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Why Masonry? 

Material failure is unimportant: masonry 
structures fail due to bad geometry 

 

 

[Philippe Block] 



Why Masonry? 

“Small elastic displacements” incorrect 
deformation model 

[Huerta and López 1997] 
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Can we interactively design these structures? 

 
Can we understand their geometry? 
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Safe Theorem [Heyman] 

If embedded membrane 
is stable, so is structure 

[O’Dwyer 1999] 
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If embedded membrane 
is stable, so is structure 

[O’Dwyer 1999] 



Safe Theorem 

[Rubió i Bellver 1912] [Durm 1885] 

[Heyman] 

If embedded membrane 
is stable, so is structure 



Modeling Assumptions 

Safe Theorem 

 

 



Modeling Assumptions 

Safe Theorem 

 

Infinite compressive, no tensile strength 

 



Modeling Assumptions 

Safe Theorem 

 

Infinite compressive, no tensile strength 

 

Surface is height field 

 



Safe Theorem 

 

Infinite compressive, no tensile strength 

 

Surface is height field 

 

Loads are vertical 

Modeling Assumptions 



Discrete Thrust Network 

 

 

[Block 2009] 



Discrete Thrust Network 
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Discrete Thrust Network 
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Discrete Thrust Network 
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Discrete Thrust Network 
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Equilibrium Equations 



Equilibrium Equations 

X

j»i
wij(v

0
i ¡ v0j) = 0

Horizontal equilibrium: 

 

 

 



Equilibrium Equations 

Horizontal equilibrium: 

 

 

 

Vertical equilibrium: 

X

j»i
wij(v

0
i ¡ v0j) = 0

X

j»i
wij(zi ¡ zj) = ¡AiFi



Historical Perspective 

Photo: Flikr user “tillnm” 

Antoni Gaudí 
1852-1926 



Historical Perspective 

Photo: Flikr user “tillnm” Colonia Güell, Gaudí 



Design Paradigm 

Unstable 
initial 

design 
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Project to 
surface in 
equilibrium 
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edits 



AiFi

Surface Projection 

Until convergence: 

1. Calculate vertical forces 
 

2. With positions fixed, find best weights 

 
 

3. With weights fixed, perturb positions 

nonlinear in positions 

recall: 











Stress Tensor 

n̂

3 x 2 matrix     measuring internal force 



n̂

Membrane Equilibrium 

3 x 2 matrix     measuring internal force 



Membrane Equilibrium 



Stress Laplacian 



Discretization Dictionary 

z(x; y) zi

divM = 0

M positive semide¯nite wij ¸ 0



Reciprocal Diagrams [Maxwell; Ash et al 1988] 
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Laplacian 

edge 
weights 
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Airy Stress Potential 

recall: 

M =

·
Áyy ¡Áxy
¡Áxy Áxx

¸

=
¡
r2Á

¢¡1
detr2Á

convex 



Airy Stress Polytope [Fraternali 2010] 

convex, planar faces 



Stress Polytope: Gradient Jumps 



Stress Polytope: Gradient Jumps 



Stress Polytope: Gradient Jumps 

dual edge 



Stress Polytope: Gradient Jumps 

dual edge 



Equilibrium Equations 

Reciprocal 
Diagrams 
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Function 
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Equilibrium Equations 

Reciprocal 
Diagrams 

Stress 
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weights 
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Relative Curvatures 

divMrz = tr
h¡
r2Á

¢¡1 ¡r2z
¢i

detr2Á

recall: 

“dual-isotropic relative mean and Gaussian curvatures” 



Equilibrium Equations 

Reciprocal 
Diagrams 

Relative 
Curvatures 

Stress 
Laplacian 

Airy Stress 
Function 

FEM 

edge 
weights 

DEC 

discrete Hodge star 

jump in 
gradient 

horizontal 
equilibrium 

dual-isotropic 
relative curvature 



Equilibrium Equations 

Reciprocal 
Diagrams 

Relative 
Curvatures 

Stress 
Laplacian 

Airy Stress 
Function 

FEM 

edge 
weights 

DEC 

discrete Hodge star 

jump in 
gradient 

horizontal 
equilibrium 

dual-isotropic 
relative curvature 

mixed-area 
formulas 



PQ Remeshing 

Original Naïve 
Optimization 

Using Airy 
Polytope 

Airy Stress Function 



PQ Remeshing 

Remesh along 
eigenvectors of 

Airy Stress Function 



Loading of Surface 
Stress Laplacian 

Shell thickness 



Special Families 

Template Hz;Á = 0 Linear Combinations 

Relative Curvatures 

Recall: 



Surface Destruction 
Stress Laplacian 



What’s Next? 

Non-vertical loads 

 

Non-manifold surfaces 

 

Can we further exploit geometrization 

 of equilibrium? 
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