure 3 San Peter of Rome, original drawings of the survey of the dome (1742 parere di tre matematici, biblioteca hertiziana, Rome).

2.2. Slicing technique

Poleni’s work (1748) about the stability of Saint Peter’s dome in Rome, after making a critical
examination of the theories known to date on the stability of the vaults, discarded the approach of Le
Seur, Jacquier, & Boscovich (1742). Instead, Poleni applied the theory of the catenary and Robert
Hooke’s hanging chain idea that was already in used for arches (Hooke, 16706) to a couple of symmetric
lunes as if they were forming an arc. After checking that there were meridional cracks in the structure, he
decided to divide the hemisphere in 50 lunes or segments, with an angular gap of 7.2° each. To calculate
the weight, he also divided radially each segment in 16 parts. By hanging proportional weights in a chain,
he could verify that a thrust line could be enclosed within the dome, therefore the arch is stable
(Figure 4).

Poleni boldly disregarded the discontinuity of the oculus, which implies the existence of hoop forces,

at least in the oculus, to transmit the thrust from one segment to the symmetric one.
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CHAPTER 2. Structural analysis of domes by equilibrinm methods

Figure 4 Equilibrium study, based on the catenary (Poleni, 1748).

The slicing technique consists in considering the dome divided into segments, cutting by meridian
planes. Every two opposite segments form an arch. If it is possible to draw a thrust line within the
thickness of the arc, a possible state of equilibrium of the arch in compression is found; therefore, the

arch is stable, and so is the dome.
The brilliant analysis of Poleni barely had any attention until the second half of the 19" century.

Lamé and Clapeyron (1823) also addressed, in a theoretical way, the stability of a dome by considering
it divided in slices (according to the weak parts of the dome i.e. the parts between the ribs). They

developed this study in relation to their work about the church of Saint Isaac in Saint Petersburg.

In the first half of the 19th century, in the context of 'Ecole Polytechnique, 1'Ecole des Ponts et
Chaussées and the development of the Elasticity Theory, the first rigorous analytical contributions
appeared. Navier (1826), in his lesson book, includes theoretical assumptions for the analysis of domes,
groin vaults and cloister vaults. However, the contributions are always theoretical or limited to the

verification of the stability of a specific dome or vault.

In the second half of the 19th century, the usual methodology to verify the structural stability of domes

was the slicing technique and the manufacture of models with catenaries.
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CHAPTER 2. Structural analysis of domes by equilibrinm methods

Figure 5 Study of stability of domes and vaults (Navier, 1820).

2.3. Graphic statics

The history of graphic statics is addressed in (Rondeaux, 2019), (Liu, 2016), (Cavalagli & Gusella,
2015), (Allen & Zalewski, 2009), (Block, Dejong, & Ochsendorf, 2006), (Huerta, 2008), (Gerhardt,

Kurrer, & Pichler, 2003) and (Nielsen, 1998) among others.

b

Jie Liu (20106) states that the development of graphic statics can be summarised in four stages: “1
applied as a structural calculation tool; 2, developed to graphic statics by Katl Culmann and Maxwell; 3,

rarely employed as an analytical tool compared with algebraic calculation method; 4, explored by pioneers

for structural innovation”.
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Figure 6 Problem of a lever and its forces, Leonardo da Vinci Codes in (Nielsen, 1998).
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CHAPTER 2. Structural analysis of domes by equilibrinm methods

Figure 7 Stevin’s drawing of forces (Stevin, 1580).

The origins of the graphic statics, as an analytical tool, go back to the time of the composition of
forces by Italians Leonardo da Vinci and Galileo Galilei. Leonardo da Vinci around 1500 worked with
forces and the way they were transmitted (Nielsen, 1998). Later, Galileo would be the first in giving a
definition of force and stabilising the inertia law “all external impediments removed, a heavy body on a
spherical surface concentric with the earth will maintain itself in that state in which it has been” (Galilei,

1638).

Dutch mathematician Simon Stevin in his work De Beghinselen der Weeghconst [The Principles of the Art
of Weighing] (1586) presented a force as a vector probably for the first time, and he was also the first to

use the parallelogram rule and the force polygon, to analyse a structure as we can see in Figure 7.

Gérard Desargues introduced the Projective Geometry in his Brouzllon Project d'une atteinte aux événements
des rencontres du Cone avec un Plan [Rough Draft of attaining the outcome of intersecting a Cone with a
Plane] (1639).

Figure 8 Force analysis with vectors and polygons (Varignon, 1687).
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Later, Pierre Varignon published Projet d’une nonvelle mécanique [Project of a new mechanic] (1687) (see
Figure 8), where he worked out new methods of structural calculation using the force polygon and
introduced the funicular polygon as the shape of a string under a set of loads. Chapter 4 addresses

funicular geometry and its applications.

Jean-Victor Poncelet, director engineer of 'Ecole Polytechnique, in his Traite des proprietes projectives des
figures [Treatise on the projective properties of figures] (1822) developed the projective geometry from

the work of Desargues.

The German engineer Karl Culmann proposed the graphical analysis of structures in a systematic way,
hence he is generally acknowledged as the father of graphic statics. His seminal book Die Graphische Statik
[The graphic statics] (1864) presented the first consistent, comprehensive body of graphical techniques.
He introduced many of the fundamentals graphical methods that we use today and demonstrated how

they could be used to solve a wide variety of structural problems.

Culmann's work was expanded and completed by Wilhelm Ritter. He was Culmann’s successor as a
professor at the Swiss Federal Technical Institute in Zurich for graphic statics and bridge construction.
In his work Die static der tunnerlgewilbe [The static of tunnel vaults] (Ritter, 1879) he applied and improved

the work he had done together with Culmann.

As studied in (McRobie, Konstantatou, Athanasopoulos, & Hannigan, 2017), the German Otto Mohr,
made supplementary contributions and enhancements in his profuse literature, of which it is worth noting
Die graphische Statik und das graphische Rechnen [Graphic statics and graphic calculation] (Mohr, 1875) and
Beitrag zur theorie des Fachwerks [Contribution to the theory of the truss] (Mohr, 1874).

Briton James Clerk Maxwell in his works O reciprocal fignres and diagrams of forces (1864) and On reciprocal
fgures, frames, and diagrams of forces (1870) was the first to introduce the notion of structural reciprocity to

solve structural frames (Baker et al., 2013).

Figure 9 Thrust line in arches and cracks patterns (Culmann, 1864).
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Figure 10 (left) Truss with three vertical forces. (right) Truss, forces and reactions with Bow’s notation.

Maxwell’s method was not widely accepted until Robert H. Bow (1873) introduced the system of
interval notation that is used in this thesis. However, following (Baker et al., 2013) this work is going to
use a version of this where the form diagram uses capital letters between the forces clockwise A, B, C...

but there are number in the interior spaces 1,2,3... see example in Figure 10.

As said in (Boothby, 2015), the relationship between projective geometry and graphic statics is noted
by Karl Culmann (1875), and was discussed, among others, by A. Jay Du Bois (1877) and Eddy (1878).

See section 2.5 where there is an explanation of the methodology presented by Eddy to compute dome

forces.

Figure 11 Thrust line analysis combined with the slicing technique (Wittmann, 1879) in (Block P. , 2009).
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In Milan, Luigi Cremona (1872) published a volume in which, independently of the British authors,
he demonstrated the graphical analysis of trusses. Cremona’s diagrams were easy to understand and
became very popular to calculate trusses. Detailed descriptions of Cremona’s methodology are in (Wolfe,
1921) and (Zalewski & Allen, 1998).

Incorporating graphic Statics to the slicing technique allows the analysis of any type of vault and

historical construction, however complex it may be.

According to (Block P., 2009) and (Huerta, 2008), the first known application of thrust line analysis
combined with the slicing technique was by Wittmann (1879), (see Figure 11).

Korner in his work Handbuch der Architectnr [Handbook of Architecture] (1901) showed the analysis of

almost all the vaults used in historical architecture.

In the early 1900°s, graphic methods were widely used to verify previously projected forms following

traditional rules of proportion.

The Spanish architect Antoni Gaudi used the graphic methods, not only to analyse already defined
projects, but also to project directly with balanced catenary forms. However, for spatial complex

structures with vertical loads, he also used hanging models (Huerta, 2006b) as seen in Figure 12

Figure 12 Inverted photograph of Gaudi’s hanging model (Puig Boada, 1976) in (Huerta, 2006b).
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2.4. Membrane theory

The membrane theory implies that, under appropriate loading and boundary conditions, the
equilibrium is achieved with internal hoop and meridional forces, both tensile and compressive, on planes

tangent to the middle surface.

According to Rankine’s and Schwedler’s hypothesis, the stresses generated by the loads are contained
in planes tangent to the half-surface, see Figure 13(a). Taking into account the axial symmetry, it is
concluded that no shear stresses are generated; only normal stresses either compressive of tensile will

occur, see Figure 13(b). Due to the axisymmetric loading the shear stresses will be zero everywhere.

2.4.1. Historical outline

William J. M. Rankine was the first to work on a membrane solution for revolution domes. His works
Manual of Applied Mechanics (Rankine W. , 1858) and Manual of Civil Engineering (Rankine W. , 1862) are a
compilation of his main contributions on structural theory and membrane analysis. In his first work, there
is an example of a spherical dome, where he calculates the angle of rupture (where the compression forces

changes from compressive to tensile ones) in 51°49” (51.8°).

Following (Tempesta, Paradiso, Stefano, & Pieroni, 2015), (Galassi et al., 2017) and (Beatini, Royer-
Carfagni, & Tasora, 2018), it was in Schwedler in his work Theorie der Stiitzlinie. Ein Beitrag zur Form und
Stirke gewilbter Bigen [Theory of the supporting line. A contribution to the shape and strength of curved]
(1859) where it was first theorised about the bi-dimensional behaviour in the dome, and provided a

detailed graphical solution to the problem, see Figure 14.

Nx

(b)

Figure 13 Small element of the shell acted upon by the membrane stress resultants.
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Figure 14 Schwedler’s graphical construction. The part of the dome that is not considered has non-admissible hoop stresses
(Schwedler, 1859) in (Tempesta et al., 2015).

Schwedler’s technique recognises a precise ring, which divides the superior compressed hoops and
the inferior tensile hoop. This work was the membrane solution for axially symmetrically shells, both in
form and load. One of the key aspects is that this technique applied the membrane stresses on the

longitudinal and latitudinal lines.

In the first part of the 20" century, the theory was developed in works like (Saliger, 1932) with

applications to different cases and shapes.

Later in the second half of the century, other works continued the evolution of the membrane analysis
like (Fligge, 1960) and (Heyman, 1977) where all the stresses of the membrane are obtained through

differential equations.

2.5. Eddy’s method

Henry T. Eddy (1878) developed a graphical method of analysis to obtain the membrane internal
forces (both compressive and tensile hoop forces) in the hemispherical dome (Zessin et al., 2010). The

method was about graphically determining the horizontal forces necessary for the arc loads to follow a
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certain trajectory, see Figure 15. It is remarkable that the lune considered by Eddy did not have a defined

angular opening.

As detailed in (Eddy, 1878) in its Chapter XV, the steps followed in Figure 15 for a metal dome (with

negligible thickness) are:

- Height ab is divided in any number of parts di, dz..., that he suggests to be the same height. The

scale of the weight of the dome is such that matches the longitude ab.
- The first section a-a; is supported by a horizontal thrust in a, and a thrust in a; tangent at aj.

- Drawing a line from a, parallel to the tangent to the sphere in ay, it cuts a horizontal line from d,

in s1. a-di-s; 1s the triangle of forces that assures the equilibrium of voussoir a-ai.
- Following similar steps, a-us-t; is the triangle of forces for the equilibrium of lune a-g;.

- Considering a zone like gi-a,, the upper edge is subjected to a horizontal thrust of u;-t;, while the
lower part has a horizontal thrust of dz_s.. The difference of these thrusts is s;-x2, which generates

a compression hoop in the segment proportional to s»-xo.

- If the lower thrust is bigger than the upper one, the hoop is in compression, otherwise the hoop

is in tension. The differences of thrusts change sign at t;. Being a colatitude of 51.8°.
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Figure 15 Eddy s graphical methodology to obtain membrane stresses (Eddy, 1878).

Eddy’s work in its Chapter XVI addresses the case of a masonry dome with a thickness of 1/16 of
the internal diameter, and uses the same figure to analyse it. In this case the divisions of line a-b are only
in points u, and points d generates horizontal planes that cuts the middle arc in points a, which are
supposed to be gravity centre (if the meridian sections that generates the lune are close enough).
Henceforth Eddy applies the slice technique (see section 2.2) and ensures stability by finding a funicular
polygon (he names it equilibrium curve) within the inner third of the meridian section, and dismissing the
hoop stresses. The process Eddy uses to find the equilibrium curve is cambersome, but with which the

curve ej-es... is obtained.

Foppl (1881) adapted Eddy's method to masonry domes, considering in the upper part a state of
membrane for the middle surface with compression internal forces according to the parallel rings, and
from the point where tensions appear (that masonry cannot resist), he considers that the loads are

transmitted according to the funicular of the vertical loads, Figure 16 (right).
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Fig. 27.

Figure 16 Analysis of a masonry dome assuming a membrane compressive stress condition in the upper part (Féppl, 1881).

Eddy’s method was further developed by Lévy in his work La statique graphique et ses applications aux
constructions ... (Lévy, 1888) making it useful for domes of any shape or with a lantern, a detailed review
of Lévy’s methodology is in (Tempesta et al., 2015) and (Galassi et al., 2017). Both Eddy and Lévy,
considered that masonry domes could hold no tensile stresses, so their analysis adapted to this
consideration, and design a methodology with compression hoop stresses (over certain hoop level) and
no tensile stressed below it. This simultaneous structural behaviour, with compressed parallels at the top

and no tensile parallels at the bottom, had already been predicted by Schwedler (1859).

Eddy's method became popular with Dunn's publications (1904) and (1908), where there are
different cases of domes, see Figure 17; (a) hemisphere with angle of zero hoop stresses ring at 51°49;

(b) with oculus, angle > 51°49"; (c) with lantern, angle < 51°49".

(2) (b) ©

Figure 17 Dome analysis with compression and tension sections for different hypotheses (Dunn, 1908); (a) Hemisphere; (b) hemisphere
with oculus; (c) hemisphere with lantern.
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Figure 18 Guastavino’s drawing of Saint John the Divine. The graphic method is seen on the right part of the drawing in (Dugum, 2013).

In 1909, Rafael Guastavino Jr. applied Eddy's method to calculate a large brick dome on the transept
of the Cathedral of St. John the Divine, in New York, (Huerta, 2003). This dome and the graphic
methodology of calculation have been analysed in (Dugum, 2013) and (Zawisny, Guastavino structural

calculations. Doctoral dissertation, 2015), see Figure 18.

2.6. Guastavino’s experimental formulation

Rafael Guastavino (1842—-1908) was an architect of special relevance, who along with his son Rafael
Jr. (1872-1950), created some of the most important spaces in the United States (Ochsendorf & Freeman,
2010). Part of the renewed interest in masonry structures, and their structural behaviour, is also due to
the rediscovery of Guastavino's impressive work. This is why this section addresses both his constructed

work and his theoretical texts.

2.6.1.  Guastavinos” masonry vaults and domes

Rafael Guastavino Moreno and his son Rafael Guastavino Expdsito managed to implement timbrel

vaults in more than 1.000 buildings along the EEUU at the end of the 19" century and beginning of the
20™,
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In the last decades, there has been a growing interest in the work and theories of the Guastavinos”
constructions. This has led to an increasing number of works devoted to the analysis and study of their
work and methodology of calculation and construction. The first milestone in the study of Guastavino’s
work is in (Collins, 1968), where there is a complete inventory of the buildings where they worked and a
compilation of the documents from the Guastavino Company. Some of the most interesting books and
papers about the Guastavinos™ are (Collins, 1968), (Garcia-Gutiérrez, 2000), (Huerta, 2003), (Loren,
2003), (Ochsendorf J. , 2005), (Huerta, 2006a), (Atamturktur & Boothby, 2007), (Ochsendotf J. , 2014),
(Zawisny, Guastavino structural calculations. Doctoral dissertation, 2015), (Luengo, 2016), (Vegas,
Mileto, & Cantero, 2017) and (Ochsendorf J. , 2020).

Rafael Guastavino Sr. was born in Valencia in 1842 and studied building in Barcelona (1861-1865).
After finishing his studies, he did many works in Barcelona. In 1868, he started the remarkable Batll6
factory, where he used the timbrel vault. From that moment, this technique would become central in his
works. There is a detailed description of the works of this period in La obra conservada de Rafael Guastavino
Moreno en Catalunia. Estudio y andlisis para su puesta en valor [The preserved work of Rafael Guastavino

Moreno in Catalonia. Study and analysis for its appreciation] (Luengo, 2010).

In 1871, after the Great Chicago Fire, there was an increasing demand for innovation and improving

in the safety standards, which helped the success of the Guastavino fireproof tile vaulting technology.

In 1881, Guastavino Sr. went to New York with his son Rafael Guastavino Jr, and stablished his
own company the Guastavino Fireproof Construction Company. In this year, he started his first big
project, the Boston Public Library. This work gave him the popularity among architects that trusted in
his expertise for important buildings within the Beaux Arts architectural movement. In 1885,
Guastavino registered some patents that made his company a pioneer in the field of timbrel vaulting
and by the early 1890°s, the company was working on major projects in Boston, New York, Chicago,

Minneapolis and Providence at the same time (Kristen, 2018), see Figure 19.

Figure 19 Construction of timbrel arches (Avery Library, Columbia University) in (Huerta, 2003).

29



CHAPTER 2. Structural analysis of domes by equilibrinm methods

Nevertheless, he was aware of the need to have a theoretical body that would support its practical
knowledge in a demanding U.S. market. After some seminars and articles, he presented his theories in
Essay on the theory and history of cobesive construction applied especially to the timbrel vanlt (Guastavino, 1893). In
1904, he published Prolegomenos on the use of masonry in modern architectural structures, Part I and Part 11
(Guastavino, 1896-1904).

In his texts, Guastavino insists in the idea of the cohesive construction and uses all kinds of examples,
with greater or lesser success, to support his idea. He claims that cohesive construction (being timbrel
vaults in this category) was monolithic and able to resist bending moments. He performed different tests,
in real specimens, in 1880 and 1901 to back up his assumptions. He tried to obtain ultimate stress values
for compression, tension, shear and bending. These values could then be used to verify the safety of his
structures by comparing the working stresses with the material failure stress. The results of the tests were
the following (Huerta, 2003):

- compression strength: 14.60 N/mm?’
- tension strength: 2 N/mm®
- shear strength: 0.9 N/mm?®

In Guastavino’s texts, there were equilibrium equations to calculate the minimum thickness needed.

See next section for an explanation of the Guastavino’s formulas.

