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KnroueBble cnoBa: PopmoobpasoBaHue, cxaTble
KOHCTPYKLMW, METOZ MAOTHOCTM CUn,
ToMonorM4yeckoe NocTpoeHme, 06onoYKku



Abstract. This article presents the results of the application of a new form-finding tool for creating
compression-only shell structures. This tool is based on the force density method together with
topological mapping. The great advantage of this design tool is that it unifies the creative process of
design, form-finding, and analysis of the compression structure, and it allows to create well-conceived
structures. The main advantage of the use of topological mapping is that no initial shape is needed but
only the coordinates of the supports. The article presents the algorithm for generating compression
structures using this powerful tool, and a few shells of different shape, span and material (steel-and-glass,
concrete, Catalan vault) are presented.

AHHoOTaumA. B aTol cTatbe NpeacTaBneHbl pe3ynbTaTbl MPUMEHEHNS HOBOIO MHCTPYMEHTa
dhopmoobpaszoBaHMsa AN co3gaHns 0b6onoyek, HaxoasaLWUXCA B COCTOAHUMN CXaTUS. TOT MHCTPYMEHT
OCHOBaH Ha MeToAe NIIOTHOCTM CUJ1, YNyYLEeHHOM TOMONMOrM4yecknm otobpaxeHnem. ST0T MeTos
06beauHAET TBOPYECKUI NPOLIECC NPOEKTMPOBaHMS, hopmoobpasoBaHus 1 aHanmsa opmbl 1
Nno3BOMsieT co3AaBaTb XOPOLUO NPOAYyMaHHbIE KOHCTPYKLUMU 06onodek. OCHOBHBIM MPENMYLLIECTBOM
MCMNOMb30BaHNs TOMOJIOTMYECKOro MOCTPOEHMS SIBNAETCS TO, YTO NPW NPOEKTUPOBaHUKN He TpebyeTcs
WHpopmaumm o dopme 06004UKM, TONLKO KOOpANHATLI oMnop. B ctaTtbe npeacTaBneH anroputm
€O30aHns CKaTblX KOHCTPYKLUA 3TUM MOLLHBIM MHCTPYMEHTOM, a Takke HECKONbKO 0605104eK pa3Hom
dopMbl, NporneTa U MaTepuana (ceT4yatas MeTannuyeckasl CTpykTypa, xxenesobeTtoHHasa obonouyka,
KaTarnoHCKMI CBOf), CO30aHHbIX 3TUM METOLOM.

Introduction

Finding the form of shell structures had always been a challenge for designers and engineers.
Since ancient times, such shapes as vaults and domes played an outstanding part in architecture and
urban design. Approaches to the design of shell structures differed a lot during the history of architecture
and engineering. Nowadays there is a broad variety of shell structures designed using various materials,
such as steel or timber grid-shells, cable nets, reinforced concrete or masonry. It is difficult to cover all the
history of shells’ design, but in general the methods of form finding can be divided into two groups: when
the form of a surface is created based on mathematical defined geometries, and when it is found based
on the laws of equilibrium. This differentiation was offered by Klaus Linkwitz [1] and it is used in this
article.

The first approach to creating shells, which is based on analytical or “geometric’ forms, has
reached its blooming period in the 1930’s, when engineers like Pier Luigi Nervi, Felix Candela, Eduardo
Torroja and Anton Tedesko started to design and construct their incredibly elegant concrete thin shell
structures. A huge variety of shapes and structures created based on geometric forms can be found in
[2]. Fig.1 presents some examples of different forms which can be defined mathematically [2].

Figure 1. a) Oblique helicoid; b) Surface of translation of circle along parabola; c) Elliptic
paraboloid. Figures extracted from [2].

Form-finding of the structures based on the equilibrium of forces is a process based on another
principles than the one described above. The main aim of this approach is to avoid bending moments in
the shell, which can lead to the collapse of the structure. For a long time, the only way to create shell
structures in equilibrium was physical modeling (for example, hanging models). The main idea of form



finding of structures in equilibrium is the law of the hanging chain, which was formulated by Robert Hooke
in the second of his ten ‘Inventions’ in 1676, and transcribed by Richard Waller in 1705:

Ut pendet continuum flexile, sic stabit contiguum rigidum inversum.

(As hangs the flexible line, so but inverted will stand the rigid arch.)

