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FAST GENERATIVE TOOL FOR MASONRY STRUCTURES GEOMETRIES

Savalle, Nathanaél'; Mousavian, Elham?; Colombo, Carla’® and Lourenco, Paulo B.*

ABSTRACT

Modelling masonry bond pattern is still challenging for the scientific community. Though
advanced Laser Scanning methods are available and allow to extract blocks sizes and shapes of
actual masonry structures, they are up to now very time-consuming and complex to set up.
Therefore, modelling masonry as an ideal and regular assemblage of regular units is still very
common in the scientific field. This paper presents a generative algorithm for masonry specimens
built with a single-leaf cond pattern. It is based on C# programming under the environment offered
by Rhinoceros (+ Grasshopper). Five components have been constructed (wall, corner, T and
cross-connections, and opening). They can be assembled, up to infinity, to build complex masonry
specimens. Moreover, they are all parametrised to account for every wish of the modeller. The
global methodology is found highly time-efficient, with the creation of an initial geometry
composed of 5 — 10 components requiring around 10 minutes and, while the update due to a
parameter variation is done in less than one second. The paper finally discusses the next
developments of the promising generative algorithm.
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INTRODUCTION

Masonry is one of the most used building material in the world. Masonry buildings also represent
a significant part of our cultural heritage, being the physical memory of our civilisation’s history.
Because they are often old, these historical structures are often highly damaged (due to, e.g.
foundation settlements [ 1], past earthquakes [2-4], insufficient initial design [5-6], or weathering).
They need today maintenance operations. Their assessment and the identification of the
maintenance or strengthening actions are carried out using either limit analysis [7-10] or numerical
[1, 10-16] tools. Both categories can then be divided into micro-modelling [8-9, 11-12] or macro-
modelling approaches [1, 7, 10, 13-16]. In micro-modelling approaches, each block is modelled
separately and interact one with another at an interface. In macro-modelling approaches, masonry
is represented by an homogeneous continuum with mechanical properties that depend on the one
of the the masonry units and of the mortar. Both of them need to define a geometrical parameter:
the size of the masonry units. This directly dictates the size of the blocks in micro-modelling [8-9,
11-12], the failure criteria in limit analysis macro approaches [7, 10] or lastly, the parameter of an
equivalent homogenised masonry material [1, 13-16]. Indeed, blocks size has been found to
influence the final load capacity of a masonry structure subjected to a foundation settlement [8].

However, given the variety of stones and methods to assemble them, no universal and unique
description of the bond pattern is possible. In practice, it leads to very irregular masonry patterns,
even when using rectangular blocks (Figure 1). Finally, when using regular and identical bricks as
masonry units, one can still observe various bond patterns worldwide (Figure 2).

Figure 1: Masonry pattern using regular blocks for the historic perimeter wall of
Guimaraes, Portugal
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Figure 2: Different typical bond patterns

Some in-field studies have been developed to acquire the actual sizes and shapes of masonry units
[16-19]. They are mainly based on Terrestrial or Mobile Laser Scanning technologies that create
a 3D data Point Cloud of the monitored object. Though they all showed the high potential of Laser
Scanning approaches, they also demonstrated that the extraction of the block sizes and shapes out
of the created Point Cloud is not an easy task [17-18]. For instance, Valero et al. developed an
automatic plugin for this extraction, but that only handles “straight” walls (i.e. without significant
curvatures).

For this reason, masonry structures have been (and still today) often modelled as an assemblage
of regular blocks, either from a computational point of view [8-9, 11] or from an experimental
point of view [11-12, 20-22]. In this respect, it is evident that a micro-modelling strategy [8-9, 11]
may become significantly time-consuming during the preparation of the model geometry because
of the number of units and the definition of all possible interacting interfaces [8-9]. Computer-
Aided-Design (CAD) can be of great help in this laborious task [23]. One of the noteworthiest
efforts in this regard is BIM-M (Building Information Modeling for Masonry) [24]. That initiative
more specifically focuses on developing the construction-oriented data structure. Yet, providing
the database collecting the structural aspects of the masonry assemblage is missing in the literature.