Guastavino s consideration of a monolithic behaviour of the timbrel vaults and domes is contradictory
with the fact that they usually included metal rings to resist this thrust in his constructions (Huerta, 2003)
and (Boothby, 2015).

Figure 20 Stress diagram in dome of Saint Francis de Sales in Philadelphia (Avery Library, Columbia University) in (Zawisny, Fivet, &
Ochsendorf, 2017).
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Guastavino Jr. did not attended a formal education, but he learned the technique since he was young,
and he was always interested in developing innovations and adapting the graphic techniques to his

projects.

It is clear that the Guastavino Jr used the funicular polygon to calculate the forces in his structures
(thus, avoiding the monolithic behaviour and considering an equilibrium approach). In the dome section
of St. Francis de Sales Church (finished in 1908), the section adapts to the thrust line in order to have a

compression surface, and there are mechanisms to resist the thrust of the dome, see Figure 20.

In 1910 Guastavino Jr. was granted the patent n® 947 177 (submitted in 1908) in which he explains

the process of reinforcing the domes with metal elements, see Figure 21.

An application of this system is in the dome of St. John the Divine Cathedral, with a span over 30
metres. This system is still linked to the tiled vaulting tradition, but is a predecessor of the thin shells that
Torroja, Dischinger or Candela developed in the 20™ century (Ochsendorf J. , 2005). A fully detailed
architectural and structural analysis of this work is in (Zawisny, Guastavino structural calculations.
Doctoral dissertation, 2015)

It is noteworthy that once the system was consolidated, Guastavino Jr. delved into other aspects such

as the use of glazed ceramics, polychromy and acoustic conditions in his works (Garcfa-Gutiérrez, 2000).

The work of the Guastavinos is still being investigated, as new works in which the company
participated continue to appear, and their bold contributions to the development of masonry structures

continue to be analysed.

R. GUASTAVINO.
MASORRY STROCTURE.
APYLIGATION FILED JULE 31, 1908
Patented Jan. 18, 1910.
947,177, 2 SaUETS-SAEET 1
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Figure 21 Patent 947,177 for a masonry dome reinforced.
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Assessing the safety of Guastavino structures remains a challenge today, but they have demonstrated

to be safe enough to resist for more than a century.

“The engineering calculation of thin masonry shells presents an open challenge, and the engineer must
find three-dimensional compressive solutions that lie within the thickness of the masonry” (Ochsendorf
J., 2014). This thesis, along with many other authors seeks to find new methodologies, accurate enough

to explain the behaviour of thin masonry domes.

2.6.2.  Guastavino’s formulation

In Guastavino’s book Essay on the theory and history of cobesive construction applied especially to the timbrel vanlt
(Guastavino, 1893), he presented methods of calculation and design for timbrel vaults with which, as he
himself indicates, he does not intend a rigorous mathematical formulation, but a practice for safe
construction. Considering the equilibrium in vaults under constant distributed load, he obtains
approximate formulas to apply to vaults subjected to its own weight (Guastavino, 1893) and (Huerta,
2003).

o AT D0 e == | |
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Figure 22 Guastavino s analysis. (a) Forces equilibrium in the vault; (b) analogy between the hemispherical dome and a cylindrical vault
loaded only in half a surface (Suarez, Boothby, & Gonzalez, 2020).
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Being:

- S (m): span;

- r(m): rise;

- P (kN): crown thrust, Figure 22(a);
- L (kN): load;

- T (m): thickness;

- C(kN/m?: coefficient for compression; material strength that Guastavino advises to divide by

10 as a safety factor.

The thickness of the vault in the keystone must be enough to allow the material to develop a value of
the transverse thrust that must be in equilibrium with the moment of the vertical load. Guastavino
considers an evenly distributed load, which would contrast with the different thicknesses of a usual flat

top filling.

Consequently, considering moments respect to the support of the thrust and the load, and making

them equal, see Figure 22(a), we have the equation:

= P-r D

N~
NS

Considering that the value P (crown thrust) is equal to the C times the transversal area:
P=m-T-C 2

Substituting terms and considering m=1 metre, we obtain the well-known Guastavino’s formula
(Guastavino, 1893).

TC=2=— 3)

Guastavino gives an example of application of this formula with the following data (Anglo-Saxon
system): § = 15 ft; r= 1.5 ft; L = 250 lbs/ft*; C=2120 lbs/in>.

With these values, the thickness needed is 1.85 inches, which is similar to the thickness of two bricks.
It is probable that the safety factor of 1/10 that Guastavino proposed, was just to obtain the desired
results of a two-layer thickness. Moreover, Guastavino concedes that this safety factor is

disproportionate, and admits values of 1/4.

For a hemispherical dome with radius R, Guastavino considered couples of spherical segments on a
semi-cylindrical surface with radius R and height 7R, as indicated in Figure 22(b), considering roughly the

surface of half cylinder equal to twice the surface of the hemispherical dome.
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Considering the analogy with a cylindrical vault loaded only in half of its surface, the minimum
thickness of hemispherical dome will consequently be half the necessary thickness in the vault of the

same radius, which is:

roc=L'S 4
T 161 Q)

The assumptions for the dome are just an approximation, because the gravity centre is different, so is

the weight. Still these are safe assumptions (Huerta, 2001).

The application of the experimental formulas of Gaustavino is analysed in (Huerta, 2006a) and
(Redondo, 2013).

2.7. Graphical methods at present

The outlined equilibrium methods in precedent sections were considered approximate by the

engineers of the time, strongly conditioned by the elastic theory (Huerta, 2004).

Nonetheless, although it was possible to analyse an elastic arc, the elastic analysis of spatial structures
was beyond the scope of manual calculation. It is noteworthy that, after World War II, the graphical
equilibrium analysis methods were used again to analyse the vaults and ruined buildings before their
reconstruction; this is the case, for example, of the vaults of the Cathedral of Xanten and of numerous
churches and buildings rebuilt by (Pieper, 1983).

2.7.1. The slicing technique in the frame of limit analysis

In the second half of the 20" century, Heyman (1966), (Heyman, 1967) and (1977) presented, for the
first time, the slicing technique, within the theoretical framework of limit analysis, to find collapse

mechanisms of masonry structures, provided the following assumptions could be made (Heyman, 1966):
- Sliding failure does not occur. This can be thanks to the friction or interlocking of the parts.

- The material has an infinite compressive strength. This is an w#safe assumption. Nonetheless, this

type of structures have generally a low level of stress.

- The material is incapable of carrying tension. This assumptions is clearly a safe assumption, and

may be too conservative in some circumstances.

If these assumptions are made, we can analyse the masonry structure with the two basic theorems of

limit analysis.

Theorem 1, lower-bound theorem or safe theorem, which implies that if it can be found a thrust line,

in equilibrium with the external loads, within the masonry, the structure is safe.

Theorem 2, upper-bound theorem or unsafe theorem, which means that the collapse will take place

if there is a hinge in unstable equilibrium.
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——
H
v
“Orange slice” of dome. Orange slice of minimum thickness.

Figure 23 Heyman applies the same techniques from the arch to an "orange slice" to find the minimum thickness with hinges in P and Q
(Heyman, 1967).

The slicing technique considers the dome divided into segments, by cuts along meridian planes, and
considers the stability of each two opposite parts as an arc. It does not consider the influence on the
stability of parallel forces (Figure 23). Considering that it is a two-dimensional technique, is therefore
most appropriate for the analysis of arches, flying buttresses or any structure, which can be reduced to a

sectional analysis (Nikolinakou, Tallon, & Ochsendorf, 2011).

The slicing technique is the basis of countless modern studies of stability of structures in historical

buildings.

Chapter 3 offers a deeper insight into limit analysis, and section 4.4.3 explains the procedure to find

the thrust line in a masonry arch.

2.7.2.  Trust network analysis

O Dwyer (1999) sets out for the first time, the modelling of masonry vaults as a discrete network of

forces in equilibrium with gravitational loads.

The methodology Thrust Network Analysis (TNA), laid out in (Block & Ochsendorf, 2007), (Block P. ,
2009) and (Block, Laucher, & Rippmann, 2014), extends O 'Dwyer’s Force Network Method. The
methodology is based on the thrust line analysis and graphical methods, for the analysis of complex

masonry vaults and generate compression-only vaulted surfaces and networks.

According to (Block P., 2009), the TNA uses reciprocal figures to relate the geometry of the spatial
networks to their internal forces. The primal figure I, represents the horizontal projection of the network

topology. The dual figure I'* represents the distribution of the forces in the system (Figure 24).

The spatial solution takes into account that the nodes are constrained by a lower and upper bound, as

well as the supports positions.

In (Marmo & Rosati, 2017) a reformulation of the TNA is set forth, which includes horizontal forces,

holes or free edges in the vault.
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Figure 24 The primal grid I" and dual grid T"* are related by a reciprocal relationship. The equilibrium of a node in one of them is
guaranteed by a closed polygon in the other and vice versa. The labelling uses Bow’s notation (Block P. , 2009).

2.7.3.  Other current works

Erhard Scholz (1989) gives a modern account of Culmann’s attempts to bring out the projective
geometry character of the graphical calculations that he developed in Die Graphische Statik [The graphic
statics] (Culmann, 1875).

Zalewski & Allen (1998) and Boothby (2015) present examples of graphical methodologies to solve

structural design problems.

Block and Ochsendorf, along with other contributors, have done important developments for
structural analysis of historical constructions, based on the limit analysis; in (Block, Ciblac, & Ochsendorf,
2000) is presented a real-time limit analysis of vaulted masonry buildings to predict possible collapse

modes by combining kinematics and statics.

Todisco, Corres, & Mueller (2016) presented an original methodology on the basis of graphic statics,

to transform a non-funicular geometry into a funicular one, through external posttensioning systems.

Figure 25 Polygon and rope method in the plane (Scholz, 1989).
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2.8. New graphic methodology

This dissertation proposes a new graphic methodology based on the combined use of funicular and
projective geometry, for the quantitative determination of internal forces in revolution domes. It is a new
tool for the analysis of historical constructions based in Thrust Network Analysis presented in section
2.7.2, and incorporating other notions from projective geometry to make a more comprehensive method

for the analysis of certain classes of structures.

The methodology is presented through its application to a hemispherical brick dome of small
thickness, considering different structural situations: complete hemisphere, hemisphere with oculus on

the top, and hemisphere with lantern, and different inclinations of the reaction in the support.

The hemispherical dome is discretised into sectors by lines of latitude and longitude, considering the
weight of each sector applied at its gravity centre (nodes). Thus, the dome generates a network which

equilibrium is analysed in both the horizontal and vertical projection.

Firstly, the methodology is laid out by dividing the hemisphere in 160 sectors, cutting by 10 horizontal
planes and 8 vertical planes, with the aim of enhancing the graphic constructions. Afterwards, a model
with 640 sectors has been tested, in order to compare the results with the ones from the membrane

analysis.

Multiple solutions for the internal forces, acceptable for the material, are obtained, whose equilibrium

is guaranteed by this graphic methodology.

The new graphic methodology considers the hoop stresses for the equilibrium of the internal forces;

therefore, it is a less conservative method than other graphic methods widely used today.

Additionally, the new methodology allows its application in the inverse way, namely, considering
variations in the internal forces, and checking that they imply very little variations of the geometry of the

simplified model, relative to the dome thickness.

Figure 26 3D models of the discretised hemisphere. (left) 160 sectors; (right) 640 sector.
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Chapter 3
Limit analysis

Following (Huerta, 2004), (Heyman, 1969) and (Heyman, 2015), this chapter outlines the foundations

and historical development of limit analysis in masonry structures.

3.1. Thrust line

In accordance with (Heyman, 1966), (Huerta, 2004) and (Georg, 2012); it was Moseley s works (1843a)
and (1843b) where it is first raised a general principle to fix the thrust line position and to obtain a
geometric safety factor. Moseley had previously proposed the principle of least resistance in (Moseley,
1833) by which the thrust line would be the one generating the least thrust at the springers. There is a
detailed analysis of Moseley’s approach in (Alexakis & Makris, 2014).

Huerta (2004) and Andreu (2000) state that a similar principle to Mosely’s was developed at the same
time in Germany by Gerstner (1789) and in France by Méry (1840).

Poncelet (1852) made a progress when proposing the use of the plastic properties for masonry arches

instead of the rigid assumptions, in order to find the #we thrust line.

This theory was further developed by Saavedra (1860), Castigliano (1879), but probably the most
influential was Winkler in his work Dze Lage der Stiitzlinie im Gewolbe [The position of the supporting line
in the vault] (1879-1880).

Nevertheless, the real thrust line was only possible when considering an ideal state of the arch, loads
and material, which all engineers at the time knew it was impossible due to imperfections, changing

conditions and loads etc... (Engesser, 1880).

As laid out in (Huerta, 2004) and (Heyman, 1988), there were important attempts to demonstrate the
elastic behaviour of masonry arches and other structures. In 1895, the Association of Austrian Engineers
and Architects carried out numerous tests on large masonry arches to verify their elastic behaviour. The
collapse followed the old equilibrium theory though. However, they could see some kind of

proportionality between loads and deformation.

Sir John Fleetwood Baker conducted another series of test in 1930 in the UK. The tests were made
for steel frames, and they found that there were differences between the theoretical and the real models.
They concluded that minor differences, impossible to be avoided, lead to very different states of the
structure. That made the structure stability problem to be approached from another perspective, being

the starting point of the limit analysis.
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Figure 27 (left) Conceptual drawing presented by (Moseley, 1843a); (right) analysis of Moseley s approach in (Alexakis & Makris, 2014).

New tests revealed that despite the real state of the structure is sensitive to slight changes; nonetheless,

this is not the case with the collapse load, which depends on the shape and dimensions of the structure.

As commented in section 2.7.1, Heyman (19606) states the basic assumptions to apply limit analysis in
masonry structures: the material has an infinite compressive strength; the material is incapable of carrying

tension; sliding failure does not occur.

With these assumptions professor Heyman has linked the positions of the line of thrusts to the yield
of the supports and the cracks in the arches. To illustrate this, (Huerta, 2004) presents the cracks patterns

of a model of an arc with some movements in their support, see Figure 28.

Figure 28 Test in a model to show the plasticity of masonry arches (Huerta, 1996)
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3.2. Collapse mechanism in arches

Hinges appear when the thrust line touches the limits of the masonry and the entire section is cracked.
Cracking is not dangerous in itself, as it is the way in which the structure can adapt to changes in the
conditions (Ochsendorf J. A., 2002). The structure falls when the number (and position) of collapse

mechanism kinematically possible are enough.

In 1729, Pierre Couplet published De la poussée de voiites [The thrust of arches] and a year after a second
part of it (Couplet, 1729) and (1730). In his second work, he stablished the three assumptions needed for
a correct analysis of masonry vaults and arches: masonry has no tensile strength; infinite compressive
strength; sliding failure cannot occur (Heyman, 2009). He even anticipated that if the thickness of the
arch were small enough (least thickness), it would develop a five-hinge mechanism with hinges at 45°.
This approach was expanded by (Danyzy, 1732). In 1810, Louis Boistard performed a series of new tests

in arches that were considered as a proof of the existence of the collapse mechanisms.

As the steel and concrete structures became predominant, the theoretical interest in masonry
structures decrease. However, due to the increasing loads of vehicles, new tests were performed in arches
to assure their stability. All the results confirmed what was known 200 years ago, that arch collapse was

due to collapse mechanisms in hinges and not to the material failure.

(Heyman, 1995, b) clarifies the collapse mechanism in an arch, due to a punctual load, in a semicircular
arch, using the analogy to Hooke s hanging chain that is modified by the load. As the load increases, the
chain comes closer to the edge, until it touches the edges in four points and creates a collapse mechanism
kinematically possible. This last property makes that some type of arches (linteled arches), cannot create

a collapse mechanism, so the only way they collapse is due to the failure of the abutments.

3.3. Fundamental theorems

The theoretical development of the plastic theory, initially formulated for steel structures, led to three

fundamental theorems (Kooharian, 1952).

VS

Figure 29 Collapse mechanism of a semicircular arch with a load (Heyman, 1995, b).
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- Lower bound theorem or safe theorem (equilibrium): If a statically admissible state of stress can

be found for the loads, the structure will not collapse (static approach).

- Upper bound theorem or unsafe theorem (mechanism): If a kinematically admissible
mechanism can be found, for which the work of external forces is greater or equal to zero, the

structure is unstable (kinematic approach).

- Uniqueness theorem: If both conditions are satisfied by a given load factor, this represents the

collapse load factor.

The conditions that the masonry has to meet to be able to apply the previous theorems, were first set
out by Heyman (1966): the material has an infinite compressive strength; the material is incapable of

carrying tension; sliding failure does not occur.

When applying this theory to arches, the main consequence is that if a thrust line lays within the
masonry section, the masonry arch is safe. There can be infinite thrust lines for a given arch and a given

set of forces, but if it possible to find one within the section, it can be said that the arch will not fall.

Section 2.7.1 explains the application of these theorems and conditions to the analysis of domes by

means of the slicing technique.

3.4. Safety in arches

As mentioned before in this chapter, it is not possible to find the rea/ thrust line. Little changes in the
in the boundary conditions or the contact between voussoirs, may change the position of the line of
thrust, although it does not affect the arch integrity. Nevertheless, it is crucial to define a safety factor

that helps to understand the level of security of a masonry arch.

34.1. Geometric safety factor

The safe theorem states that if the thrust line is contained everywhere within the masonry, the
structure is safe. When internal forces stay away from the centroid, tensile stresses may cause a crack on

the opposite side (Ochsendorf J. A., 2002).

To clarify this concept, it can be considered an arch thick enough to find easily different thrust lines
within, as in Figure 30(a). If the thickness decreases, it comes the moment that only one thrust line lies
within, as in Figure 30(b); this is the /Zmit arch with five points where the thrust line touches the edges.

Figure 30(c) shows five hinges, which is enough to create a mechanism kinematically possible.

Heyman (1969) proposed a geometric safety factor, which consists in dividing the thickness of the
arch with that of its limit arch. The arch in Figure 30 has double the thickness than the limit arch, so its

geometric safety factor is two.
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Figure 30 (a) Thick semicircular arch; (b) semicircular arch of least thickness; (c) crack pattern for arch of least thickness (Heyman, 1969).
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Chapter 4

Funicular geometry

Graphical methods allow the designer to generate and analyse structures in a very comprehensive way,
and shed light on structural concepts that equations hide under symbols alien to engineering or
architectural practice. Accordingly, this chapter analyses the basics of funicular geometry that will serve

as the foundation of the new methodology.

4.1. Modelling forces. The parallelogram rule

The resulting force R obtained by means of the graphic construction indicated in Figure 31(a), can

replace two forces P1 and P2 acting on a particle A.

From the parallelogram law, the sum of two vectors can be found graphically, placing both vectors

from end to end, and joining the tail of the first with the end of the second, as indicated in Figure 31(b).

To add up the vectors of a coplanar system, the successive application of the triangle law is equivalent
to the formation of the force polygon, as indicated in Figure 32(a). Inverting the direction of the resultant
MN in the force polygon creates a closed polygon in which each vector in the inverted direction is equal

to the sum of the others.