The idea of an inverted hanging chain was used by such great architects as Antonio Gaudi (1852—
1926), Heinz Isler (1926-2009), Frei Otto (1925-2015) and others. The analysis of the 6th Century AD
arch of Tag-i Kisra carried out by Hernandez Montes et al [3] showed that this law was known from the
ancient times and used for creating the most effective arches and vaults. The arch of Tag-i Kisra is the
largest single-span vault of unreinforced brickwork remaining in the world, and its shape is a catenary,
which was analytically described more than eleven centuries after its construction.

The Spanish architect Antonio Gaudi (1852—1926) was not the first who used hanging models in
his work, but the one who brought them to a new level. He applied them to unify the process of design
and structural analysis from the very beginning, using both two- and three-dimensional hanging models
made with strings and bags of sand to help establish the forms of his arches and vaults (Fig.2). He used
the results of his hanging model tests as a support for his calculations and graphical static methods to
determine the shape of tree-like columns and arches that defined his unique architectural style [4].

Figure 2. Reproduction of Gaudi’s hanging model for the crypt of Colonia Giiell, Barcelona.

Heinz Isler (1926-2009) was one of the innovative architects and engineers of the 20th century
who created concrete shell structures. He is considered one of the most important shell engineer and the
creator of a new approach to design free-form shell structures [5]. As Antonio Gaudi, he used the
Hooke’s law for creating his hanging shell structures, bringing them into three dimensions with the idea of
the hanging chain (see Fig. 3).

Figure 3. The hanging membrane, once hardened, is inverted to create a shell form in pure
compression. Extracted from [13].

Frei Otto (1925-2015), the founder of the famous Institute of lightweight structures at the University
of Stuttgart, is one of the largest authorities in the field of tension structures and light-weight membranes.
His team’s work has spearheaded advances in structural mathematics and civil engineering. Moreover,
he explored a great number of physical form-finding techniques, from hanging models to soap models.
His professional path was far from the traditional methods of calculating forces [6]. Another field of
research interests of Frei Otto was form-finding of light-weight shells which could be formed using the
Hookean principle of inverting a hanging net (Fig. 4).



Figure 4. Hanging chain model for the multipurpose hall building in Mannheim. Extracted
from [8].

A great research work in experimental methods of form-finding of tension structures was done in
the Institut fur Leichte Flachentragwerke (directed by F. Otto) at the University of Stuttgart. The results of
this work were applied in the construction of the cable net structures of the Olympic stadium in Munich,
and many others [7]. While working on the project ‘Olympic Roofs’ it became more and more evident that
experimental methods have a number of limitations, and design of large-spanned structures requires new
tools for analytical computation of equilibrium shapes. This project had a lot of challenges, and to solve
them, a number of breakthrough solutions were found. Linkwitz and Shek introduced the concept of force
densities, which was a starting point for the discovery and formulation of the force density method [8].

Nowadays different computational methods based on the principle of hanging chain are developed.
The most commonly used methods are the force density method (FDM) [1,8], thrust network analysis
(TNA) [9,10] and dynamic relaxation method [11,12]. A deep and detailed analysis of different methods
and approaches was made by F. Block at al. [13].

Methodology

Force-density method

This article analyses structures which have been created using the force density method together
with topological mapping. The main advantage of the FDM is that it is a linear method. It was presented
by Linkwitz and Schek in 1971 [14]. The core of this method is a description of the equilibrium state of any
general pin-jointed network using coefficients called force:length ratios or force densities [15]. Another
important advantage of the FDM as a form-finding method is that there is no need for information about
the geometry of the structure in the design process. The starting point for the FDM is a pin-jointed
network consisting of cable or bar elements connected by nodes, in which some of the points are fixed
and the others are free. The free points will have to find a position in the equilibrium configuration [16].

Figure 5. Example of branch-node matrix [16].

10 -1 0
C=<0 0 1 —1) (Eq. 1)
01 -1 0



For a given pin-jointed network with n nodes and m branches (Fig. 5), the branch-node matrix C
(Eqg. 1) is an mxn matrix used in the FDM to define the connectivity of the nodes. As shown in Fig. 4,
each branch or connection j links two nodes i(j) and k(j). For i<k the elements of the branch-node matrix C
can be defined as follows:

+1 i(j)=r
CG,ry=4 -1 k() =r (Eq. 2)
0 fortherest

Therefore, the matrix that defines the connectivity of the nodes of the network (C) is another
important input in FDM. Topological mapping (TM) is a method used to generate a general network of the
structure and to define the connectivity matrix C as suggested by E. Hernandez-Montes et al [16].