To tackle these challenges and improve the CAD already existing solutions, this work aims to
present an innovative tool that generates masonry geometries in a very time-efficient way. Its main
advantage lies in the parametrisation of all geometrical data, allowing geometrical updates very
quickly.

GENERAL DESCRIPTION AND PURPOSES OF THE TOOL
The generative algorithm is implemented in the environment offered by Rhinoceros3D-
Grasshopper to use the programming language C#. Its purposes can be gathered as follows:

1. Allowing the geometrical modelling of masonry structures, from simple shapes (e.g. U-
shaped, Corners [21]) to more complex ones. The time required to build these models
should be proportional to the complexity of the structure and comparable to other CAD
software [23].

2. Covering all possible configurations and let the user choose his/her design. Hence, several
geometrical parameters must be defined.

3. Allowing a fast update of the geometry when some parameters vary.



4. Enabling the easy exportation of the generated geometries to structural software for
analysis (e.g., DIANA, Abaqus, 3DEC, LiABlock 3D, etc.).

The present tool allows modelling geometries with single-leaf masonry bond patterns. The first
three objectives are already fulfilled for single-leaf structures. More specifically, the time
requested to build a classical U-shaped masonry specimen is approximately ten minutes, while it
updates the model in less than one second for each parameter variation. The following sections
describe, in a more detailed way, the present generative algorithm.

PARAMETRISATION CHOSEN TO CREATE MASONRY GEOMETRIES

For simplicity, the generative algorithm uses five components corresponding to five different
masonry elements. The first one corresponds to a masonry wall. The second to fourth ones
correspond to masonry connections (corner, T-connection and cross-connection, respectively) that
assemble two (or more) walls. The last component has been developed to create an opening in an
already existing wall.

One should note that using these different typologies allows creating almost all possible masonry
configurations. However, curved walls are not yet included, though the same methodology can be
easily applied without significant work.

Wall component

The wall component is the main component of the generative algorithm. Figure 3 gives the
perspective and plane views of it. One can note that the single-leaf bond pattern only considers
two distinct courses (even and odd) that are repeated all along with the component’s height. This
characteristic is shared by all features described in the following.

Even course

o ¢W=w_b

0dd course

a) Perspective view o b) Plane view c) Front view
Figure 3: Wall component. a) Perspective, b) plane, and c) front views.
In total, a wall component has 19 parameters (Figure 4):
- Three geometrical parameters describe the masonry units: length / b, width w_b and height

h_b (Figures 3 & 5).
- Two geometrical parameters define the wall: its length L and height H (Figure 3).



- Two Boolean parameters ask if the length and height of the blocks need to be recomputed
based on the wall length and height, respectively to avoid very small or thin blocks. If
activated, they ensure that L =»n x [ b and H = n x h_b with n to be an integer.

- A Boolean parameter asks whether the first course of the wall is an odd or an even type
(Figure 3).

- For each side, three parameters handle the connection properties. Specifically, the first one
is a Boolean asking if the side should be straight or indentated (Figure 6). If the side is
indentated (Figure 6b), the second parameter determines the length of the indent / / and
[ 2, respectively (Figure 5).The last parameter is also a Boolean specifying if the
indentation is done on the even or odd courses.

- The horizontal distance between heading joints of even and odd layer is given by e (Figure
5).

- The minimum length that blocks have to be indeed created (Figure 6¢).

- Three parameters that determine the coordinates of the local origin O of the wall, the
orientation of its longitudinal dimension (V') and the orientation of its elevation dimension
(V?), see Figure 6a.
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Figure 4: An overview of the GH component to model a wall with its inputs and outputs.

As for the output, all automatically generated blocks of a wall are stored in a DataTree
(Rhinoceros3D data structure), where each branch of the tree corresponds to a layer. It allows
a much easier utilisation of the output later on.