—
8
—
(&)
<

Figure 31 (a) Polygon of forces acting on a particle A; (b) triangle law in forces.
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Figure 32 (a) Addition of vectors; (b) couple of forces; (c) moment of a couple.

4.1.1.  Moment of a couple of forces

Two forces of equal magnitude, parallel lines of action and opposite directions form a couple, Figure

32(b).

The resultant of the forces is equal to zero, but not the sum of the moments of the two forces respect
to a point. The pair of forces does not cause translation of the body on which it acts, but it does tend to

rotate it, Figure 32(c). The sum of the moments of the two forces P7 and —P7 with respect to point O is:

rA-Pl+1B-(—P1)=@A—-7rB) - P1 (5

If » = 4 — rB, where 1 is the vector that joins the points of application of the forces, it is concluded

that the sum of the moments of I and —F with respect to O, is represented by the vector M = r - P7.

The vector M is called the couple moment. 1t is perpendicular to the plane containing the two forces and
its magnitude is given by M = r - P71 - sinf) = P71 - d, where d is the perpendicular distance between the
lines of action of the forces. The direction of M is defined by the right-hand rule. Vector M is a free

vector, which can be applied at any point, see Figure 32(c).
Equilibrium in a system of forces happens if the following two conditions are met:
- The resultant of the forces is equal to zero.

- The resulting moment with respect to an arbitrary point is zero.
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Figure 33 (a) Resultant of a group of forces; (b) force polygon with the sum of forces every two.

4.1.2.  Reduction of a system of forces

Any system of forces can be reduced to an equivalent force-torque system that acts at a given point
O.

In Figure 32(a) the force polygon allows to obtain the direction and magnitude of the resulting force
for a group of forces. In order to obtain the application point that produces an effect mechanically
equivalent to the sum of the four forces P1, P2, P3 and P4 as indicated in Figure 33(a), it can be obtained
by partial resultants of two in two forces. The sum of the forces has been done in the polygon of

equivalent forces in Figure 33(b).

First, the forces P1 and P2 are extended to the point a, where the resultant R1, which comes from
adding P1 + P2, is applied. This resultant R1 cuts the line of action of P3 in b, where the resultant R2 is
applied (R2 is the sum of R1 + P3). This resultant R2 cuts the line of action of P4 in ¢, where the total
resultant R is applied, see Figure 33(a).

4.2. Equilibrium of a system of forces with the funicular polygon

4.2.1.  System of two forces

With the method presented in section 4.1 it is possible to obtain the resultant of any system of
concurrent forces. However, for forces with a meeting point outside the graphic area, the force polygon

determines the value of the resultant and the funicular polygon its position.

Having P1 and P2, the process to form the funicular polygon is the following (Figure 34):
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Create the force polygon with vertex M, N, Q, which offers the resultant R. (This force polygon
has a scale of 1/2).

The pole O is arbitrary.
Lines MO, NO, QO are the polar rays.

Starting from an arbitrary point a, the line parallel to the polar ray 1 is drawn, until it cuts the line
of action of P1 at point b; through point b is drawn a line parallel to the polar ray 2 until cutting
the line of action of P2 at point c; through c is drawn a line parallel to the polar ray 3 obtaining

d.

The abed polygon is called the funicular polygon, which has its vertices on the lines of action of the

forces, and the sides parallel to the polar rays.

Considering P1 and P2 decomposed in the vectors 1, 2 and 3 (parallels to the polar rays), the
system can be reduced to vectors 1 and 3 that meet in point e, which is a way point for the

resultant R. See Figure 34(c).

(a)

P1 P2

Figure 34 (a) Starting data and force polygon; (b) polar rays and funicular polygon; (c) resultant.

Scale of force polygon V2.
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Figure 35 Funicular polygon for multiple forces like P1, P2, P3, P4. Scale of force polygon is 2.

4.22.  Multiple forces with open force polygon

A case with four forces P1, P2, P3, P4 is analysed in Figure 35. The process is similar to the previous
section with two forces. In this case, the force polygon is open, that is, there is a resultant R with a point
of application in point g, which is at the intersection of the first and last lines of the funicular polygon
(lines 1 and 5).

4.23.  Multiple forces with closed force polygon

If the force polygon is closed, as in the cases below, there will be no resultant force, so the system will

be in equilibrium or with a resulting moment.

Figure 36(a), (b) show two systems of forces with the same force polygon in Figure 36(c), but in (a)
the funicular polygon has forces 1 and 4 that create a moment with a lever arm h. Whereas in (b) the

funicular polygon is closed and therefore creates no moment.

In summary, in the composition of forces, there are three possible cases and they can be studied using

the general procedure of the funicular polygon:

- Open polygon of equivalent forces, from which there is a resulting force, and the system is not

in equilibrium.

- Closed force polygon and open funicular polygon. The system is equivalent to a couple of

forces, and is not in equilibrium.

- Closed force polygon and closed funicular polygon. The system is in equilibrium.
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P3

P3

Figure 36 (a) System of forces with a moment; (b) system of forces in equilibrium; (c) same closed polygon in both cases.

4.2.4.  Equilibrating a system of forces with two forces with a pre-set direction

Having the system with forces P1, P2, P3. Figure 37 presents the problem of finding two reactions
(Ra, Rb) with pre-set directions.

The force polygon must be closed to have a system in equilibrium, it can be achieved by drawing
parallel lines to the given directions (Ra, Rb) at the end of the resultant R; these lines will meet in point
C, see Figure 37(c).

The funicular polygon will be drawn as in the previous section, from an arbitrary point A, and with

lines parallels to the polar rays 1,2,3,4 as seen in Figure 37(b).

The reactions Ra and Rb in the funicular polygon have to make it a closed polygon in Figure 37(b),
(c), to avoid the moment in the funicular polygon. Therefore, if the funicular polygon starts in point A,

the reaction Rb will be at the meeting point B, of line 4 with the parallel to OC from A.
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Figure 37 (a) Data set and pre-set directions of reactions; (b) system in equilibrium; (c) force polygon.

4.3. Geometric properties

The resultant of a system of forces is independent of the order in which the forces are considered
when drawing the force polygon. Since the order of two forces does not alter the resultant, the forces
can be interchanged two by two until the desired order is adopted. Furthermore, if a system of forces is
divided into groups, the resultant of the partial resultants coincides with the resultant of the given system.

These properties are shown in Figure 38 for a group of forces P1, P2, P3, and P4.

Applying concepts of projective geometry (see Chapter 5 for further details), there is a reciprocity
between the funicular polygon and the force polygon with its polar rays of Figure 39. This reciprocity
means that changes in the position of O in the force polygon will produce changes in the funicular

polygon and vice versa.

Figure 38 Geometric properties of a system of forces.
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Figure 39 Reciprocity between funicular polygon and force polygon.

43.1. Polar axis

The locus of the intersections for homologous sides of the funiculars, obtained for a system of forces,
when moving the pole along a line is parallel to the line of displacement of the pole, which is called the

polar axis.

In other words, considering a system of forces P1, P2, P2, P4 as in Figure 40(a), by constructing two
equivalent polygons with poles O and O ', the homologous sides in the funicular polygons intersect at

points g,hij,k on a line parallel to O-O". This line is the polar axis, as we can see in Figure 40(a), (b).

In Figure 40, if two homologous quadrilaterals likei—d —d” -j and Q — O — O” - R with three sides
and the diagonals being parallels, then, the fourth side ij and O-O" have to be parallel too. Therefore, it

is demonstrated that the polar axis is parallel to the line O-O".
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Figure 40 (a) System of forces P1, P2, P3, P4 and funicular polygons; (b) force polygons with a scale 1/2.

4.4. Applications of the funicular geometry

In section 2.3 the funicular polygon was defined as the shape of a string under a set of loads. The
string in this definition can only exert axial forces without any moments or shear. Expanding on this, the
funicular polygon of a system of forces is one of the infinite equilibrium geometries of a weightless thread,
under these forces. That is the form for the least potential energy of the system, and the most efficient

form to transmit the forces with specific conditions.

An example of this physical sense of a funicular polygon is in Figure 41(a). Moreover, this approach
is still applicable to the shape turned upside down and with its segments working in compression. The
resulting shape is an arc with loads in equilibrium and with its bars working in pure compression as in
Figure 41(b). This shape is the antifunicular polygon of the system of forces, and the force polygon would

be symmetric as in Figure 41(c).
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Figure 41 (a) Funicular polygon of a system of forces; (b) anti-funicular of a system of forces; (c) force polygons.

Previous sections of this chapter laid out that all funicular polygons had infinite solutions since the
position of pole O was free. However, what is the meaning of the position of O with regard to the loaded
thread? A position close to the force polygon gives us small stresses, but with a long thread. With a point
O far from the force polygon, there is a short funicular polygon, but large stresses. Similarly, by moving

point O vertically, the direction of the thread sections change.

Nevertheless, most importantly is to understand that whatever the position of O is, the resultant of

the system will be the same.

The analytical determination of the equilibrium geometry of a flexible thread without self-weight,
subjected to a system of concentrated loads and two supports, determines a system of three equations
(equilibrium) and four unknowns (reactions in the supports), hence, there are infinite solutions. For a
unique solution, it is necessary to impose an additional condition, e.g. that the cable passes through a

third point.

To apply these concepts when assessing the safety factor in section 2.7.2, requires to estimate the
antifunicular that passes through two or three specific points. As said before, the funicular polygon that
passes through two given points has infinite solutions, to have a unique solution there must be another
condition, such as a known direction of the funicular or a third point. This can be achieved by different
ways, but to simplify, next paragraphs will offer just one way for each case. For further information about
funicular polygons see (Ciblac & Morel, 2014) and (Aroca Hernandez-Ros, 2002)
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44.1.  Funicular polygon through two points

Considering a group of forces P1, P2, P3, P4 and two points m and n, Figure 42(a), the steps to draw

a funicular polygon are:

Firstly, a force polygon must be drawn with a resultant R as in Figure 42(b). With this force polygon,
and with an arbitrary pole O, it is easy to find a funicular polygon starting at point m. This is the funicular
polygon 1-2-3-4-5 in Figure 42(a) where forces in lines 2-3-4 are cancelled. The resultant of the system R
will pass through the meeting point of lines 1 and 5, point g. This funicular polygon does not pass through

point n.

To find one of the infinite funiculars through m and n, it just needs to select a point along the resultant
R e.g. point h and make two lines 1"and 5 joining h with m and n, see Figure 42(c). Drawing parallels to
17and 5 in the force polygon as in Figure 42(d), there will be a new pole O” in the force polygon with

which a new funicular can be drawn through m and n.

Since point h could be any of the resultant, there are infinite solutions. However, knowing the

direction 1 of the desired funicular, point h would be unique and so the funicular.
44.2.  Funicular polygon through three points

Considering a group of five forces P1, P2, P3, P4, P5 and points m, n, p, see Figure 43(a), we can

draw a funicular polygon that goes through them.

First thing is drawing the force polygon in Figure 43(c) and then the funicular polygon 1-2-3-4-5-6,
starting at m with help of an arbitrary pole O as in Figure 43(b). Polar axis 1 has an arbitrary direction
from point m. The extension of line 4 meets the polar axis 1 at point g (see section 4.3.1 about the polar
axis). From point g and joining with point n there is the homologous line 4" of a new funicular 1°-2"-3"-

4°-5"-6", which includes points m and n but does not include p, see Figure 43(b).

Creating a new polar axis 2, joining m and n, it is for sure that the new funicular will include these two
points m and n. In Figure 43(e) is drawn a parallel to polar axis 2 from O’. The extension of line 6" cuts
the polar axis 2 in h. Joining h with p there is the first line of the final funicular polygon. A parallel in
Figure 43(e) defines a new pole O” in axis 2, with which to find the directions of the funicular polygon

177,277,37,477,5”7, 6" that passes through m, n, p.
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Figure 42 (a) System of forces and first funicular polygon; (b) force polygon with arbitrary pole O, scale V2; (c) system of forces with
funicular polygon through m and n; (d) force polygons, scale of V2.
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Figure 43 (a) Initial data; (b) funicular polygon through mn; (c) first force polygon, scale '2; (d) final funicular polygon; (e) final force
polygon, scale V2.
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44.3.  'Thrust line in a masonry arch.

This section analyses the case of finding a thrust line in a masonry arch with compression-only stresses,
no sliding between voussoirs and infinite resistance to compression, as stated in (Heyman, 1977), (Huerta,

2004) among others. To expand the basis of this subject, please review section 2.2.

Considering only the weight vectors of the voussoirs in Figure 44(a), an antifunicular polygon of the
system included in the masonry section, defines a possible thrust line geometry in the arc. The weight

vectors are located in the gravity centre of each voussoir.

Due to the symmetry, it can be considered only half of the arch, with a horizontal force at the key. It
is easy to find a resultant R of the system of forces with a funicular polygon a-b-c-d-e-f-g, by means of a
force polygon with an arbitrary pole O, Figure 44(b). The resultant R is located in the meeting point h of
the first and last line of the funicular polygon, a-h and g-h, respectively. Nonetheless, this funicular leaves

the section; consequently, the arch is not stable.

As seen before in this chapter, it can be set the condition that the funicular must go through two
points, initial point a, at the centre of the keystone, and final point m at the centre of the springer, see
Figure 44(c). Since the resultant R and the first line are the same in the new funicular polygon, so is point
h. Drawing a parallel of the new line m-h in the force polygon, allows to find a new pole O and with it
a new funicular a-b-i-j-k-I-m. This new funicular is included in the masonry section, but near to touch the

inner edge, which means a poor stability condition.

There are infinite possible funicular polygons, and by trying different initial and final points, it may be
possible to find a solution that offers enough stability. See section 2.7.2 for definition and discussion of
the safety factor. In Figure 44(d), there is a different test with initial point n at the key at 2/3 from the
inner edge, and final point q at the springer at 2/3 from the inner edge. In this case, the thrust line fits

completely in the section, which guarantees the stability of the arch.

As stated in Chapter 3, the lower-bound theorem stablishes that if we find a possible equilibrium
situation, the structure will find it too. It means that, by obtaining different thrust lines for the same

masonry arch, the stability can be assured by the one that provides the highest stability.
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Figure 44 (a) Input data; (b) first funicular polygon with arbitrary pole O; (c) second funicular polygon through a and m; (d) third
funicular polygon through points n and q.

57



Chapter 5

Projective geometry

Notwithstanding it may be trivial for architects and engineers now, orthogonal projection was the
result of a long complex process that lasted centuries and predates Descartes by more than four hundred
years (Calvo-l6pez, 2011).

Projective geometry “is often defined as the sum total of those properties of figures which are not
altered by a projection by means of radiating lines, from line to line or from plane to plane” (Coolidge,

1940).

Briton James Clerk Maxwell (1831-1879) developed a methodology, using Projective Geometry and
introducing the notion of reciprocal figures for structure analysis. In his writings, Maxwell explains how
to find forces in structural frames by drawing a reciprocal diagram with lines parallel to the structural
members, this way all member connected in a node create a polygon in the reciprocal diagram. As
Maxwell put it, “two figures are reciprocal when the properties of the first relative to the second are the
same as those of the second relative to the first”. It is important to note that the lengths of the lines in

the reciprocal diagram are commensurate with the loads supported by the structural member.

Maxwell used the terms form diagram that represents the structural members and force diagram for the
forces carried by each member. Nonetheless, to emphasise the duality between figures, this dissertation

will also name them as primal figure and dual figure respectively.

One consequence of the reciprocity is that either diagram can be considered a form diagram and the

other would be the force diagram.

There is an example of a form diagram in Figure 45 (left) from (Maxwell, 1870). To draw the force
polygon, there must be given a magnitude of a force like p parallel to P in the frame. Once this first
magnitude is fixed, if the form diagram is in equilibrium, all the other magnitudes can be calculated by
drawing the lines parallels to the ones in the form diagram. The lines of the force polygon, in Figure 45

(right), have the same letter as their parallels in the form diagram.

Figure 45 Example of reciprocal diagrams. (left) Form diagram or primal figure; (right) force diagram or dual figure, given the magnitude
of force P. (Maxwell, 1870) in (Reese, Paffenroth, & Fehribach, 2016).
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The primal and dual figure are linked by geometric constrains, which means that any of them can be
manipulated, generating changes in the other. As stated in Baker et al. (2013), the reciprocity “leads to
the remarkable observation that the force diagram could also represent the geometry of another optimal

truss with its own external loads.”

Robert Bow, created a notation system for both primal and dual figure (Bow, 1873). For the primal
tigure, the capital letters, A, B, C,..., are sequentially placed clockwise in the intervals between external
forces (open polygons) and numbers 1,2,3,..., are placed in the internal spaces (closed polygons). Each
line in the primal figure is identified with the letters or numbers of two polygons at both sides. In the
dual figure, the starting and ending points of each line (force) are named with the letter or number of

these polygons at both sides of the line in the primal figure.

Figure 46 shows an example of Maxwell’s reciprocal diagrams with Bow’s notation. In Figure 46(a),
there is a primal figure with three external forces, Fca, Fas, Fsc. The external forces are in bold lines in

both primal and dual figure to clarify the duality between them.

Each polygon in the primal figure maps to a node in the dual figure and vice versa. Each line in the
primal figure maps to a parallel line in the dual figure and vice versa. In Figure 46(b.1) to (b.3), there is a
systematic development of the dual figure. Figure 46(b.1) shows the first dual polygon c-a-2 with parallels
to the primal members CA, A2, 2C. The magnitude of the first line is arbitrary. Moving clockwise to the
next vertex in the primal figure, we find vertex AB, B1, 12, 2A, with which it can be created the next dual

polygon a-b-1-2, as seen in Figure 46(b.2). Similarly, the dual figure can be finished.

The length of each member in the dual figure represents the magnitude of the stress of the member
in the primal figure. Figure 46(b) has the arrows at each step, to elucidate the direction of the forces.
Let’s consider the first step in Figure 46(b.1), the direction of force 2a when applied in the node of the
primal figure, tends to escape from it, and so member 2A is in tension. On the contrary, the side 2c of
the dual figure, when applied at the node of the primal figure, tends to go towards the node, being

member 2C in compression.

Once the dual figure (force polygon) is finished, by knowing the magnitude of one of the forces and

a given scale, it is easy, with a similarity relation, to find the final dual figure. See dot lines in Figure
46(b.3).

To clarify these concepts, Figure 46(c), (f) present two variations of the same figure. In Figure 46(c),
(d), the dual figure shows that the structural member 1-2 now does not have any stress, because points
1-2 in the dual figure are coincident. In Figure 46(e), (f), the dual figure shows that the structural member
1-2 has changed to a compressive stress. These three examples explain how we can manipulate one of

the diagrams to obtain the desired effects on its reciprocal.
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of funicular geometry and reciprocity, using Bow’s notation.