The FDM was originally used for tension structures. If the purpose is to create a compression-only
structure, the method has to be modified. Hernandez-Montes et al. [17] proposed a form-finding method
based on FDM&TM, similar to the physical hanging models employed by Antonio Gaudi. A tension
structure is created, then the equilibrium position is found and finally the structure is turned upside down.
By doing so, all the elements which were in tension are in pure compression in the inverted structure, and
the bending moments are minimal or negligible.

Topological mapping

Topological mapping was suggested by Hernandez-Montes et al. [16] among other methods to
define the connectivity matrix C for the force density method. It is based on the idea that to create a
network structure by the FDM, there is no need to have information about the position of all points of the
network structure, except for the support points and a few algorithms that define the connectivity between
the rest of the nodes. Three different types of networks can be created by this method. Types A, B and C
are shown in Fig. 6.

Figure 6. Three types of network generated by TM (types A, B and C). Extracted from [16].

TM constructs the topological mesh by means of successive steps or rings, from the following
inputs:

a. Number of nodes in the first step

b. Number of total steps

c. Topological relation between successive steps

d. Type or network to be created— open or closed.

Creating bionic structures by TM-FDM: opportunities for architects and engineers

Based on the force density method and topological mapping the GAUDI software [18] was
suggested as a new form-finding tool for compression structures. It is based on constant values of the
force:length ratios that give endless opportunities for creativity for architects and engineers. The FDM
itself is a method where the processes of design and structural analysis are integrated. The main
advantage of the FDM is that it linearizes the form-finding problem. The new software allows to introduce
external loadings as the self-weight that changes as the shape changes, then the process of form-finding
is solved by iterations.

It allows to find the equilibrium shape of a structure initially desired by an artist by iteratively
changing input parameters. The following procedure was used to obtain the final structure:

The first step is defining the initial shape in the ground plan and the coordinates of the anchor
points (supports) (Table 1). It is important to number the points in the right order (clockwise).

Table 1. Coordinates of anchor points.

Xm [ Ym [ Zm ]




3,5 3,5 3,5
0,0 0,0 0,0
3,5 3,5 3,5
3,5 3,5 3,5
7,0 7,0 7,0
10,5 10,5 10,5
10,5 10,5 10,5
14,0 14,0 14,0
10,5 10,5 10,5
10,5 10,5 10,5

The second step is to define the material of the structure. Depending on the material it is necessary
to insert the own weight of the structure. Then the number of rings and the type of topology for each ring
is defined. This process of finding a proper shape of the structure is iterative, depending on the boundary
conditions and the initial concept of the designer (Table 2 and 3).

Table 2. Some of the inputs for the software Gaudi.

DATA ENTRY Type of topology
Number of rings A 3
Weight of the ribs (kN/m) B 2
Own weight (kN/m?) C 1

Maximum number of interactions

Number of contour fixed points

Table 3. Topological sequence of TM.

Pass between rings: 2 or 3 radial

Initial ring nodes Ring 1 |Ring 2 |Ring 3 |Ring4 |Ring 5 |Ring 6 |Ring 7 |Ring 8 | Ring 9 | Ring 10

12 3 1 3 1 3 1 3 1 1 1

The definition of the force:length coefficients for branches is also an iterative process. The program
allows the definition of the force:length coefficients for the branches of each ring (q,) and for radial
branches (q,) (Table 4).

If the design of the structure implies ribs, it is possible to create them by choosing branches that
form them and assigning higher force:length coefficients to them.

Table 4. Force: length ratios of ring and radial branches.

Ring 1 | Ring2 | Ring3 | Ring4 | Ring 5 | Ring 6 | Ring 7 | Ring 8 | Ring 9 R1i89

Force:length
coefficient of
ring branches,
Qa

Central node N_C'Z”ira' A1-A2 | A2-A3 | A3-A4 | A4-A5 | A5-A6 43 A7-A8 | A8-A9 ::\,? (_)

Force:length
coefficient of
radial branches,

ar

Results

A number of free-form shell structures inspired by different nature forms were created using the
GAUDI software and the described procedure. The results of this work are presented in the catalogue
“Topological design of bionic structures: inspired by nature” which is available in the website of the
University of Granada [19]. In this section some of this shell structures are described in detail. The




structures are considered to be made of three different materials: masonry (Catalan vault technique),
concrete, and a grid shell of steel and glass.

The first structure, inspired by the seashell, is designed of masonry, has 6 anchor points and the
maximum height of about 1.206 m. The input data is shown in Table 5. The coordinates of support points
are given in meters. As the material of the structure is masonry, the self-weight and weight of the ribs is
defined as the weight of masonry. The resulting structure can be seen in Fig. 7.