The position O and orientation vectors of both side of the wall component is also outputted.
Since all the other features use the same methodology to define their positions, it allows
directly connecting the output position parameters of a given component to the input position
parameters of another component to be connected with (Figure 7).
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Figure 5: Parametrisation used for the wall component

a) Straight side b) Indentated side  c¢) Remove small blocks

Figure 6: a) Straight and b) indentated connections. ¢) Effect of the minimum allowable
block length

Corner component

a) Connection of components and Visual Programming b) Preview of the geometry

Figure 7: Connection of components to create the global geometry. a) Visual programming
and b) preview



Corner component

A masonry corner component binds two different walls together connected orthogonally. It has 13
inputs (Figure 7), and most of them are similar to the inputs of a wall component. One of its
particularities lies in the fact that the width of the two connected walls can be different (Figure 8).
Another particularity is the possibility to connect either the 1% branch or the 2" one, resulting in a
“clockwise” or “counter-clockwise” connection (Figure 8).

15 connection

2" connection

1.2

a) Even course b) odd course c) clockwise d) counter-clockwise

Figure 8: Corner component: a) and b) plane view and parametrisation; ¢) and d) previews
with clockwise and counter-clockwise connections

T-connection and Cross-connection components

T-connection components connect three walls and have a total of 17 inputs. Most of them are
shared with the previous features (wall and corner connection). Again, the width of the three
branches to be connected can be different (Figure 9).

3" connection w_3
l
1.3 11 1.2
ar - — —— - . NH
— - w.l=w._2
1% connec_tic_n_l 2_"_" connection e >1b -
a) Even course b) 0dd course
]
e S w_2
b
S m ¥
¢) With longer block d) Different widths e) Small blocks deleted

Figure 9: Parametrisation for a T-connection: a) even and b) odd layers; c) larger block
length; d) misalignment of wall’s facade and e) deleting of small blocks



Two specific features of T-connections are also presented on Figure 9. First, blocks can be merged
if long enough blocks are available (Figure 9b-c). Moreover, in case the widths of the facade’s
walls are different, the user can determine the misalignment m (Figure 9d) so that the walls can
either be aligned along their external (m = 0%) or internal faces (m = 100%). Finally, the last input
parameter corresponds to the minimum length of blocks and avoid creating too small blocks
(Figure 9d-e).

The cross-connection component has 19 inputs and works similarly to the T-connection features.
The refinements discussed in Figure 9 apply in both x and y-directions, thus leading to more input
parameters. Examples of T-wall and Cross-wall are shown in Figure 10.

=

a) T-wall b) Cross wall ¢) U-shaped with opening

Figure 10: Final model geometries created using the five essential components.

Opening

The last feature regards the creation of an opening in an existing wall. The component has 23 input
parameters, of which three corresponds to the wall DataTree (and eventually of two connections
components) to cut. Then, six parameters define the relative and absolute position of the opening,
while three other dimensions (/7 and 4°P) control its size (Figure 11). Six parameters corresponding
to the block and wall geometries are also needed. Finally, one Boolean parameter determines if a
lintel should be created above the opening, and if yes, the lintel height (4’) and width (w') as well
the length of the supporting columns (') must be assigned.

a) Front wiew b) Below view

Figure 11: Parametrisation of the opening and the lintel above it



DISCUSSION AND CONCLUSIONS

The five parametrised components presented above are enough to create diverse masonry
geometries (Figure 10). A simple structure like those shown in Figure 10c does not require more
than 10 minutes to be built. Besides, as Figures 4 & 7 demonstrate, the time to update the geometry
is less than one second. The proposed generative algorithm, therefore, reaches high performance
in terms of real-time modeling. On the one hand, it can find application as an input of structural
analysis software that aims at doing fast calculations (e.g. micro-modelling Limit Analysis tools
[8-9, 23]). Indeed, the construction of complex geometrical models of masonry structures can be
a laborious task that can largely overpass the structural analysis time, reducing the time-efficiency
of these practical tools. Moreover, this tool is particularly suitable for the parameterically shape
exploration to find e.g., the optimal geometry manually..

To conclude, the presented tool shows auspicious results and need to be further developed to
account for multi-leaf bond patterns, gable walls, curved and inclined walls as well as non-
homogeneous block size, which are all envisioned as next development steps. Furthermore, the
automatisation of the exportation of the generated masonry geometries to classical structural
analysis software is currently being investigated.
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