Figure 47(a) show the form diagram. The direction of reaction Fra is known,

Figure 47(e) shows which structural lines are in compression or traction.
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Figure 46 Example of structural reciprocity. (a) Primal figure; (b) step by step dual figure; (c) primal figure, second case; (d) dual figure,

Another example (Figure 47), with more external forces can shed light on the combined application

but not in the case of
reaction Fpg. Figure 47(b) is the force polygon with a random direction of Fpg*. Point O can be any.
This first force polygon allows drawing an initial funicular polygon in Figure 47(c) that is open. The

direction that closes the funicular polygon is 57, so now the final reaction Fpi can be obtained in Figure

Analysing the different nodes in the form diagram, we can find the force diagram in Figure 47(d) (the
different nodes are analysed independently in d.1, d.2., d.3, d.4, d.5).
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Figure 47 Example of combined use of funicular geometry and reciprocity.
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Figure 48 shows how by manipulating point 2 in the force diagram (right), it affects the form diagram
by changing the direction of the structural line 2C (left).

This approach in the design and calculation of structures has allowed the development of new

strategies for structural design and optimization.
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Figure 48 Example of use reciprocity. (left) New form diagram; (right) force diagram with a new position of point 2.
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Chapter 6

New graphic methodology based on the combined use of
funicular and projective geometry

6.1. Hemispherical brick dome

The new methodology is presented through its application to a hemispherical brick dome of small

thickness. This is frequently the constructive element that internally defines the “encamonada dome”.

The “encamonada dome” is a typology of dome, that was implemented in accord with the directions of
Fray Lorenzo de San Nicolas’s treatise (1639, 1665), in the 17" and 18" centuries, widespread in Spain
and its overseas possessions. The characteristics of the “encamonada dome” are presented in (Redondo,
2013) and (Huerta, 2001)

In this work, the model analysed has been referenced to a real dome: the dome over the transept, in
Basilica of San Juan de Dios in Granada (Spain). The authors laid out a detailed constructive analysis of

the dome in (Suarez, Bravo, & Gonzalez, 2019) and (Suarez, Boothby, & Gonzalez, 2020).

It is a hemispherical dome with double brick layer, of 11.71 m inside diameter and 8 cm in thickness,
supporting its own weight and the weight of the inside brick coating of the lantern, of 3.89 m inside

diameter and 3 cm thickness.

The unit weight of the material is p = 17.65 kN/m?; the weight of the inside brick coating of the lantern
has been estimated equal to 31.24 kN.

In this case, the ratio (R /¢) is 73.19; according to (Heyman, 1977), this can be considered a thin shell

because the ratio is bigger than 20.

The three situations analysed are represented in Figure 49: full hemisphere; hemisphere with oculus

and hemisphere supporting the inside brick coating lantern.

Fray Lorenzo recommended the construction of a filling on the extrados, until one third of height, to

ensure the stability of the dome.

In the work (Ramos & Leodn, 2013) the structural behaviour of the filling of the vaults is analysed,
according to its morphological characterization, distinguishing between: rigid filling cemented, solid

granular filling, loose granular filling, lightened filling and filling formed by construction rubble.

In this dissertation, the following three hypotheses about the structural behaviour of the backfill have

been considered:
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Figure 49 Three structural situations have been considered: full hemisphere, hemisphere with oculus and hemisphere with inside brick
coating of lantern.

Hypothesis 1: The filling is made of loose granular material; that does not contribute structural
properties and it is considered a dead load on the dome. This hypothesis is modelled by incorporating

the weights of the filling volumes into the system of forces, without increasing the section of the dome.

Hypothesis 2: The filling is of firm granular material and therefore it has a structural function. This
hypothesis is modelled by increasing the thickness of the voussoirs located in the lower third of the total

height. Two possibilities have been considered, staggered filling and soft curved filling.

Hypothesis 3: The filling is rigidly cemented, preventing the movement of the voussoirs. This

hypothesis has been analysed considering the dome as a shallow dome.

Finally, this new methodology is used to design the required height and shape of the filling on the

extrados to avoid any tension force on the dome.

The following structural situations for the dome and the filling are displayed in Figure 50:

a) without filling.

- b) filling of loose granular material, without structural behaviour, until one third of the height

- ¢) staggered filling of firm granular material, with structural function, until one third of height

- d) soft curved filling of firm granular material, with structural function, until one third of height

- e) cemented rigid filling until one third of height, acting as an embedment. The dome is

considered as a shallow dome;

- f) staggered filling on the extrados, until you get a dome without tension forces.
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Figure 50 Structural situations of the dome and filling on the extrados.

6.2. Methodology

This dissertation presents a new graphic methodology for the structural analysis of domes and other
surfaces of revolution, based in Thrust-Network Analysis presented in (Block & Ochsendorf, Thrust
network analysis: a new methodology for three-dimensional equilibrium., 2007), incorporating other
notions from projective geometry to make a more comprehensive method for the analysis of certain

classes of structure.

In (Block & Ochsendorf, 2007), the forces in a spatial network are solved by the graphical analysis of
their horizontal projection, and the equilibrium of the spatial system is preserved in the projection plane.
The forces are analysed within a dual system where the forces in equilibrium at each node are represented

by a closed force polygon.
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In this dissertation, the dome is considered as a network of lines of latitude and longitude, whose

equilibrium is analysed in both horizontal and vertical projection.

The equilibrium in the vertical plane is assured by fitting the polygon of the weight forces to the polar
rays, so the dome geometry is a closed antifunicular polygon of the system of forces. The equilibrium in
the horizontal plane is guaranteed by considering the values of the nodal forces in the dual figure, where

they form a closed polygon.

This procedure not only allows the solution of the internal forces for a given geometry of the dome,
but also allows designing a geometry for a given system of internal forces that are both in equilibrium

and admissible for the material.

6.2.1.  Simplified model

The dome is divided by latitude and longitude into an arbitrary number of sectors. The simplified
model of the dome is obtained by considering the centre of gravity; the weight of each sector and the
interaction lines among centroids (nodes) of adjacent sectors, as it is represented in Figure 51, for the

different cases: complete hemisphere; hemisphere with oculus; hemisphere with lantern.

Figure 52 shows the plan and elevation of the simplified model, where the different areas are named
according to Bow's notation (1873), for the cases: full hemisphere; with oculus; with lantern; cemented

rigid filling (shallow dome) with lantern.

6.2.2.  Nodal forces

The following forces are considered at each node: the weight of the sector, two meridian forces and

two parallel forces (hoop forces) equal in magnitude.

In keeping with (Eddy, 1878), (Dunn, 1904) (Dunn, 1908) and other authors, it is noted that the
parallel forces can be considered for their net effect at each node; the net effect of two parallel forces,
equal in magnitude, at a node is a radially directed force in the plane of the line of latitude, acting outwards
(parallel compression) or inwards (parallel tension). See Figure 53 (left) for equilibrium in the

compression zone and Figure 53 (right) for the tension zone.

The nodal internal forces equilibrium is considered by enforcing the equilibrium of the projected

forces on both vertical and horizontal planes.

The equilibrium of the projected forces on the vertical plane is enforced by adjusting them as a system
of forces whose anti-funicular polygon matches the dome geometry. In the same way, the equilibrium of

the projected forces on the horizontal plane is imposed by forming closed polygons in the dual figure.
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Figure 51 Simplified model: the dome is divided by latitude and longitude into an arbitrary number of sectors; the simplified model of the
dome is obtained by considering the weight and centre of gravity of each sector, and the interaction among centroids (nodes) of adjacent
sectors.
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(c) - (d)
5 6222 15

Figure 52 Plan and elevation of the simplified model; the different areas in the plan are named according to Bow's notation (1873).
(a) Full hemisphere; (b) dome with oculus; (c) dome with lantern; shallow dome with lantern
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\ A \ A

Figure 53 (left) Equilibrium at node in comptession zone: the hoop forces ate a radially directed forces in the plane of the line of latitude,
acting outwards; (right) equilibrium at node in tension zone: the hoop forces are a radially directed forces in the plane of the line of
latitude, acting inwards.

6.23.  Structural reciprocity

Chapter 5 addresses the characteristics of projective geometry and reciprocity, where it is explained
how Maxwell introduced the notion of structural reciprocity to find forces in structural frames by drawing

a reciprocal diagram. Chapter 5 also has some examples that help clarify the subject.

In this work, the structural reciprocity is considered doubly. In the meridional plane the structural

reciprocity is considered between the antifunicular in Figure 54(a) and the force polygon in Figure 54(b).

Therefore, to each application point in (a) corresponds a closed polygon in (b) so the equilibrium in
the meridional plane is assured. For clarity it is highlighted the reciprocity between the point of
application of the force I8 (intersection between lines r and s) and the closed area in the force polygon

among lines r,s,I'8 (grey area).

In the horizontal plane, there is structural reciprocity between the projected network Figure 54(c) and
its dual figure in Figure 54(d). Therefore, to each application point in (c) corresponds a closed area in (d)
so the equilibrium in the horizontal plane is also guaranteed. It is highlighted the reciprocity between the
point among areas 2%, 2, 1" 1" and the closed area in the force polygon defined by forces Fauivi, Favitui,

Fviitvi, Frviovi (grey area).

69



CHAPTER 6. New graphic methodology based on the combined use of funicular and projective geometry

Figure 54 Structural reciprocity. (a) System of forces, primal figure; (b) force polygon, dual figure; (c) horizontal projection of network,
primal figure; (d) force polygon, dual figure.

6.2.4.  Vector increments

Considering the weights of the different sectors, the necessary vector increment of each force is
defined to fit the antifunicular polygon in the dome geometry. Therefore, the system of forces F, I, ...

is formed by the weights and the vector increments.

Figure 98(b) to Figure 113(b), show the diagram of forces in the vertical plane. The dome geometry

determines the angles of the polar rays (o) which are parallel to the meridional lines of the simplified
model. The increments (Aj) are computed by fitting the forces in the polar rays; so the antifunicular

polygon (dual figure) matches exactly the shape of the dome.
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Setting the closed force polygon in the polar rays, the dome geometry matches with a closed
antifunicular polygon of the system of forces. Hence the equilibrium of nodal internal forces in the
vertical plane is achieved. Figure 98(a) to Figure 113(a) show the system of forces (weights plus

increments) and the closed antifunicular polygon coincident with the dome geometry.

The vector increment is the difference between the horizontal projections of two consecutive meridian
forces in each node. The value of the vector increment (A)) is the double of the radial component of the

hoop forces, see Figure 53.

6.2.5. Horizontal plane: dual figure

As in (Block & Ochsendorf, 2007) the lines of interaction between nodes are projected in the
horizontal plane, Figure 98(c) to Figure 113(c). These parallel and radial forces projected in this plane are
considered in their dual form, Figure 98(d) to Figure 113(d). The reciprocity means that the dual figure
(force polygon) has all of the characteristics of the primal figure but reversed: parallel lines on the primal
figure are represented by radial force in the dual figure, while the radial forces in the primal figure appear
as parallel lines in the dual figure. Each node in the primal system is represented by a quadrilateral of

forces in the dual diagram.

Both primal and dual figure use Bow’s notation (1873). For the primal figure, the capital letters, A, B,
C,..., are sequentially placed clockwise in the intervals between external forces (open polygons) and
numbers 1, 17, 17... 2, 2, 2”..., are placed in the internal spaces (closed polygons) between projected
network lines. Each line in the primal figure is bordered by two polygons (open or closed); thus, in the
dual figure, the effort on the line is named using the corresponding letter or number of the adjacent

polygons, e.g. Fag or F, Fip...

The calculated values of vector increments (A;) are translated to the horizontal projection, allowing us
to draw the dual figure, where the force polygons are closed, so the nodal internal forces are in equilibrium

in the primal figure.

6.2.6. Procedure in both directions

One of the advantages of this methodology is that it can be applied in both directions, namely,
determining the internal force solution for a given geometry of the dome, and inversely, choosing the
geometry of the dome that is able to absorb a given internal force solution in equilibrium, and that is

admissible for the material.

On the dual figure of the horizontal projection, Figure 98(d) to Figure 113(d), a statically admissible
solution can be constructed with practically any position of the ring of the radial vectors Fas, Fsc ...; the
location distance of the radial vectors from the pole is arbitrary; outward or inward movement of this
ring signifies increased or decreased parallel forces. The values of the forces are only limited by the

strength of the material.
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By an inverse procedure, it is possible to choose the angles (o) of the dual figure in the vertical
projection (force polygon), fitting them to the values of the radial vectors on the dual figure in the
horizontal projection, that is to say, determining the dome geometry that is able to absorb the forces of

a solution in equilibrium.

Figure 100 to Figure 103 show the new values of angles i, for given variations in the internal forces.
Figure 100(a) to Figure 103(a) (detail) illustrate that the variations in the values of the angles imply very

little variations, relative to the dome thickness, of the meridional section of the simplified model.
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Chapter 7

Basilica of San Juan de Dios

A new methodology of structural analysis of domes is presented through its application to the
hemispherical dome of brick, of small thickness. Thin masonry domes are difficult to analyse with the
traditional equilibrium methodologies such as the slicing technique, since it is difficult to find a thrust
line within the thin section. The new methodology presented in this thesis aims to provide structural

solution to the behaviour even in these type of difficult elements.

The “encamonada dome”, typical of the Spanish Baroque, used that type of domes (thin, hemispherical
and made of brick) in the inside. The Basilica de San Juan de Dios in Granada was chosen because it is a
Baroque building, and it was believed to have an “encamonada dome”. Furthermore, this is a benchmark

in the Spanish Baroque, which merits study and appreciation.

Firstly, this chapter looks at the historical context of the “encamonada dome” typology. Thereafter, it
reviews the development and architectural characteristics of the basilica, as well as a brief approach to

the life and work of its architect José de Bada y Navaja.

The penultimate section analyses other similar domes (same style and time of building), which we
have knowledge of their constructive system. All the data collected lead to the last section that defines
the hypothesis of the constructive system of the basilica dome, with detailed 2D and 3D drawings of

the different elements and the results of the measurement campaign.

Figure 55 Dome and towers of Basilica of San Juan de Dios.
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7.1. Historical context. The tile vaults and domes

The “encamonada dome” is a typology that was implemented, in accord with the directions of Fray
Lorenzo de San Nicolas’s treatise Arte y uso de la arquitectura. Parte primera y segunda [Art and use of
architecture. First and second part] (1639, 1665). This typology had its peak along the 17th and 18th
centuries in Spain and its overseas possessions. The “encamonada dome” is made up of an interior thin
brick dome, with an exterior wooden structure and a slate or tile roof that defines the exterior shape.

Precise details on this typology can be found at (Redondo, 2013) and (Huerta, 2003).

The concept of a tile dome or vault relates to those with one or more layers of bricks, in sailor or
rowlock stretcher position. The first brick line is joined with plaster mortar. The mortar setting is fast
enough to allow the construction of this type of domes without centring. The second and successive
layers can be received with the same plaster, lime mortar or cement. For the new layers, the first one acts

as a centring (Zaragoza, 2011).

7.1.1.  Origins of tile domes and vaults

Traditionally there has been no consensus on the origins of this construction technique (Lopez &

Doménech, 2017), therefore this section addresses some of the main trends in this subject.

August Choisy in his work L ‘art de bitir cheg les romains [The art of building among the Romans] (1873)
was one of the first to make a relation between the Roman brick layers under the concrete vaults and
the tile vaults. However, he also said that these layers where to support the concrete that was the real
solid and permanent structure. This Roman origin, was adopted by important authors in this field like
in (Bergos, 1965).

Nonetheless, George R. Collins expressed doubts about this theory of the origin of tiled vaults in his
work (Collins, 1968), and mentioned the reference of the letter of King Martin I ¢/ Humano of Aragon
about the construction of the Royal Chapel in the Cathedral of Barcelona. Collins argued that Romans

never used the bricks as in a timbrel dome.

Manuel Fortea Luna (2009) stablishes the origin of tile vaults is in those cultures that used bricks,
plaster, and building without centring. He does not consider it as an “invention”, but rather an evolution.
Moreover, it is quite likely that areas with dry climates (and therefore it was difficult to find wood enough)

had to develop systems of building without wood frames as centring.

A reference for vaults without centring are the byzantine vaults that needed no centring even with a
slow setting mortar. Nevertheless, these vaults had a different arrangement of the bricks and a different
structure behaviour. At present, there is a consensus about the Arabic origins of the tiled vaults and
domes (Almagro, 2011); (Zaragoza, 2011); (Redondo, 2013) and (Fortea, 2009).
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Figure 56 (left) Building of a double layer vault with filling in the haunches; (right) deformation of a semi-circular thin vault (Choisy,
1873).

Figure 57 Viollet-le-Duc’s drawings of the manner in which the Romans had constructed their concrete vaults in (Collins, 1968).

7.1.2.  Beginnings in the Iberian Peninsula

This type of dome is not exclusive of Spain, and we can find examples along the Mediterranean Sea.
Though it is true, that is in the Iberian peninsula where it developed more intensively, probably because
of the mixture of building traditions such as the Arabic (using bricks and mortar) with the Cristian
requirements (Redondo, 2013). Moreover, in the East coast of Spain along the 12" century, there was
plenty of plaster and numerous manufacturing of tiles for pavement and it hardly had enough wood to

supply the need for building boats.

The Arabs in the Iberian Peninsula used this technique; having one of the earliest examples in the
chapel of Aznalcollar (Seville), but the exact date is not clear yet. However, it is likely that the most
ancient tile vault in the Iberian Peninsula is in the ruins of Siyasa (Cieza, Murcia) (Almagro, 2011), though

it is difficult to have an accurate date. It is part of the supporting structure of a stair shown in Figure 58.
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Figure 58 Remains of the tile vault of a stair in house number 10 in Siyasa (Almagro, 2011).

Zaragoza (2011) claims that one of the earliest monumental buildings with this constructive
technique is in Castillo de la Atalaya de Villena (Alicante) from the end of the 12 century. Nonetheless,
the same author states that this technique was fully implemented in the 14® and 15" centuries, being the
first example in the convent Santo Domingo de Xativa, see Figure 59. This building was started in
1291, and as usual in the Benedictine scheme it is organised around the cloister (1354), the chapter hall
(1329) at the east, the church (1323) in the north, refectory at the south and reception at the west side.
The church was not initially built with this system; it is in the Baroque period where the wooden roof

of the church is substituted with tile vaulting.

Figure 59 Chapter hall of the Convent of Santo Domingo in Xativa (1329) (Zaragoza, 2011).
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Nonetheless, according to (Gomez, 2011), (Redondo, 2013) and (Soler-Verda & Soler-Estrela, 2015),
the first documented building with tile vaulting is the chapel of the Jofres, annex to the cloister in the
Convent of Santo Domingo in Valencia. There is a building document signed in 1382, where the tiled

vault construction system is detailed.

It is difficult to follow reliably the evolution of this technique along the 14" century, due to the Black
Death and the war between the Crowns of Aragon and Castile, and we have to consider that before the

Renaissance, all knowledge was secretly kept within the guilds.