Table 5. Input of the Seashell structure

Input data Coordinates of anchor points|
Number of rings 10 X(m) Y(m) | Z(m)

Number of nodes in initial ring 6 1,0 0,0 0,0
Number of contour anchor points 6 3,0 0,0 0,0
Weight of ribs (kN/m) 0,23 4,0 1,73 0,0
Self-weight (kN/m?) 1,0 3,0 3,46 0,0
1,0 3,46 0,0
0,0 1,73 0,0

The designed structure was generated after a number of iterations, which led to the final
configuration with the parameters shown in Table 6. In the first line, the types of topology for each ring are
shown. The second and third lines of Table 6 show the values of the force:length coefficient of ring and
radial branches. This pattern based on the types of topology and values of force:length coefficients
allowed to get the unique configuration of the equilibrium shape of the structure presented in Fig.7 with
the maximum height of 1,206 m.

Figure 7. The Seashell structure, values of the force:length coefficient of radial and ring
branches shown in color.

Table 6. Force:length ratio values of the Seashell structure

Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring
1 2 3 4 5 6 7 8 9 10

Type of topology A A C C A C C A C C




Force:length coefficient of ring

0,7 0,7 0,6 0,6 0,5 0,5 0,6 0,5 0,6 0,6
branches

Force:length coefficient of radial

0,15 | 0,13 | 0,13 | 0,11 0,1 0,1 0,1 0,1 0,1 0,12
branches

The second structure, inspired by Nautilus shell, was designed of concrete and with a larger span
than in the first shell. The purpose was to compare the difference in force:length coefficients depending
on the size and material of the structure. The input data for the Nautilus shell structure are shown in Table
7 and the resulting shell is presented in Fig.8.

Table 7. The input data for the Nautilus shell structure

Input data Coordinates of anchor points
Number of rings 12 X(m) Y(m) | Z(m)
Number of nodes in initial ring 6 10,0 40,0 0,0
Number of contour anchor points 8 0,0 30,0 0,0
Weight of ribs (kN/m) 1,41 0,0 10,0 0,0
Self-weight (kN/m®) 47 20,0 0,0 0,0
40,0 10,0 0,0
50,0 40,0 0,0
40,0 70,0 0,0
15,0 90,0 0,0

Figure 8. The equilibrium shape of the Nautilus shell structure with the values of the
force:length coefficient of radial and ring branches shown in colour.

From the Table 8 we can see that the force:length ratio values of this structure are higher than in
the previous one. The reason is that the self-weight of concrete is considerably higher than the weight of
masonry, and a larger span also leads to higher force:length coefficients.

Table 8. Force:length ratio values of the Nautilus shell structure

Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring
1 2 3 4 5 6 7 8 9 10 11 12

Type of topology A B A B A B A B B B C C

Force:length coefficient of

. 30 30 30 30 35 35 35 | 35 | 40 40 40 | 350
ring branches




Force:length coefficient of

) 20 20 20 20 20 20 20 20 20 20 20 20
radial branches

Another model of the shell, inspired by the flower shape, is a spatial grid structure made of steel
and glass. As the software does not allow to input different weights for branches and triangles, the
average value of self-weight was taken (see Table 9). The resulting model is shown in Fig.9.

Table 9. The input data for the Flower structure

Input data Coordinates of anchor points|
Number of rings 10 | X(m) | Y(m) | Z(m)
Number of nodes in initial ring 6 3,5 9,0 0,0
Number of contour anchor points | 12 0,0 7,0 -1,5
Weight of ribs (kN/m) 0.50 3,5 5,0 0,0
Self-weight (kN/m2) 0.70 3,5 1,0 -1,5
7,0 3,0 0,0
10,5 1,0 -1,5
10,5 5,0 0,0
14,0 7,0 -1,5
10,5 9,0 0,0
10,5 13,0 -1,5

Figure 9. Flower structure with the values of the force:length coefficient of radial and ring
branches shown in colour.

Table 10. Force:length ratio values of the Flower structure

Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring | Ring
1 2 3 4 5 6 7 8 9 10

Type of topology A B B B A B B B B B

Force:length coefficient of ring 5 5 5 5 5 5 5 5 70
branches




Force:length coefficient of radial 1 1 1 1 1 1 1 1 1 1
branches

As it can be seen from Table 6, the force:length coefficients of this model are higher than in the first
structure but lower than in the second one. This is because the force:length ratios are linked with self-
weight of the structure. The greater the weight, the higher the coefficient must be to achieve an
equilibrium configuration.