There is a document in 1382 where the king Pedro of Aragon, showed interest in this technique for
his own palace, and sent his merino' from Zaragoza to watch out this new technique. This lead us to
think that at that time the knowledge of this type of constructions was starting to spread in the Iberian

Peninsula.

Surprisingly, tiles vaults were used later in Catalonia, being one of the first examples the chapel of the
Barcelona Cathedral, which is from 1407, by the Master Arnau Bargués following instructions from the
king Martin e/ Humano (Bassegoda, 1978) (Collins, 1968). From this moment, this technique was fully

adopted and developed in Catalonia.

Figure 60 Trace of the tile vault and the roof in the royal chapel of the Cathedral of Barcelona (Conejo da Pena, 2012).

! Merino: administrative position at that time, similar to a judge.

77



CHAPTER 7. Basilica of San Juan de Dios

7.1.3.  Spanish development in the Renaissance and Baroque

The 16" century is a period when the Gothic is still in use, but gives way to the Modern Era with the
Renaissance. The ribbed vaults and pointed arches change disappeared and the new structures are semi-
circular and spherical. These shapes generate an extra thrust that could be minimised by the low weight

of tiled vaulting, which allows simpler structures, bigger spans and new proportions (Ibafiez, 2005).

In Valencia along the 16" century, we can find the use of tiles in webs, as in Monastery of San Miguel
de los Reyes (second half of the 16™ century) following the design of the Castilian master Alonso de
Covarrubias. Nonetheless, it was increasingly more common to find tile vaults and domes with no ribs
or key stones. Besides, a key difference was that the tiled surfaces were structural and not only a filling.
This technique evolved, and it became quite popular at the end of the 17" century to add new inner vaults
to gothic existing ones, in a Baroque style. A remarkable example of the end of the evolution can be
found in the dome of Basilica de los Desamparados (Redondo, 2013), built in 1701, see Figure 61.

In Aragon, there was a particularity in that the ribs did not disappeared as it happened in Valencia.
Initially they changed from stone to brick, and later they became purely decorative and executed with
plaster. Javier Ibafiez (2005) and (2010) analysed different cases among which should be highlighted the
extension of the cathedral or guarto nuevo between 1546 and 1550 (see Figure 62).

Figure 61 Planimetric survey along the axis (taken from the project of Mr Ignacio Bosch).
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Figure 62 Interior of the extension of Cathedral of Zaragoza. View of the vaults in guarto nuevo (Ibafiez, 2010).

The same author states in (Ibafiez, 2010) that this system evolved into simpler, more resistant and
easier to execute structures, with an increasingly Islamic influence, as it happens in the churches of Brea

de Aragén or the church of Illueca, see Figure 63.

In Catalonia, there was a similar evolution as in Aragon; it means that in the 16" century there were
numerous churches with ribs, key stones and tiled webs. There is an extensive study about them in
(Bassegoda, 1978). The structural function of ribs and keystones progressively disappeared, but the

ornamental remained.

Castile adopted this technique in the first half of the 16™ century, but the main examples are
Renaissance like the Hospital in Tavera (1540), being Alonso de Covarrubias the master of the
construction. Esther Redondo (2013) highlights some key examples of tiled vaults like the Monastery of
Santo Domingo el Antiguo in Toledo or the church of the Monastery of San Pedro Martir in Toledo

among others.

Figure 63 Church in Illueca (Zaragoza). View of the dome and lateral vaults (Ibafiez, 2010).
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Figure 64 Tiled dome in the Alhambra. Puertas de Armas (Fortea, 2009).

In Andalusia, there is the case of Aznalcollar that was mentioned in section 7.1.2. Zaragoza (2011)
writes about cases of tiled vaulting in the 12" and 13" centuries like the Castle of the Atalaya de Villena.
Manuel Fortea (2009) states that back in 1382, after the destruction of Algeciras, the use of tile vaulting
was of common use. Furthermore, this author details some Andalusi cases but focused on some example
of tiled domes in the Alhambra, which were built with flat bricks in the first half of the 14" century. The
same author states that Almerfa was the most likely place where this technique started in the Iberian

Peninsula in the 10™ and 11" centuries.

7.2. Historical background of the basilica

The Basilica of San Juan de Dios, built by the architect José de Bada y Navajas (1691-1755), is a
relevant construction in the historic heritage of Granada and constitutes a reference in the Spanish
Baroque by both national (Gallego A. , 1982), (Isla, 1979), and international authors (Galloway, 1975).
This dissertation presents a geometrical and constructive model of the dome over the transept, along

with a structural analysis of the inner brick dome.

The Basilica was built between 1734 and 1757, and until the present day has remained largely
unchanged (Galloway, 1975), with the exception of some minor renovation works that were carried out
in 1913 and 1994 (and which are mentioned in this thesis).

7.2.1.  José de Bada y Navajas

José de Bada (1691-1755) was a Baroque architect, heir of the classical tradition. He was born in
Lucena (Cérdoba) and shortly thereafter settled in Granada. He came from a family of stonemasons and
architects and learned the profession with his uncle and father-in-law, Francisco Rodriguez Navajas, who

had been Grand Master of some of the works of the first Grenadian Baroque.
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In 1717, Bada succeeded him as a Grand Master of the Cathedral of Granada, and he continued the
building of the Sagrario church. He was also Grand Master of the Cathedral of Malaga, carrying out the
design and building of the facade and towers. Among a number of other Bada’s works, of particular note
are: the passageway that connects the Sagrario church with the Royal Chapel; the tower of the Compafiia
de Jesus church; the retrochoir of the Cathedral of Granada; the camarin of Nuestra Sefiora del Rosario;
the altarpiece of the Basilica Virgen de las Angustias; the convent-hospital of San Juan de Dios in Lucena
and the facade of the hospital of San Juan de Dios in Martos. However, Bada’s most significant work —
which he completed entirely — was the Basilica de San Juan de Dios in Granada, along with the

expansion and refurbishment of the adjacent hospital.

7.3. Architectonics characteristics

The dome was built according to the guidelines exposed in the treatise Arte y Uso de Arquitectura [Art
and use of Architecture] from Fray Lorenzo de San Nicolas (1639, 1665). This work became a guide and
a key reference in the religious architecture of the 17" century both in Spain and in the New World, since
“encamonada domes” were more economical and structurally efficient than the previous vaulting

techniques.

G

Figure 65 Basilica plan and facade orientation.
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San Juan de Dios is a basilica of a single nave with a Latin cross plan, inscribed in a rectangle, which
tends to centralization (Greek cross plan) due to the similarity in the proportions of its arms, with the
main nave being longer due to the choir. A space that initially seems static with a traditional cruciform
plan transforms into dynamic by breaking it and penetrating it with the chapels, located on both sides of
the nave, and the lateral dependencies of the main altar, which together with the choir, the arms of the
transept and the grandstands create a characteristic interior space. The facade appears deviated from the
axis of the main nave to adapt to the layout of the street. The axis breaks in the cancel’, hiding this flaw,

as seen in Figure 65.

A stone barrel vault covers the longitudinal nave with the choir at its feet and the main altarpiece at
the head. The arms of the transept also topped by a barrel vault and finished with a straight wall. The
main nave and transept intersect in the crossing that is covered by a large hemisphere on a drum where
a union of space, light and colour, form to a beautifully assembled whole. Light comes from the upper
part and it is sifted by the stained glass, sliding along the curved surface of the dome, resulting in a

pictorial impression that contrasts with the bombastic ornamentation used by Bada.

There are certain elements that have classical forms that could be found in the Renaissance including:
a plan with a centralized tendency; hemispheric dome; barrel vaults; semi-circular main arches;
pendentives... But they coexist with others elements that are characteristically Baroque, such as:
chamfering of the pillars; the quarter-sphere finish of the longitudinal nave; the mullions in the tribune,
apparently held in the air and finished with a plaster rosette; lateral chapels that serve as a basis for two

lateral curves of the choir...

Over the crossing rises a slender hemispherical dome, enhanced by the drum and lantern. The drum
is supported by the toral arches’. In 1738, during the works of the Sagrario church, one of the crossing
piers fractured, which prompted Bada to duplicate the main arches under the dome in San Juan de Dios,

therefore, they present two parallel arches (Figure 66).

Four large piers support the entire scheme. The transition between the square floor delineated by the
four piers, and the circular shape of the rings of the drum of the dome, is achieved through the four
massive cut-stone pendentives. The perfect assembly of the pendentive with the pier, along with its

adaptation to the shape of the pier and the main arches contributes to the overall stability of the building.

On the outside of the dome, a polygonal drum can be observed (Figure 83), while a rounded shape
with eight openings can be found in the interior. The extrados of the dome offers a counter-curved shape,

and a protective coating of green and white roof tiles. The lantern and towers are topped with spires.

2Cancel: architectonic element present in the Spanish churches; It is a wooden framework (screen), with three parts, located
behind main entrance of church as a separator and protector element.
3 Toral arch: Each of the four arches that support a dome. It can also be the main arches of a vault.
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Figure 66 Inside of the church under the transept. The main arches are doubled.

7.4. Analysis of references and data collection

In order to analyse the San Juan de Dios dome, the constructive system of reference at that time has
been taken into account. As said in previous sections, this system is called the “encamonada dome”, and it

is firstly described in Fray Lorenzo’s treatise (De San Nicolas, 1639, 1665).

An analysis of similar domes has been undertaken, especially those that have been uncovered due to

refurbishments:
- Magdalena Church in Seville.
- San Juan de la Penitencia in Alcala de Henares.
- Real Concepcién de Calatrava.
- Piedad chapel in Hermandad del Baratillo, Seville.

Finally, an on-site survey and a measurement campaign have been conducted, to check the materials
used and to contrast the measures taken with the laser distant meter. The measures were taken from

both, interior and the exterior of the dome.
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7.4.1. Fray Lorenzo’s influence

The constructive hypothesis for the dome is that it was designed and built as a timber dome or
“encamonada dome” in accord with the directions of Fray Lorenzo de San Nicolas. This typology refers to
the arc shaped timber structure over the rafters, which gives the dome its final outer shape. The influence
of Fray Lorenzo de San Nicolas is a constant in José de Bada’s work (Isla, 1977), as revealed in the
manuscripts of the architect addressed to the Council of the Cathedral of Granada while he was directing,
simultaneously, the works of San Juan de Dios and the works of the Sagrario church. In these
manuscripts, to ensure stability, he recommended that the domes had to be built with bricks under a

timber structure to support the spires.

Fray Lorenzo’s treatise (1639, 1665), compiles with detail a constructive practice existing in the Crown
of Aragon since the 14™ and 15" centuries (Soler-Verdd & Soler-Estrela, 2015). It soon became a
reference and guide for the religious architecture of the 17" century (Huerta, 2004), both in Spain and
the New World.

Fray Lorenzo proposed to build hybrid domes with a timber structure on the outside and a brick
dome within, as an alternative to the stone domes. He argued that his proposal had the following

advantages:

- It was a faster and less costly way of building (the cost of a stone dome was four times that of a

timber dome) (Hurtado, 2013).
- Lightness; better behaviour of brick dome against seismic movements.

- Lack of stone in the area; bad prevailing practices in the use of stone (the blocks must mature for
two years from their extraction until their implementation, a recommendation that was never

followed).
- Easier repair of brick masonry compared to stone ones.

In the treatise (De San Nicolas, 1639, 1665), Fray Lorenzo describes in full detail the way to build a
timber dome and sets out rules for the proportions that “architects must follow in order to make them
stable and beautiful”. Fray Lorenzo describes thoroughly two structurally independent elements: The first
of these was the timber structure with resistance elements arranged radially, which transmits the lantern
weight, the cover material and the effects of the atmospheric elements on the drum. The second element
refers to the interior hemisphere with a double brick layer that outlines the dome from the inside of the

temple, see Figure 67.
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Figure 67 Constructive configuration of the encamondada dome in Fray Lorenzo’s treatise (1639, 1665).

7.4.2.  Analysis of similar domes

Magdalena church in Seville

The origins of the convent date back to 1248, founded by the King Fernando III. The church had
undergone a previous reconstruction due to a fire in the time of Peter I of Castile and an earthquake in
1504. In 1690, a reconstruction begins, but due to the increase in the weight, in 1692 the old churched
collapsed (Roda, 2016).

The dome that there is today in the Magdalena church, was built during the reconstruction works by
the architect Leonardo de Figueroa in the period 1690—1709. It features a dome over a drum with an

interior diameter of 9 meters, and has similar characteristics to the San Juan de Dios dome.

Between 1989 and 1991, the dome was repaired. Francisco Pinto (2005) describes the restoration
works, including graphical documentation of the process. Figure 68 shows the rafters over the vertices

of the octagon and the curved beams or cazones from the cornice to the basement of the lantern.
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Figure 68 Dome of Iglesia de la Magdalena in the San Pablo Convent in Seville. Repairs works in the years 1989-1991 (Pinto, 2005).

The rafters are fastened by octagonal stirrups at the lower and upper part of the rafters. The stirrups
are also secured with metal pieces in their corners, see Figure 69 (right). Over the camones there is a

planking nailed to them, which serves as bracing.

Figure 69 (left) Section of the dome with the constructive system and (right) axonometric view (Pinto, 2005).
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The exterior S-curved profile and the white and blue glazed ceramic roof tiles are typical of the
baroque of the south of the peninsula (Galera, 1992). Due to the steep slope of the roofs and the big

cornice, the exterior contour is slightly flattened.

Francisco Pinto specifies that this church follows Fray Lorenzo de San Nicolas” guidelines, but with
some differences, such as: The curved timber beams ot camones do not meet the timber beams at the
stirrup; the stirrups meet at their ends, so a metallic reinforcement is needed; there are ventilation

openings, Figure 69.

Figure 70 Union of curved rafters or camones (Pinto, 2005).
San Juan de la Penitencia in Alcala de Henares

The dome of the church of San Juan de la Penitencia in Alcald de Henares (Madrid) was built in the
17" (Sanchez, 2015). The dome over the crossing is 7.30 m of inner diameter. It was rebuilt between
2004 and 2000, the renovation work is documented in (Vega, 2007) and (Martin, 2009), see Figure 71 to
73.

Although the dome completely collapsed in 1999, the architects made an in-depth survey to know the
original construction system, and thus be able to reproduce it with the original techniques and crafts.
This study of the original techniques is relevant to this dissertation because the authors confirm that the

dome faithfully follows the guidelines of Fray Lorenzo de San Nicolas.

As discussed in (Vega, 2007), the dome collapsed in 1999, probably due to the contact between the
wooden structure and the brick dome; the masonry was the first to collapsed followed by the collapse of
the wooden roof. The author highlights how the backfilling of the extrados of the dome reaches exactly
one third of the radius as advocated by Fray Lorenzo, underscoring the significant influence that this

treatise had at the time.
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Figure 71 Timber structure and brick dome in San Juan de la Penitencia church (Martin, 2009).

Figure 72 Tile inner dome, with a single layer of brick and with a reinforcement up to one third of the height (Martin, 2009).

Figure 73 (left) Timber structure; (right) camones over the rafters (Vega, 2007).
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The study of the remains led to the conclusion that the original sleepers (crosstie) started off in a very
low position instead of at the level of the third of the height of the dome; this meant an excessive

closeness of the wooden structure to the brick masonry.

Since the dome has a relatively small diameter (compared to the dimensions proposed by Fray
Lorenzo, see Table 1 in section 7.4.3), it was built with only one layer of brick and reinforcements up to
one third of the height (though there are no archaeological traces of reinforcements in the original dome),

see Figure 72. Furthermore, all the weight of the inner brick coat of the lantern rests in the inner dome.

Real Concepcion de Calatrava church in Madrid

Fray Lorenzo de San Nicolas built the Church of the Real de la Concepcién de Calatrava in Madrid,
between 1670 and 1678. It has an impressive dome with a diameter of about 12 metres (similar diameter
to Basilica de San Juan de Dios).

In (Estepa, 2015), a photographic report is included of the interior of the structure and of the
planimetry used during the renovation works in 2003. The restoration process revealed that the metallic

reinforcement was more sophisticated than the one described by Fray Lorenzo (Figure 75).

The Real Concepcion de Calatrava church is a magnificent example of an “encamonada dome”, which
perfectly follows what is dictated in the work of the author of the building, as it can be seen in the 3D of
Figure 76.

Figure 74 Concepcién Real de Calatrava Church. Interior of the structure while restoration works (Estepa, 2015).
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Figure 75 (left) Photograph of the metallic reinforcements in the stirrups; (right) drawing of the reinforcements in the restoration project
of José Miguel Rueda (2003) in (Estepa, 2015).

Figure 76 3D model according to the restoration project of José Miguel Rueda (2003) in (Estepa, 2015).
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Piedad chapel, Hermandad del Baratillo in Seville

In the Piedad chapel, Hermandad del Baratillo in Seville (Spain), which was built in 1724, the

reconstruction works were carried out in 2007. All the process is documented in (Granero, 2009).

The drum is octagonal, and the dome diameter (4.60 m) is quite small compared to the dimensions
proposed by Fray Lorenzo (see Table 1 in section 7.4.3). The typology is the “encamonada dome” as

described in Fray Lorenzo de San Nicolas” treatise, however it lacks the lantern.

The reconstruction project by Francisco Granero Martin had to renew the entire exterior, due to

moisture that had rotten some of the timber, see Figure 77.

Even at a little scale, it is easy to appreciate all the elements of an “encamonada dome” like rafters,
camones, planking and tile covering. The stirrups were replaced and reinforced with metallic bars. All the
timber was treated against xylophages. The planking was renewed and with external waterproofing, see

Figure 78.

Figure 77 Original condition of the timber structure (Granero, 2009).

Figure 78 Structure and finishing after the restoration work (Granero, 2009).
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7.4.3.  Visual inspection and measurements

The geometric and constructive modelling of San Juan de Dios dome has been developed from
visual inspection of the different elements (see Figure 79), and measurements made with metric tape
and laser meter. A first campaign of measurements is described in (Gallego F. , 2017) and (Suarez,
Bravo, & Gonzalez, 2019), those results were taken as a foundation to perform a new campaign of
measures with a laser distance meter (Leica $910). The new measurements have allowed the generation

of a 3D model with CAD software, which is shown in Figure 82.

Table 1 General dimensions of the dome. Comparative table.

DIMENSIONS Proposed by FLSN Obtained in San Juan de Dios DIF.
Feet Meters Meters
Min. Max. Min. Max.
Inner diameter (d) 30 40 8.34 11.12 Inner diameter 11.71 5.3%
Octagon-wall thickness (1/10)d 3 4 0.83 1.112 Drum wall thickness 1.73 55.6%
Octagon-wall exterior diameter 36 48 10.00  13.34 Drum exterior diameter 16.17 21.2%
Octagon-wall height 20 5.56 Drum height 6.7 20.5%
Higher octagon-wall inner diameter (1/4)d 7.5 10 2.08 2.78 Lantern inner diameter 3.9 40.3%
Higher octagon-wall exterior diameter (1/3)d 12 13 3.34 3.61 Lantern extetior diameter 5.2 43.9%

Table 1 compares the measurements obtained by inspection in situ, with those proposed in the treatise
of Fray Lorenzo, having taken as equivalence, 1 foot = 0.278 m (Garza, 2012). While the inner diameter
of the dome is similar to the maximum value proposed by Fray Lorenzo, the rest of the dimensions are
between 20 and 50% larger than the maximum. Indeed, as is indicated in Table 1, for a dome of inner
diameter 40 feet (11.12 m), Fray Lorenzo suggested a thickness of drum wall equal to 4 feet (1.112 m),
and a thickness of the lantern drum of 0.42 m, both elements constructed of brick. In the dome of San
Juan de Dios, the thickness of the drum wall is 1.73 m (55.6% larger), and the thickness of the lantern
drum is 0.65 m, (55.9% larger). The greater thickness of both drum wall and lantern wall shows a
conservative tendency in the design, possibly because of the collapse of the pillar under the cupola of the
Sagrario Church, which could have led José de Bada to increase the thickness of the structure and to

double the main arches under the dome.

7.5. Constructive system

Considering the data from precedent sections, Figure 80 shows the proposal for plan, elevation and
section of the dome with indications for the main structural elements. In this figure, there is also two
details for different hypothesis of the constructive system of the lantern. It was not allowed to do any
test boring, but the structural analysis of the following chapters, will clarify which one is more likely to

be, due to their structural efficiency.
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Figure 79 On-site check-up and measurement of the different elements in the dome.

Detail hypothesis 1: the tile dome supports the inner brick lantern.
Detail hypothesis 2: the timber structure supports the inner brick lantern.

Thanks to the kind help of the Orden Hospitalaria de San Juan de Dios; there could be a direct
inspection of the interior and exterior of the dome. This allowed a careful inspection and precise
measurement that could be contrasted with the ones obtained from the laser distant meter, as mentioned

in section 7.4.3.

The results of all those inspections and measurements are reflected in the constructive model of the
dome (Figure 80), where the main structural elements are:

- At cupola of a single brick layer, of 3 cm in thickness.

- B:inside brick coating supported by the tile dome.

- B*:inside brick coating supported by the timber structure.
- C: octagonal timber ring, as base of the lantern.

- D: Inner dome with double brick layer, of 8 cm in thickness in total. The dome is built with brick
of 3 cm in thickness; the bricks were laid in sailor position (with the bed visible). The speed of
setting of this binder, along with the low weight of the bricks makes it possible to build them 7
the air (without falsework) (Trufio, 2004). The dome is bearing its own weight (= 1.2 kN/m?). The
density considered is 17.652 kN/m’ (1800 kg/m’), see (Sudrez, Bravo, & Gonzilez, 2019),
(Suarez, Boothby, & Gonzalez, 2020) and (Ministerio de la Vivienda , 1988 (revised)).
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E: timber curved centring, called camones that gives the S-curved exterior shape.

F: rafters to support the camones, resting on the foot block. Pinewood from Sierra de Segura was
used (Parra y Cote, 1759). A sixteen-sided polygonal drum supports the wooden structure, when
the standard at that time was to use the octagonal polygons (De San Nicolas, 1639, 1665).

G: planking with 3 cm thick wooden boards, nailed on the arches centring, creating a flat surface
for the roof tiles, bracing the camones and providing a monolithic structure. There is a bonding

mortar coat on the planking.

H: white and green glazed ceramic roof tiles, on a mortar layer. In the renovation carried out in
1994, a series of galvanized steel nails of 30 cm length were placed on the roof, holding the roof
tiles to the bonding mortar. In the restoration works of 1913, tiles were added that are still in the
exterior of the drum (Isla, 1977).

I: stirrups to fasten all the beams.
J: foot block of wood, embedded in the drum.

K: Haunch filling. Different hypotheses have been considered for the structural behaviour of

this element.

L: metallic reinforcement in cornetrs.
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Figure 80 Constructive system, floor plan, section and elevation of the dome, with details A and B for different hypothesis of the lantern
support system.
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Figure 81 Floor plan, elevation and section with dimensions.
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Figure 82 3D explosive perspective of the construction system of the dome.
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7.5.1. Exterior cover

An element worthy of special attention is the exterior cover of white and green glazed ceramic roof
tiles that defines the external appearance of the dome (Figure 84). It is a characteristic of Baroque
architecture in southern Spain, unlike the Baroque of the peninsular centre where slate was used as a

tinishing element for the exterior covers, as indicated in Fray Lorenzo’s treatise (Galera, 1992).

The use of slate appeared from the middle of the 16™ centuty, initially in royal buildings of Felipe 1I
(Estepa, 2015); nonetheless in Baroque works in southeastern Spain, the use of glazed tiles forming an

extetior alboaire' was more frequent (Kubler, 1957) y (Gestoso, 1903).

The use of glazed ceramics dates back to ancient Egypt (Carter & Norton, 2007) and (Paz, 2008).
They diffused from East to West in the 1st century BC (Torres, 1939), and it is in the Islamic Andalusian
culture where it reaches its maturity as decorative element. From the 13th to the 15th centuries, the
production centre was in Malaga (Benavent & Magro, 1996); later, with the decline of the kingdom of

Granada, a/fares’ were dispersed to the east of Spain.

Probably there were different reasons why the use of slate as cover material was predominant in the
central area of Spain (following the rules of Fray Lorenzo de San Nicolas regarding the exterior cover),

whereas in the southeast it was the ceramic tile.
- One reason could be the presence of the a/fares in the Southeast at that time.

- A second reason might be the climate. There is a relevant report from Alonso del Castillo de
Monturque (Taylor, 1996) about a master meeting regarding the Tabernacle of the Cathedral of
Granada, where Alonso explains the reasons to use glazed tiles as roof covering, por fallezer (the
structures) esas antigipadamente con el summon calor que se les introduze de la fuerza de el sol como la
experienzia nos lo a manifestado en todas las obras de esta Cin |Because they died (he structures) early with

the extreme heat of the sun’s force, as the experience has sanctioned in all the works of this city].

- A third reason, is that the use of roof tiles as cover material is related to the adaptation of the

building rules from the Council of Trent (Benavent & Magro, 1996).

Figure 83 shows the beautiful drawing in the exterior of the dome, and Figure 84 displays a detail of

the cover tiles from the lantern.

4 Alboaire: Ceramic coloured tiled covering of roofs, vaults and domes, usually with geometrical designs.
5 Alfares: Workshops to manufactures baked clay.
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Figure 83 Dome, towers. The beautiful a/boaire is seen on the cover of the dome.

Figure 84 Tiles in the exterior of San Juan de Dios dome, with the characteristics green and white tiles of the a/boaire..
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Structural analysis with Guastavino’s formulas

The Guastavino’s formulation is explained in section 2.6.2. Furthermore, the application of the
experimental formulas of Guastavino is analysed in (Huerta, 2001) and (Redondo, 2013). In this chapter,
in order to apply the original formulas to the brick dome in the Basilica of San Juan de Dios, it is going
to be considered two cases. Firstly, the case of a full hemisphere. Secondly, the case of a shallow dome

(considering the first third as an embedding). For both cases the thickness will be 8 cm, and a density of
17.652 kN/m’.

8.1. Full hemispherical dome

Area =109.17 m?
Span, S=11.79m

Figure 85 Data from Basilica of San Juan de Dios for the Guastavino formulas. Case of full hemisphere.

In the full hemisphere, the values for the formula are the following:
- §(m): span: 11.79

- r(m): rise: 5.895

- L (kN) load: 26.15

- C (kN/m?) coefficient for compression 14.600 from (Huerta, 2001) (reduced to 10%), giving a final
coefficient of: 1.460

- T (cm) necessary thickness: unknown

Applying the data in formula (4):

L-S 26.15 - 11.79

T = T16-7" 1460 - 16 -5.895

=0.0022 (6)

100



CHAPTER 8. Structural analysis with Guastavino’s formulas

The required thickness from (7) (0.0022 m — 0.22 cm) is much lower than real value (8 c¢cm). This
shows the ability of the shallow timbrel dome to resist the required stresses. However, resistance is not

the determining factor in the design of a dome (Huerta, 2001)

8.2. Shallow dome

Area =97.23 m?
Span, S=11.12m

Figure 86 Data from Basilica of San Juan de Dios for the Guastavino formulas. Case of shallow dome.

Considering the hypothesis that the filling is rigidly cemented, preventing the movement of the
voussoirs. The dome is going to be considered as a shallow dome. The values for the formula are the

following:
- 8§ (m): span: 11.12
- r(m): rise: 3.93
- L (kN) load: 20.49
- C (kN/m?) coefficient for compression (reduced to 10% from the breaking stress): 1460
- T (cm) necessary thickness: unknown
Applying the data in formula (4):

L-S 2049 - 11.12

T =167 1460 - 16 -3.93

=0.0025 (7)

As commented in the previous section, the required thickness from (7) (0.0025 m — 0.25 cm) is much

lower than real value (8 cm).
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Chapter 9
Stability applying the slicing technique

In this work, the stability of the inner brick dome is also analysed by applying the slicing technique
developed by Heyman (1966), (Heyman, 1995, b) and (Heyman, 2015). The suitability of this
methodology to assess the stability of timbrel domes is commented in (Huerta, 2003) and (Redondo,
2013).

To apply the theory of limit analysis, the following assumptions must be assumed in the behaviour of

the masonry:
- The material does not have tensile strength.
- The material can be considered with unlimited compressive strength.
- Sliding between masonry blocks cannot occur.

If this is the case, the safe theorem establishes that the masonry will be stable if it is possible to find a
line of thrust, in equilibrium with the loads, which is included completely within the section of the

masonty.

The geometric safety factor is defined by the ratio between the actual thickness and the minimum
necessary thickness of the masonry to contain the thrust line. There is further information about the

slicing technique and the safety factor in section 2.2.

9.1. Modelling of the dome for the slicing technique

For the present analysis, the dome is divided into fifty spherical spindles (lunes or slices); by checking
the stability of each sector, the stability of the entire dome is guaranteed.

Due to symmetry, only one half of each sector is considered. Each sector is divided into 19 voussoirs;
the weight of the inner brick lantern is added. Figure 87 shows the elevation and plan of the dome, with

the main dimensions and colatitudes.®

6 colatitude (y): angle between the tangent to the meridian and the horizontal.
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Figure 87 Slice and voussoirs to be used in the slice technique, with origin of coordinates at the top vertex.
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The stability of the dome without filling has been analysed, see 3D models in Figure 88(a) and (b), as
well as, the stability of the dome with external filling up to a third of the height, as recommended Fray
Lorenzo's treatise, see 3D models in Figure 88(c), (d) and (e).

Ramos and Le6n (2013) analyse the structural behaviour of the filling of the vaults, according to its
morphological characterization, distinguishing among rigid filling cemented, solid granular filling, loose

granular filling, lightened filling and filling formed by construction rubble.
9.2. Structural cases and filling hypothesis

9.2.1.  Filling hypothesis

This work considers the following three hypotheses to model the structural behaviour of the backfill:

Hypothesis 1: The filling is made of loose granular material; that does not contribute structural
properties and is considered a dead load on the dome. This hypothesis is modelled by adding weights of

the filling volumes into the system of forces, without increasing the section. See Figure 88(c).

Hypothesis 2: The filling is of firm granular material and therefore has a structural function. This
hypothesis is taken by increasing thick-ness of voussoirs located in the lower third of the height. See
Figure 88(d).

Hypothesis 3: The filling is rigidly cemented, preventing the movement of the voussoirs. This
hypothesis has been analysed considering a shallow dome. See Figure 88(e).

9.2.2.  Structural cases and tests performed

All cases, but the complete dome, consider the dome with and without the weight of the lantern.
Therefore, there are nine different structural cases. There have been performed different tests for each
case by considering different positions of the thrust in the keystone and the reaction in the springer. Each

test has graphically determined the line of thrust.

The first test of each case a.1, b.1, c.1... is always with the thrust line in the keystone and the reaction
in the springer, both at the middle point of the section. This gives us a first idea of the case. The second
drawings for cases a; b; ¢; d; e, f and h, are extreme cases, where the start or end points are on the outer
or inner edges of the section. Thus, it is easy to understand if there is any chance to find a possible

solution where the thrust line is inside the masonry.
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Figure 88 Section of dome in the different cases: (a) hemisphere with no filling; (b) without filling and with oculus; (c) filling of loose
granular material, without structural behaviour; (d) filling of firm granular material, with structural function; (e) cemented rigid filling,
acting as an embedment so it is considered as a shallow dome.

In Figure 89, there is a matrix with thumbnails of all the tests performed.

The selected tests (within the dashed squares in the matrix) are for the cases with the thrust line within
the section: dome with lantern and with firm granular filling with structural function (Tests g3, g4) Figure
93 and Figure 94; dome with lantern and with cement rigid filling (Tests 12, 13, i4) in Figure 95 to Figure
97. Additionally, other tests with lines out of the section, but close to it, are displayed: complete
hemisphere (Test a2) in Figure 90 and hemisphere with lantern (Tests ¢2 and e2) Figure 91 and Figure
92.

For further information about the graphical process of finding the thrust line in a masonry arch, review

section 4.4.
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Figure 89 Matrix with the tests performed with different initial and final points of the thrust line. The cases selected to be shown are
highlighted.
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Figure 90 Test a.2: complete brick dome without filling. Thrust line in the keystone at the bottom point of the section and the reaction in

the springer at the exterior point of the section. The thrust line leaves the section.
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Figure 91 Test c.2: dome with lantern and without filling. Thrust line in the keystone at the bottom point of the section and the reaction
in the springer at the exterior point of the section. The thrust line leaves the section.
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Figure 92 Test e.2: dome with lantern and with loose granular filling without structural behaviour. Thrust line in the keystone at the top
point of the section and the reaction in the springer at the exterior point of the section. The thrust line leaves the section, but the thrust
line is not far from the section.

109



CHAPTER 9. Stability applying the slicing technique
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Figure 93 Test g.3: dome with lantern and with firm granular filling with structural function. Thrust line in the keystone in the middle
point of the section and the reaction in the springer at 11/13 outside the impost.
The thrust line is within the section with a safety factor of 1.09.
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Figure 94 Test g.4: dome with lantern and with firm granular filling with structural function. Thrust line in the keystone in the middle
point of the section and the reaction in the springer at 8/10 outside the impost.
The thrust line is within the section with a safety factor of 1.28.
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Figure 95 Test i.2: dome with lantern and with cement rigid filling; a shallow dome. Thrust line at the keystone at the middle point of
the section and the reaction in the springer at 3/4 outside the impost. The thrust line is within the section with a safety factor of 1.21.
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Figure 96 Test i.3: dome with lantern and with cement rigid filling; a shallow dome. Thrust line at the keystone at 1/4 top point of the
section and the reaction in the springer at 3/4 outside the impost. The thrust line is within the section with a safety factor of 1.34.
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Figure 97 Test i.4: dome with lantern and with cement rigid filling; a shallow dome. Thrust line at the keystone at 3/7 top point of the
section and the reaction in the springer at 5/7 outside the impost. The thrust line is within the section with a safety factor of 1.44.
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9.23.  Results of the slicing technique

Only for some cases in hypotheses 2 and 3, and considering the weight of the inner brick coating

lantern, have resulted a geometry of the thrust line in equilibrium with the loads, and which is included

inside the section of the dome masonry.

The cases with the thrust line within the section of the dome masonry and their safety factor are the

following:

Test g.3: dome with lantern and with firm granular filling with structural function; Thrust line in
the keystone in the middle point of the section and the reaction in the springer at 11/13 outside

the impost. Safety factor of 1.09.

Test g.4: dome with lantern and with firm granular filling with structural function; Thrust line in
the keystone in the middle point of the section and the reaction in the springer at 8/10 outside
the impost. Safety factor of 1.28.

Test i.2: dome with lantern and with firm cement rigid filling. Thrust line at the keystone at 1/2
top point of the section and the reaction in the springer at 3/4 outside the impost. Safety factor
of 1.21.

Test 1.3: dome with lantern and with firm cement rigid filling. Thrust line at the keystone at 1/4
top point of the section and the reaction in the springer at 3/4 outside the impost. Safety factor
of 1.34.

Test i.4: dome with lantern and with firm cement rigid filling. Thrust line at the keystone at 3/7

top point of the section and the reaction in the springer at 5/7 outside the impost. Safety factor
of 1.44.

All the safety factors are relatively low, far away from the safety factor of 2 recommended by Heyman
(1995, b).

Table 2 shows a summary of the thrust and reaction forces, the angle of the reaction and the safety

factor.

Table 2 Slicing technique, data summary of results for the selected cases.

TESTS THRUST AND REACTION ANGLE OF REACTION SAFETY FACTOR *
(from vertical)
E=H (kN) R (kN) Degrees Dimensionless
.3 1.98 14.55 7.83° 1.09
o4 1.95 14.54 7.73° 1.28
i.2 1.96 4.82 23.98° 1.21
i3 1.97 4.82 24.11° 1.34
i4 1.96 4.82 23.98° 1.44

* ratio between the actual thickness and the minimum necessary thickness of the masonry to contain the thrust line. See 2.7.2
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Application of the new graphical methodology

10.1. Tests performed

Tests have been carried out applying the new graphic methodology presented in Chapter 6, to
determine the values of internal forces in equilibrium in the brick masonry dome that was described in

section 6.1.

Firstly, the methodology is laid out by dividing the hemisphere in 160 sectors, with the aim of
enhancing the graphic constructions, (Test 1 to Test 10). Afterwards, a model with 640 sectors has been
tested, in order to compare the results obtained with those produced by the application of the membrane

analysis, (Test 11 to Test 13).

Test 1 analyses a complete hemisphere, considering a vertical support reaction, while in Test 2 it is
considered that the reaction is slightly tilted (3°). Tests 7 and 8 address the hemisphere with oculus and

the hemisphere with lantern.

Test 3 to Test 6 show the application of the methodology in an inverse way. Enforcing variations in

the values of the maximum tensions, new internal forces solutions in equilibrium are calculated,

determining the necessary variations in the values of the angles (5ai).

Tests have also been carried out considering the presence of a filling up on the extrados of the dome,
until one third of the height, and considering three hypotheses about its structural behaviour (tests 9.1,
9.2a, 9.2b, 9.3): no structural function; structural filling with staggered shape; structural filling with soft

curved shape; cement rigid filling (shallow dome).

Finally, Tests 11, 12 and 13, show the test on the complete hemisphere, with oculus and with lantern.

They all consider vertical reaction, and the discretisation of 640 sectors.
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The list of tests presented in this work is the following:

1) Hemispherical dome considering vertical reaction, with 160 sectors. (Figure 98).
2)  Hemispherical dome considering tilted reaction, with 160 sectors. (Figure 99).

3)  Hemispherical dome considering vertical reaction and 5% reduction in maximum tension
forces (Fei, Frz...) absorbed by second tension forces (Fir, Fa...), with 160 sectors.
(Figure 100).