To apply on practice this tool, the authors designed a shell structure as an art object to mark the
roundabout at one of the entrances to the city of Granada, Spain (Fig. 10). This place is significant for the
citizens and the visitors of the town, because it is one of the first places you see when entering it. The
structure was designed using the GAUDI software.

Figure 10. Topography scheme of the roundabout on the entrance to the city of Granada

The first step of the design process is defining the initial shape in ground plan and the coordinates
of anchor points (supports) (Table 11). The next step is to define the material and the own weight of the
structure. The structure is designed in the technique of Catalan vault with inner ribs. Then the network is
defined, by such parameters as a number of rings in the net, a number of nodes in the initial ring and type
of topology for each ring (Table 11 and Fig. 11). The final step of defining the shape is adding inner and
outer ribs, which can be achieved by assigning a higher value of force:length ratio to the certain branches
of the network.

04

Figure 11. The equilibrium shape of the roundabout structure, generated by GAUDI software

Table 11. The input data for the roundabout structure

Coordinates of anchor

Input data ;
points
Number of rings 10 X Yi Z
Number of nodes in initial ring 6 0,0 4,0 0,0
Number of contour anchor points 8 2,5 0,5 0,15
Weight of the ribs (kN/m) 0,23 6,0 2,0 0,36
Self-weight (kN/m2) 1,0 9,5 0,5 0,57

12,0 4,0 0,72

9,5 7,5 0,57

6,0 6,0 0,36

2,5 7,5 0,15




This process of finding the proper shape of the structure is iterative, depending on the boundary
conditions and the initial idea of the designer. Fig. 12 and 13 show the 3d-visualisation of the structure in
the city environment.

Figure 12. The 3D-visualisation of the designed structure.

Figure 13. The 3D-visualisation of the designed structure.

Two types of bricks are used for the construction: Rasilla (23 X 10 X 2.5 cm) is used for the shell,
Macizo-taco (23X 11 X 4 cm) is used for the ribs (Fig. 14).

Figure 14. Details of the construction.

Discussion

The article presents the results of applying a new powerful tool to design of complex compression-
only structures made of different materials with inner ribs. The force density method together with
topological mapping (TM-FDM) opens great opportunities for creativity for architects and engineers in the
field of creating of compression shell structures. The roots of this approach and the experience of great
architects were analyzed.

The steps of generating process presented in the article show that the process is iterative from the
very beginning, and allows to obtain any shape considered by an artist, if this shape responds to the laws
of equilibrium.

The analysis of the results shows the difference in values of the force:length coefficient depends on
the material and scale of a structure.

The values of the force:length ratios of the ring branches of the Seashell structure are around 0.5, of
radial branches are 0,1 (Table 6).



The scale of the Nautilus shell structure is around 70 meters and the material is concrete. The
average value of force: length coefficients of the ring branches is35, of radial branches is 20 (see Table 8).

The Flower structure is designed in steel and glass with the span of around 10 meters. The value
of the force:length coefficients of the ring branches is 5, of the radial branches is 1.

Thus the Seashell structure has the minimal values of the force:length coefficients, less than 0. It
can be explained by the dependence of this coefficient on the overall weight of the structure. The self-
weight of masonry is significantly lower than the self-weight of concrete (Tables 5 and 9), so the
difference between the coefficients is really noticeable. The same is true for the Flower steel-and-glass
structure. The self-weight of the grid with steel branches and glass triangles is about 0.70kN/m?. This
value is a great deal lower than the self-weight of masonry and concrete. The force:length coefficients for
the Flower structure are lower than the ones for concrete, but higher than those for masonry. But the
span of the Flower structure is considerably larger than the one of masonry, so its overall weight is also
higher.

In conclusion, it can be noted that there are different principles of form finding of shell structures.
Architects and engineers determine the method which is the most suitable for the particular case by a
number of parameters, such as material of the structure, the main idea of design, boundary conditions,
etc. The article describes some practical applications of a tool for design of free-form shell structures in
equilibrium, which is based on previous works related to the topological mapping (TM) and the force
density method (FDM). The GAUDI software allows to create various structures of different materials, and
the main advantage that the resulting shape is a shell with minimal bending moments. This means that
such structures are cost-effective, although each of them can have its own unique form. Therefore,
including them to the city environment can contribute a lot to the attractiveness of the place, with not very

high investment and labor costs.
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