4)  Hemispherical dome considering vertical reaction and 5% reduction in maximum tension
forces (Fri, Frz...) absorbed by third tension forces (Fir, Faz...), with 160 sectors. (Figure 101).

5)  Hemispherical dome considering vertical reaction and 5% reduction in maximum tension
tforces (Fri, Frz...) absorbed by fourth tension forces (Fir, Faz...), with 160 sectors.
(Figure 102).

6) Hemispherical dome considering vertical reaction and 15% reduction in maximum tension
160 sectors. (Figure 103).

7)  Hemispherical dome with oculus considering vertical reaction, with 128 sectors. (Figure 104).

8)  Hemispherical dome with lantern considering vertical reaction, with 128 sectors. (Figure 105).

9.1) Hemispherical dome with lantern and filling on the extrados up to one third of the height, with
128 sectors. Hypothesis 1: no structural filling; considering vertical reaction. (Figure 1006).

9.2a) Hemispherical dome with lantern and filling on the extrados up to one third of the height,
with 128 sectors. Hypothesis 2: structural filling. Stagger shape filling, considering tilted reaction
(0°, 3°, 6°). (Figure 107).

9.2b) Hemispherical dome with lantern and filling on the extrados up to one third of the height,
with 128 sectors. Hypothesis 2: structural filling. Soft curved filling, considering tilted reaction
(0°, 3%, 6°). (Figure 108).

9.3) Hemispherical dome with lantern and filling on the extrados up to one third of the height, with
96 sectors Hypothesis 3: cemented rigid filling; considering tilted reaction (Figure 109).

10) Hemispherical dome with lantern and filling on the extrados, without tension forces, with 128
sectors. (Figure 110)

11) Hemispherical dome considering vertical reaction, with 640 sectors. (Figure 111).
12) Hemispherical dome with oculus considering vertical reaction, with 512 sectors. (Figure 112).

13) Hemispherical dome with lantern considering vertical reaction, with 512 sectors. (Figure 113).
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CHAPTER 10. Application of the new graphical methodology

In all the figures (Figure 98 to Figure 110 and Figure 111 to Figure 113), the content is as follows:

Figures (a): system of forces (weights plus increments) and the closed antifunicular polygon,

coincident with the dome geometry.

Figures (b): force polygon, where vector increments are determined so the simplified model fits to an

antifunicular polygon of the system of forces.

Figures (c): plan of the simplified model; the hoop forces, of tension and compression, obtained in

figures (d) are also represented.

Figures (d): dual figure of the plan of the simplified model; the values of the hoop forces (radial

vectors) are defined from the calculated values of increments; and conversely, from any value of hoop

forces, the angles au are determined.

See Figure 54 for a three-dimensional analysis.
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Figure 98 Test 1: hemispherical dome considering vertical reaction.
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Figure 99 Test 2: hemispherical dome considering tilted reaction.
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Figure 100 Test 3: hemispherical dome considering vertical reaction and 5% reduction in maximum tension forces absorbed by the
second tension forces.
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Figure 101 Test 4: hemispherical dome considering vertical reaction and 5% reduction in maximum tension forces absorbed by the third
tension forces.
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Figure 102 Test 5: hemispherical dome considering vertical reaction and 5% reduction in maximum tension forces absorbed by the
fourth tension forces.
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Figure 103 Test 6: hemispherical dome considering vertical reaction and 15% reduction in maximum tension forces absorbed by all the

other tension forces.

124



CHAPTER 10. Application of the new graphical methodology

Figure 104 Test 7: hemispherical dome with oculus considering vertical reaction.
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Figure 105 Test 8: hemispherical dome with lantern considering vertical reaction.
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Figure 106 Test 9.1: hemispherical dome with lantern and filling on the extrados up to one third of the height.
Hypothesis 1: no structural filling; considering vertical reaction.
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Figure 107 Test 9.2a: hemispherical dome with lantern and filling on the extrados up to one third of the height.
Hypothesis 2: structural filling. Stagger shape filling, considering tilted reaction (0°, 3°, 6°).
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Figure 108 Test 9.2b: hemispherical dome with lantern and filling on the extrados up to one third of the height.
Hypothesis 2: structural filling. Soft curved filling, considering tilted reaction (0°, 3°, 6°).
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Figure 109 Test 9.3: hemispherical dome with lantern and filling on the extrados up to one third of the height.
Hypothesis 3: cemented rigid filling; considering tilted reaction.
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Figure 110 Test 10: hemispherical dome with lantern and filling on the extrados, without tension forces.
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Figure 111 Test 11: hemispherical dome considering vertical reaction, with 640 sectors.
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Figure 112 Test 12: hemispherical dome with oculus considering vertical reaction, with 512 sectors.
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| D A= e

Figure 113 Test 13: hemispherical dome with lantern considering vertical reaction, with 512 sectors.
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10.2. Results

10.2.1. Values obtained

The values of internal forces and stresses, from measures in either the dual figure or the force polygon,
are set out in Table 3 (for meridian forces) and Table 4 (for parallel forces). Values for 160 and 640

sectors are included and for different values of colatitude’ of the dome.

Multiple tension solutions in the dome are presented, whose equilibrium is guaranteed by the

corresponding graphic constructions.
Some of the most significant values are:

- maximum value of compression forces: 42.65 kNN (Test 10, hemisphere with lantern and

structural backfilling without tension stresses, 128 sectors; ¢=90°. Figure 110(b), force polygon).

- maximum value of compression stress: 1.87 N/mm?* (Test 13, hemisphere with lantern, 512

sectors; =19.32°. Figure 113(d), dual figure, application surface: 0.0064 m?).

- maximum value of tension forces: 13.07 kN (Test 9.2.a, hemisphere with lantern and stagger

shape filling for a reaction angle=0° 128 sectors; ¢=90°. Figure 107(d), dual figure, Fr1, Fro, ...).

- maximum value of tension stress: 0.11 N/mm? (Test 9.1, hemisphere with lantern and filling

non-structural; 128 sector; @=90°. Figure 106(d), dual figure, Fgi, Fr, ..., application surface:
0.0801 m?).

10.22. Stresses in masonty

The values of strength of brick masonry have been examined in several authors.

As it is presented in (Huerta, 2003), Guastavino made systematic tests on timbrel specimens in 1887.
He tried to obtain ultimate stress values for compression, tension, shear and bending. These values could
then be used to verify the safety of his structures by comparing the working stresses with the material

failure stress. The results of the tests were the following:
- comptession strength: 14.60 N/mm®.
- tension strength: 2 N/mm’.
- shear strength: 0.9 N/mm”.

Lourencgo (1998) reflects that Van der Pluijm (1992) used tensile strength values of the masonry unit

ranging from 1.5 to 3.5 N/mm”’.

7 colatitude (y): angle between the tangent to the meridian and the horizontal.
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Therefore, considering the usual values of brick masonry strength proposed by different authors, the

values obtained in this work (Table 3 and Table 4) are acceptable for the material.

As said in section 6.2.6, Test 3 to Test 6 (Figure 100 to Figure 103) show how enforcing variations in

the value of the maximum tension (8Fgi, 8Fi1...), generates new solutions of the internal forces. These
solutions determine some variations in the angles (5a) to be in equilibrium. Figure 100(a) to Figure 103(a)

(detail), show that the necessary variations of angle values (o) involve very littles changes, relative to

dome thickness, of the meridional section of the simplified model.

Table 3 shows the values of meridian forces and stresses for different values of colatitude on the
dome, obtained from measures in the dual figure and the force polygon. It includes the values for the

discretisations of 160 and 640 sectors. All the forces are compressive.

Table 4 shows the values of parallel forces and stresses for different values of colatitude on the dome,
obtained from measures in the dual figure and the force polygon. It includes the values for the
discretisations of 160 and 640 sectors. Positive values are for compressive forces, negative values (in red)

are for tensile forces.
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Table 3 Values of meridian forces and stresses for different values of colatitude on the dome, obtained from measures in the dual figure
and the force polygon.

MERIDAN STRESSES

1 2 3 4 5 6 7 8 9.1 9.2a. 9.2b 9.3 10 11 12 13
TEST vertical tted vertical  vertical r“;’:;:‘n r:’:;i Filling with no Hypothesis 2: structural filling. Stagger ~ Hypothesis 2 structural fillng. Soft ~ Hypothesis 3: lantern and —
reaction reaciont  "éaction 5% reaction 5% o 5o, Withoculus with lantem  structural  shape filing, considering tited reaction  curved filing, considering tited cemented rigid  structural filing non- Z - with oculus - with lantem
reduction  reduction Pl o function (0°,3°,69), reaction (0°, 3°, 6°) filing tension stresses
0° 3° 0° 0° 0° 0° 0° 0° 0° 0° 3° 6° 0° 3° &° 19.18° 8,8° 0° 0° 0°
0 () VALUES DISCRETISATION: 160 SECTOR DISCRETISATION: 640
kN 0,3587
e N/mm? 0,0460
L9 kN 0,789
i N/mm? 0,0506
kN 1,007
7 N/mm? 0,0514
kN 1,4410 14410 14410 14410 14410 14410 1,6096
9658 \mm?  ooass  oosms  ooass  00ies  00iGs  00dcs QD
kN 2,018
12,0729 ,
N/mm’ 0,0521
kN 2,4294
14,4875 ,
N/mm’ 0,0524
16,9021 N 2809
| N/mm? 0,0528
kN 32822 32822 32822 32822 32822 32822 5,0320 5,0320 50320 50320 50320 50320 50320 50320 5,0320 5,0320 3,2785 5,0739
193167 N/mm? 0053 00536 00536 00536 00536 00536 0,0821 0,0821 00821 00821 00821 00821 00821 00821 0,0821 0,0821 0,0535 00828
kN 36095 06477 59786
21.3469 Nimm? 0,0535 0,009 0,0887
kN 39632 12452 61372
233771 N2 0,0539 0,0169 0,0835
2 K 4319 18054 63307
BATB e 00544 00227 00797
kN 46511 46528 46528 46528 46511 46528 23234 65130 65130 65130 65130 65130 65130 65130 65130 6,5130 6,5130 46790 23373 65521
27,4375 N/mm? 0,0545 0,0545 0,0545 0,0545 0,0545  0,0545 0,0272 0,0764 0,0763 0,0763 0,0763 0,0763 0,0763 0,0763 0,0763 0,0763 0,0763 0,0548 0,0274 0,0768
kN 50417 28478 67966
29,4677 Nimm? 0,0553 0,0313 0,0746
kN 54080 33417  7,0607
P 00559 00345 00730
kN 57780 38231 73418
33,5281 N/mm? 0,0565 0,0374 0,0718
kN 6,1331 6,1331 6,1331 6,1331 6,1331 6,1331 4,2816 7,6141 7,6141 7,6141 7,6141 7,6141 7,6141 7,6141 7,6141 7,6141 7,6141 6,1523 4,2950 7,6379
3995 \mm? 0059 00569 0059 00563 00569 0059 00398 00707 0,0707 00707 00707 00707 00707 00707  0,0707 00707 0,0707 00571 00399 00709
K 65309 47598 7,946
I 00578 00421  0,0704
kN 69143 52197 82698
P 00585 00442 0,0700
kN 73029 56764 86038
41,6490 N/mm? 0,0593 0,0461 0,0699
R kN 7,6835 76835  7,6835  7,6835  7,6835  7,6835 61207 89335 89335 89335 89335 89335 89335 89335 89335 89335 8,9901 7,698 61313 89490
367192 N/mm? 0,0601 0,0601 0,0601 0,0601 0,0601  0,0601 0,0479 0,0698 0,0698 0,0698 0,0698 0,0698 0,0698 0,0698 0,0698 0,0698 0,0703 0,0602 0,0479 0,0700
kN 80965 65858  9,3050
45,709 N/mm? 0,0611 0,0497 0,0702
kN 85024 7,009 96715
ames e 00620 00514 00706
kN 89149 7,977 10,0484
49,7698 Nimm? 0,0631 0,0530 0,0711
kN 92721 92721 92721 92721 92721 92721 79042 10,3662 103662 10,3662 10,3662 103662 103662 10,3662 10,3662 10,3662 10,7125 93211 7,9459 10,4210
51,8000 N/mm? 0,0637 0,0637 0,0637 0,0637 0,637  0,0637 0,0543 0,0712 0,0712 0,0712 0,0712 0,0712 0,0712 0,0712 0,0712 0,0712 0,0654 0,0640 0,0546. 0,0716
kN 9,8269 8,4914 10,8953
54,1411 N2 00655 00566 00726
kN 103303 90317 11,3691
s64822 N/mm? 0,0669 0,0585 0,0736
kN 108450 95792 11,8575
58,8233 N/mm? 0,0684 0,0605 0,0748
kN 11,3645 11,3645 11,3645 11,3645 11,3000 11,3000 10,1287 12,3530 12,3530 12,3530 12,3530 12,3530 12,3530 12,3530 12,3530 12,3530 13,3220 11,3717 10,1351 12,3608
61,1644 N/mm? 0,0700 0,0700 0,0700 0,0700 0,0697  0,0697 0,0624 0,0762 0,0761 0,0761 0,0761 0,0761 0,0761 0,0761 0,0761 0,0761 0,0691 0,0701 0,0625 0,0762
kN 11,9113 10,7007 12,8797
63,5055 Nimm? 0,0719 0,0646 0,0777
kN 12,4648 11,2771 134148
65,8466 Nimm? 0,0738 0,0667 0,0794
kN 13,0330 11,8655 13,9669
68,1877 Nimm2 0,0758 0,0690 0,0812
kN 13,6034 136034 136034 13,5502 135502 13,5163 12,4547 145220 145222 14,8047 148047 148047 14,7409 14,7409 14,7409 14,5220 17,3288 136146 124649 14,5342
705288 N/mm? 00779 00779 00779 00777 00777 00774 00713 00832 0,0832 00848 00848 00848 00844 00844 00844 0,0832 0,0643 00780 00714 00832
KN 14,2425 13,1085 15,1496
729621 N/mm? 0,0804 0,0740 0,0856
kN 148877 13,7670 157841
75,3966 Nimm? 0,0831 0,0768 0,0881
S kN 15,5542 14,4447 16,4417
77.8302 Nimm? 0,0859 0,0798 0,0908
kN 162426 162426 162426 162204 162204 161792 151422 17,1229 21,2928 21,5698 21,5698 21,5698 20,8334 20,8334 208334 26,0029 162437 151431 17,1240
80,2644 N/mm? 0,080 0,0890 0,0890 0,0889 00889  0,0886 0,0830 0,0938 0,1167 0,0521 0,0521 0,0521 0,0386 0,0386 0,0386 0,0500 0,0890 0,0830 0,0938
kN 169580 158644 17,8328
82,6983 Nimm? 0,0923 0,0864 0,0971
kN 17,6993 166105 185702
85,1322 N/mm? 0,0959 0,0900 0,1006
kN 184697 17,3838 19,3382
87,5661 Nimm? 0,0998 0,0940 0,1045
kN 19,2717 19,2981 19,2717 19,2717 192717 192717 18,1868 20,1394 28,7280 345329 34,5803 347231 315615 31,6048 31,7354 42,6538 19,2716 18,1867 20,1394
90.0000 N/mm? 0,041 01042 01041 01041 01041 0,041 00982 0,087 0,1551 00457 00457 00459 00479 00479  0,0481 0,0454 01041 00982 01087
kN 1,0100 18098  3,6296 16541 33172 4,725 6,5314
Rh N/mm? 0,0055 0,0024 0,0048 0,0025 0,0050 0,0273 0,0070
kN 192717 192716 192717 192717 192717 192717 18,1868 20,1394 28,7280 345329 345329 345320 315615 315615 315615 13,7156 42,1507 192716 18,1867 20,1394
Rv N/mm? 0,1041 0,1041 0,1041 0,1041 0,1041 0,1041 0,0982 0,1087 0,1551 0,0457 0,0457 0,0457 0,0479 0,0479 0,0479 0,0786 0,0449 0,1041 0,0982 0,1087

137



CHAPTER 10. Application of the new graphical methodology

Table 4 Values of parallel forces and stresses for different values of colatitude on the dome, obtained from measures in the dual figure
and the force polygon.

PARALLEL STRESSES

1 2 3 4 5 6 7 8 9.1 9.2a. 9.2.b 9.3 10 11 12 13
vertical e vertical  vertical vertical ;Z’;‘;‘:r" Filling with no_Hypothesis 2: structural fillng. Stagger ~ Hypothesis 2: structural fillng. Soft  Hypothesis 3: ﬂ:j’c‘ij;;“ “fﬂ —
TEST reocton  reciony  feaction 5% reaction 5% reaction 5%  "*5¢,%"  with oculus with lantem  structural  shape filing, considering tted reaction  curved filing, considering tited  cementedrigid 773 B9 ¥OTEE  withoculus  with lanter
reduction  reduction reduction 1% function (0,69, reaction (0°, 3° 6° filing P
3 > 3 3 3 &3 3 o 3 3 > & o > & 1e.18 3 B - -
0 VALUES DISCRETISATION: 160 SECTOR DISCRETISATION: 640
kN 0,9184
2,4146
N/imm® 0,0462
kN 1,0977
4,8292
N/mm? 0,0552
70437 kN 1,0360
T N/mm® 00521
o KN 36262 36262 36262 36262 36260 36262 10134
9,65
Nimm? 00456 00456 0045 00456 00456 00456 0,0510
kN 0,9919
12,0729
N/mm® 0,0499
kN 0,9675
14,4875 5
N/mm’ 0,0487
KN 09392
16,9021
N/mm® 00473
KN 43120 43129 43129 43129 43129 43129 118861 118861 118861 118861 118861 118861 11,8861 11,8861 11,8861 11,8861 0,9649 12,0024
19,3167
N/mm® 00543 00543 00543 00543 00543 00543 18572 18572 18572 18572 18572 18572 18572 18572 18572 18572 0,0486 18754
213469 kN 0,6788. 1,5446 2,2551
o N/mm® 0,0406 0,0924 0,1349
i kN 0,7052 13815 0,1643
3771
N/mm® 00422 0,0827 0,0098
254073 kN 0,6740 1,2480 0,2149
- N/mm? 0,0403 0,0747 0,0129
KN 26074 26074 26074 26074 26074 26074 52684 28823 2,8823 28823 28823 28823 28823 28823 28823 28823 2,8823 0,6402 1,1346 0,2448
274375
N/mm® 0039 0030  003% 0039 00350  003% 00789 00431 0,0431 00431 00431 00431 00431 00431 00431 0,0431 0,0431 0,0383 0,0679 00146
kN 0,6038 1,0351 0,2588
29,4677
Nimm’ 5
114970 kN 0,5648 0,9452 0,2605.
- N/mm® 0,0338 0,056 0,0156
281 kN 0,5232 0,8620 0,2521
B N/mm® 00313 00516 00151
kN 21911 21911 2,911 21911 21911 20911 36239 10450 1,0450 10450 1,040 10450 10450 10450 1,040 1,0450 1,0450 0,47%0 0,7835 0,2355
35,5583
N/mm® 00328 00328 00328 00328 00328 00328 0053 00156 00156 0015 00156 00156 0015 00156 00156 0,0156 0,0156 0,0287 0,0469 00141
kN 0,4322 0,7080 0,2117
37,5885
N/mm® 0,0259 0,0424. 00127
kN 0,3829 0,6344 0,1818
39,6187 N
N/mm 0,0229 0,0380 0,0109
kN 03311 05619 0,1465
41,6490 ,
N/mm 0,0198 0,033 0,0088
kN 14360 14360 14360 14360 14360 14360 23986 06661 0,661 0661 06661 06661 06661 06661 06661 06661 08670 0,2767 0,4899 0,1062
43,6792
N/mm® 00215 00215 00215 00215 00215 00215 00359 00100 00100 00100 00100 00100 00100 00100 00100 0,0100 0,0130 0,0166 0,0293 0,0064
KN 0,2198 04177 0,0615
45,7094
N/mm? 00132 0,0250 0,0037
kN 0,1604 0,3451 0,0127
47,7396 2
oy A nnas anns Annns
T Nimm® o 00871 00548 00828 00828 00828 00741 00812 00918 0,1142 00400 00258  00L5 00406 00249 00092 0,0000 0,0997 0,0938 0,104
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Chapter 11

The shell as 2a membrane

Following (Heyman, 1977), (Fligge, 1960) and (Saliger, 1932), this section provides a summary of the

membrane analysis formulation.

A shell is a structure which can be idealized mathematically as a curved surface. Thus, the thickness

of the shell is small compared with the leading dimensions of the shell.

Such a curved surface, when acted upon by external loads (or by its own weight), might be imagined
as resisting the action of those loads both by bending of the surface and by thrust (or tensions) acting on
the surface; this section is concerned entirely with membrane forces, acting in the surface. It is assumed

that effects due to bending are negligible.

Thus, imagining an infinitesimal cut through the thickness of the shell, the faces of the cut will be
subjected to a normal stress resultant (force per unit length) and a shearing stress resultant, the values of

which can be related in the usual way.

11.1. Shells of revolution

The dome is a surface of revolution with a vertical axis, consequently, the vertical sections will be
meridians and the horizontals will be circular hoops; the stress generated by the loads are contained in
planes tangent to the half-surface at the point of application; due to the axisymmetric loading the shear

stress will be zero everywhere, (Figure 114).

meridian: generating curve

Figure 114 (left) Meridian generating curve and (right) differential element.
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11.2. Slice equilibrium

Figure 115 shows the equilibrium forces in a slice of a generic revolution dome, being,
- W weight of portion of dome upper to parallel x.

- ¢: colatitude (angle between the tangent to the meridian and the horizontal).

- 0 angle in the horizontal plane.

- x: distance to the axial axis.

-y distance to the top of the dome.

- 5 meridian longitude from top.

- Ng: meridian compression force per parallel unit length (tangent to the meridian).
- N parallel compression force per meridian unit length (tangent to the parallel).

- RT: radial force per parallel unit length.

| | \\“ZRaing " /]
AN TONX s S/

H+dH ’ ~TL H_—_~

\
, RedH

Figure 115 Slice equilibrium.
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The weight distributed along the perimeter decomposes in two directions, one is radial and the other
is tangent to the meridian; the values of H can be obtained by integrating the component of Ry along

the length of the hoop, Figure 115 (right).

o w R_Wcot(p N_dH_ld
¢ 2mxseng L7 omx " ds ~ 2mds

The expression obtained for the meridian compression thrust (N,) indicates that its value is always
positive (it is always compression thrust), while the expression for the parallel thrust (Ng) indicates that

it can change of sign, so it can be compression or traction thrust.

11.3. Spherical shell

Taking into account the geometric relationships of sphericity (12), the expressions of the stress

resultant become:

Yp—_ L 9

= — Ny = ——
2mRsen?¢ %~ 2nR

11.4. Uniform spherical shell under self-weight

The following expressions are obtained for the stress resultant, being w the weight per unit area:

N = wR R?w (10)
® " 14cosp 2R-—y

(cos®p +cosp—1) Wy2 — 3Ry + R? (11)

Ng =R
0 v 1+ cosp 2R —y

By application of expressions (10), the value of N, increases with ¢ from a compressive value of WTR

at the crown to wR at 90°; however, by application of expressions (11) the value of Ny changes sign at
@ = 51,82°.

11.5. Hemispherical dome with lantern

The spherical dome is considered starting from ¢ = @y (Figure 116). The previous mathematical

development incorporates the weight of the lantern into the W function.
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CHAPTER 11. The shell as a membrane

Figure 116 Hemispherical dome with lantern.

Geometric relationships of sphericity: x = Rseng y = R(1 — cosg) (12)
Lantern weight: L

Added weight: Wy = L — 2nRbw = cte.

Total weight: W = 2nRyw + W, = 2nR?*w(1 — cosp) + W,

Substituting in expressions (9):

WR RW. R?*w RW. 13
1+cosp 2mx? 2R—-y 2mx?

(cos’p +cosp—1) W;R  y*—3Ry+R> WR (14)
1+ cose 2mx? 2R—y 2mx?

NQZRW

11.6. Compresstve stiffening ring

As explained in (Heyman, 1977) and (Fligge, 1960), a ring beam is necessary at the lantern base that
could be contained within the shell itself. The edge of the dome must be stiffened at this point with a

ring (which will be in compression) since the shell can only resist tangentially applied external forces.

There is a lack of fit between the ring and the shell proper. The compressive force in the ring will give
rise to a hoop stress in the ring, which will not in general have the same value as the hoop stress in the
adjacent portion of the shell, since from (14) the hoop stress in the shell at the lantern base is virtually

ZE€ro.
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CHAPTER 11. The shell as a membrane

The weight of the lantern is considered as a distributed load of value / per unit length, acting vertically

along the edge of the dome at the oculus. According to Figure 117 the stress in the crown (lantern base)

1s:

Ngc = fon/z R,csenfd@ = aR,. = alcotgy = I(R — b)
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Figure 117 Line load on the edge of the dome at the oculus.

(15)
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Chapter 12

Application and contrast of results

The expressions (13) and (14) are applied to the hemispherical dome of brick, of small thickness
described in 6.1.

12.1. Orders of magnitude

It is a uniform thin-walled hemisphere, and it is subjected only to its own weight. It is supported
around its horizontal diametrical plane by forces, which produce a uniform compressive stresses . Figure
118 shows the calculations of the orders of magnitude for the compressive stress needed to support the

dome.

02nRt = p2wR?*t - 0 = pR = 0.1041 N/mm? (16)
2 c ’
o2nRt = p2nR*t — p2nR| R — |R? — (7) t—
B 2
o=p |R? - (7‘3) = 0.0982 N/mm? (17)
2 c ’
o2nRt = p2nR*t — p2nR| R— |R? — (7) t+L-

Oc\' L (18)

- 2 _ (2 - 2

oc=p|R (2) +27'[Rt 0.1087 N/mm

Figure 118 Orders of magnitude of the compressive stress necessary to support the dome.
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CHAPTER 12. Application and contrast of results

12.2. Membrane stress resultants

It is conventional in membrane shell analysis to work in term of stress resultants N, Ng. The

membrane stress resultants have dimensions of force per unit length.

. . . . N
In this work is convenient to work in terms of stresses o (m

—3), to be able to compare the results of

the different methodologies.

Figure 119(a), (b), (c), show the values of N, and Ny calculated by expressions (13) and (14), expressed

in terms of stresses (N/mm?).

Figure 119(a), displays the values of meridian and parallel stresses for the hemispherical dome

N
mm

Wy =0). For ¢ =0° the values of N, and Ny are %WR = 4.16%\] (0 = 0.05

;) The value of

. . . 1 kN N
N, increases with ¢, from a comptessive value of wR at the crown, to wR = 8.32— (0 =0.1 mmz) at

@ = 90°; this last value is in accord with the result of equation (16). The value of Ng, however, changes

N
mm?2

sign at ¢ = 51,82°, reaching a tension value equal to wR = 8.32%\] (0 =01 ) at @ = 90°.

Figure 119(b) presents the values of meridian and parallel stresses for a hemispherical dome with

oculus, calculated by expressions (13) and (14), for W; = —2mRbw, and expressed in terms of

2 — — o — — k_N — N
stresses (N/mm?). For ¢ = @y = 19.315°, the values are, N,, = 0 and Ng = 7.86"~ (' =0.098 ——).

The value of N, increases with ¢ to N, = 7.86%\] (0 = 0.098 #), according with equation (17). The

. cso . _ kN _ N
value of Ny change of sign at ¢ = 56°, and decreases until Ny = —7.86 - (O‘ = —0.098 mmz).

Figure 119(c) shows the values of N, and Ny, for a hemispherical dome with lantern, calculated by

expressions (13) and (14) and expressed in terms of stresses (N/mm?). The meridian stress resultant at

N
mm?2

the base of the lantern is N, = 7.71%\] (0' = 0.096 ) After a decrease, from @ = 44° it starts to
grow. The meridian stress at the base is N, = 8.7 %V (0’ = 0.1087 #), in agreement with equation (18).

The parallel stress resultant at the base of the lantern is Ny = 0.15 N (O‘ = 0.0018 LZ), up to ¢ = 47.2°
m mm

are compression forces. As de value of ¢ increases, the value of Ny, and Ny, in traction and compression

respectively, tend to match.
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. /,, il
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Figure 119 Values of stress resultant N, NO obtained by application of membrane analysis, expressed in terms of stresses (N/mm?):
(a) hemispherical dome; (b) hemispherical dome with oculus; (c) hemispherical dome with lantern; (d) combination of (a), (b) and (c).
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12.3. Compressive stiffening ring

Considering that the edge of the dome has been stiffened at the last 8 cm, as indicated in Figure 120,
and by applying expression (15) the following values for the stiffening ring are obtained.

P DR,

Stiffening ring:

. o Nyc (kN/m) =7.71
h Ve LT T
/ Ny (N/mm?) = 0.096
\ Compressive stiffening ring:

Ngc (kN) = 14.18

Nye (N/mm2) = 2.21 (19)

Figure 120 Compressive stiffening ring.

12.4. Contrast of results

Figure 121(a), (b), (c) show the values obtained with the new methodology for 160 sectors (included

in Table 3 and Table 4), along with the curves mentioned in a previous section.

The values obtained with the new graphic methodology for 640 sectors are displayed in
Figure 122(a), (b), (c).

Figure 122(a), (b), (c) reflect a high degree of agreement between the results obtained by the new

methodology and those obtained in the membrane analysis.

There is a singular disagreement in Figure 122(c). The values of parallel stresses obtained at the base
of the lantern (¢ = 19.3°) with the new graphic methodology are close to those obtained by applying

expression (15).
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Figure 121 Values of stress resultant Ny, N6 obtained by application of membrane analysis, expressed in terms of stresses (N/mm?):
(a) hemispherical dome; (b) hemispherical dome with oculus; (¢) hemispherical dome with lantern; values obtained by application of the
new methodology with 160 sectors are included.
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Figure 122 Values of stress resultant Ny, NO obtained by application of membrane analysis, expressed in terms of stresses (N/mm?):
(a) hemispherical dome; (b) hemispherical dome with oculus; (c) hemispherical dome with lantern; values obtained by application of the
new methodology with 640 sectors ate included.
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Chapter 13

Conclusions

This dissertation lays out a new graphic methodology for the structural analysis of domes and other
surfaces of revolution, based in the combined use of funicular and projective geometry. The new
methodology is presented through its application to a hemispherical brick dome of small thickness. This
is frequently the element that internally defines the constructive system known as “encamonada dome”.
This doctoral thesis has been an opportunity to delve into the study of this typology of domes, which are
an important element of the architectural heritage in the 17" and 18" centuries, in Spain and its overseas

possessions, in the frame of the treatise of Fray Lorenzo de San Nicolas.

The analysed model has been referenced to a real dome: the hemispherical inner brick dome of the
“encamonada dome” in Basilica de San Juan de Dios in Granada (Spain). The Basilica is regarded as a
benchmark in the Baroque Spanish Architecture. Until now, this Basilica had only been studied from the
artistic and architectural point of view. For the first time, the detailed constructive analysis and the

geometric modelling of the dome over the transept is presented.

The structural analysis of the inner brick dome (or timbrel dome) has been presented by applying
different equilibrium methodologies of increasing refinement, and it puts forward the gradual application

of them.

Firstly, an approximation by applying the Guastavino’s formulas. This is an experimental

methodology that can be used very quickly.

Secondly, the application of the slicing technique in the frame of the limit analysis theorems. It is a
very well known, and contrasted methodology, for the stability analysis of domes, which does not take
into account the tangential forces. Following Fray Lorenzo’s recommendations on the inclusion of a
backfilling in the bottom third, this work analyses different structural behaviours of the backfilling,
according to its morphological characterisation: non-structural filling (adding weight); structural filling
(increases the section); rigidly cemented filling (considering a shallow dome). The results of these analysis
highlight the importance for the stability of the timbrel dome of the filling up to one third of the height,

as recommended by Fray Lorenzo de San Nicolas.

Finally, this dissertation presents a new graphic methodology for the structural analysis of domes,
based in the combined use of funicular and projective geometry. The results obtained by the application
of the new methodology have been contrasted with the solutions achieved by the application of the

membrane analysis.
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CHAPTER 13. Conclusions

The new graphic methodology takes into account the hoop forces to find in the dome a solution for
internal forces in equilibrium, therefore, it is a less conservative method than other graphic methods

widely used, such as Eddy's method or the slicing technique.

This new methodology allows to graphically determine internal forces in the dome, by enforcing the

equilibrium in both vertical and horizontal planes.

The equilibrium in the vertical plane is assured by fitting in the polar rays the system of weight forces,
which is closed, hence the antifunicular polygon, closed too, fits within the dome geometry. The
equilibrium in the horizontal plane is guaranteed by the formation of closed force polygons in the dual

figure.

The methodology is presented through its application to a hemispherical brick dome of small
thickness, considering different situations: complete hemisphere, hemisphere with oculus on the top, and
hemisphere with lantern; different inclinations of the reaction in the support are considered too. A
multiplicity of solutions with acceptable tensional values for the brick masonry has been obtained. The

results have been contrasted with those from the application of membrane analysis.

The evaluation of the methodology with the membrane analysis indicates that there is a strong
coincidence of results if the number of sectors in the discretisation of the graphic methodology is high

enough.

The value of the parallel force obtained at the base of the lantern, by applying the graphic
methodology, approaches the value of the force calculated for the necessary compression ring, thus

improving the lack of fit between the ring and the shell proper when applying membrane analysis.

The new methodology allows its application, and so it has been applied in this work, in the inverse
way, namely, reducing the value of the maximum tension, and determining the necessary variations in the
values of the polar rays angles (o); checking that they imply very little variations, relative to the dome

thickness, of the meridional section of the simplified model.

The proposed graphic methodology accurately reproduces the results of the membrane analysis
equations. Furthermore, it allows its application to different structural situations. It is easy to understand,

easy to program, and can be applied in domes of arbitrary geometry.
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Chapter 14

Future lines of research

- Apply the new graphic methodology to non-thin shells, where the application of limit analysis,

will allow a wider range of geometric variations of the simplified model.
- Apply the new graphic methodology to other non-spherical surfaces of revolution.
- Develop a graphic software to automate the methodology following Philippe Block's work.

- Contrast the results of the new graphic methodology with the results obtained through the

application of numerical methods.
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2 Publication of chapters in scientific and technical books
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Book Title: ICGG 2018 - Proceedings of the 18th International Conference on Geometry and Graphics.
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Authors: Javier Suarez, Thomas E. Boothby, José A. Gonzalez.

Title: Graphic methodology based on funicular and projective geometry, in structural analysis of
historical constructions.

Type of collaboration: Abstract accepted.

Congress: ©2020 ISGG. 19th International Conference on Geometry and Graphics
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Type of collaboration: Paper accepted.
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Title: Graphical analysis of the structural behavior, according hypothesis of Rankine-Schwedler, of a
large stone dome in Granada (Spain)
Congress: 18TH International Conference on Geometry and Graphics. ©2018 ISGG. Organised by
International Society for Geometry and Graphics & Dipartimento Architettura e Studi Urbani.
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- Publisher:  Springer International Publishing Copyright Holder: Springer International
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Authors: Javier Suarez, Rafael Bravo, José A. Gonzilez.
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Congress: 10th International Masonry Conference 2018, Milan (Italy). 10thIMC. Otrganised by International
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Date: 8-11 July 2018.

Type of collaboration: Paper presentation and participation in student competition (dry joint shear wall geometry).
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Stephen Garrity (University of Leeds, UK). A publication of IMS International Masonry Society. ©
2018 The International Masonty Society (IMS). ISSN: 2523-532X Abstract Book. G. Milani, A. Taliercio
and S. Garrity (eds.)
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Authors: Javier Sudarez, Rafael Bravo, José A. Gonzilez.

Title: “Saints Justo y Pastor” church’s dome. Constructive and structural analysis of a renaissance dome in

Granada (Spain).

Congress: 6th International Conference on Heritage and Sustainable Conference. HERITAGE 2018

Location: ETS Edificacion. Universidad de Granada. Granada (Spain)

Date: 12-15 June 2018.

Type of collaboration: Paper presentation.

Publication:
- Proceeding e-ISBN 978-84-338-6265-5. Book of Abstracts: ISBN: 978-84-338-6265-5. Dep. Legal
Gr./ 768-2018. Editorial Universidad de Granada.

Authors: Javier Suarez, Rafael Bravo, José A. Gonzalez.

Title: Encarnacién Church’s dome in Montefrio. Constructive and structural analysis of a neoclassical dome in

Granada (Spain).

Congress: 6th International Conference on Heritage and Sustainable Conference. HERITAGE 2018

Location: ETS Edificacion. Universidad de Granada. Granada (Spain)

Date: 12-15 June 2018.

Type of collaboration: Paper presentation.

Publication:
- Proceeding e-ISBN 978-84-338-6265-5. Book of Abstracts: ISBN: 978-84-338-6265-5. Dep. Legal
Gr./ 768-2018. Editorial Universidad de Granada.

Authors: Javier Suarez, Rafael Bravo, José A. Gonzalez.

Title: San Juan de Dios Church’s dome. Constructive and structural analysis of a baroque vault in Granada

(Spain).

Congress: 6th International Conference on Heritage and Sustainable Conference. HERITAGE 2018

Location: ETS Edificacion. Universidad de Granada. Granada (Spain)

Date: 12-15 June 2018.

Type of collaboration: Paper presentation.

Publication:
- Proceeding e-ISBN 978-84-338-6265-5. Book of Abstracts: I§BN: 978-84-338-6265-5. Dep. Legal
Gr./ 768-2018. Editorial Universidad de Granada.
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