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Abstract. The present paper focuses on the assessment and preservation of the
structural safety of traditional masonry constructions by predicting their most
probable collapse mechanism. The aim is to propose an efficient numerical app-
roach for evaluating collapse in historical masonry structures, based on kinematic
limit analysis applied to common local failure mechanisms and implemented
through a visual scripting computational tool. The method integrates linear pro-
gramming optimization within a CAD environment, utilizing an interactive Python
component to compute the collapse load multiplier. The structural model is based
on rigid blocks, following Heyman’s assumptions. The effectiveness of the visual
scripting framework is validated through the systematic evaluation of out-of-plane
collapse mechanisms of masonry walls, demonstrating its potential for rapid and
accurate structural safety assessments.

Keywords: visual scripting - optimization algorithm - masonry macro-blocks -
kinematic limit analysis

1 Introduction

The preservation of the Italian cultural heritage is a crucial and widely discussed topic,
addressed from various perspectives. Among these, particular attention is given to
the structural safety of historic buildings, the majority of which are constructed with
masonry. The structural integrity of these masonry constructions is influenced by a vari-
ety of factors, which must be carefully considered to ensure their long-term safety. Some
of these factors are related to aspects inherent to the construction, such as the properties
of materials used (e.g., compressive strength, porosity, presence of defects) and the con-
struction techniques employed (e.g., mortar type, masonry quality, connections between
elements). On the other hand, further factors depend on external conditions and involve
forces acting upon the building. These include applied loads, e.g., permanent weights,
variable loads, seismic forces, but also non mechanical actions like the ones exerted
by sunlight, humidity, climatic actions and climate change in general. Such factors can
lead to degradation and reduced durability of the masonry. Moreover, the interaction
between internal and external factors determines the actual load-bearing capacity and
vulnerability of the structure (Giuffre, 1996) (Szabé et al., 2023).
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The strong interest in the preservation of the architectural heritage and the complex-
ity of the problem led to the development of various methods to assess the structural
safety of masonry buildings. The choice of the appropriate method requires evaluating its
specific advantages and limitations in relation to the structural problem at hand. A funda-
mental classification of masonry assessment approaches is based on the type of analysis
method used to study the mechanical behavior of masonry and on how the masonry
material is modeled within the method itself. A detailed overview is provided in the
review by D’altri et al. (2020). In particular, analysis methods are generally categorized
as: nonlinear incremental approaches and direct or limit analysis ones. While mate-
rial modeling approaches include: continuum mechanics-based models and rigid-block
models representing masonry as assemblies of discrete blocks.

The first category of approaches comprises nonlinear incremental methods primar-
ily aimed at numerically simulating the full mechanical response of masonry structures,
incorporating assumptions across different material scales and accounting for damage
and interface effects. Recent studies employ finite element methods (FEM), often cou-
pled with probabilistic approaches to address uncertainties in parameters used in FE
analyses (Mazzeo et al., 2024). For instance, Galassi and Zampieri (2023) present an
automated nonlinear incremental procedure to predict failure and collapse mechanisms in
masonry arches, evaluating internal forces at block joints under equilibrium and continu-
ity constraints. Similarly, Portioli and Lourengo (2024) propose a rigid-block model with
elastoplastic softening interfaces for nonlinear static analysis, validated experimentally
and numerically, focusing on material softening and failure mechanisms.

Nonlinear incremental methods provide insight, for example, into the seismic behav-
ior of masonry, but face practical constraints: accurately modeling the heterogeneity and
anisotropy of masonry requires detailed mechanical, material, and geometric parame-
ters, making simulations computationally demanding; moreover, their strong sensitivity
to input uncertainties can lead to wide variability in the predicted responses, limiting
their use in real-world applications. All these factors necessitate careful consideration
for selecting an appropriate technique for the assessment of masonry structures (Kumar
etal., 2022).

On the other hand, limit analysis methods, despite their own limitations, provides
a robust efficient framework alternative to nonlinear approaches. Indeed, they result
particularly attractive when detailed material modeling and simulation are not feasible,
offering key benefits in speed, accuracy for specific failure modes, and adaptability
to various geometries. Limit analysis is, in fact, effective in predicting collapse loads,
without modeling the full failure process. It is essentially based on equilibrium conditions
which enhances its applicability in both seismic and non-seismic scenarios. Numerous
local collapse phenomena have been studied and classified in this context (Milano et al.,
2009), providing case studies to identify potential triggers of structural failure. The
Italian regulatory framework (MIT, 2019) explicitly permits the application of limit
analysis when assessing local collapse mechanisms. Consequently, numerous methods
for masonry safety assessment are grounded on limit analysis theory, utilizing both static
and kinematic approaches. These methods stem from the recognition that structural
collapse often initiates from the localized instability of macro-elements.
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Moreover, the numerical limit analysis methods, which frequently incorporate opti-
mization algorithms, offer another significant advantage that is the capability of deter-
mining collapse loads and failure mechanisms even in complex geometries. Notably, in
Baggio and Trovalusci (2000) the authors have explored nonlinear programming with
friction for modeling masonry as rigid blocks, considering interface dilatancy. This
allows for a more complete understanding of structural behavior under stress, especially
for systems with irregular shapes or complex boundary conditions. Another advantage
of limit analysis is its flexibility in modeling frictional interfaces, which significantly
influence collapse mechanisms. Methods proposed by Ferris and Tin-Loi (2001) uti-
lize constrained optimization to account for non-associative friction and tension-free
contact, while in (Gilbert et al., 2006) a linear programming approach is introduced to
model non-associative frictional joints. In (Gilbert, 2007) an efficient kinematic-based
numerical method is also developed for bearing capacity assessment, further emphasiz-
ing the versatility of limit analysis in a wide range of scenarios. Nodargi et al. (2019)
implemented a variational fixed-point algorithm for limit analysis of dry-masonry block
structures considering frictional interfaces. Kinematic limit analysis approaches have
instead been applied by Casapulla et al. (2023) for seismic vulnerability of masonry
walls with or without grouted anchors. Although efficient, many applications of limit
analysis are still restricted to idealized geometries and oversimplified collapse scenarios,
which reduces their applicability to complex real-world masonry structures.

In the authors’ opinion, in recent years, limit analysis has gained more attraction
in professional practice through its integration within visual scripting environments,
which enables efficient, interactive safety assessments of masonry structures. Pioneering
work by (Block, 2009) introduced Thrust Network Analysis in CAD software, further
improved in (Rippmann et al., 2012). In (Stockdale & Milani, 2019) a similar technique
is applied in AutoCAD for arch safety evaluations. More recently, Funari et al. (2021)
developed a Grasshopper-based tool in Rhinoceros that allows interactive and parametric
exploration of collapse mechanisms via genetic algorithms. Mousavian et al. (2021)
implemented a Grasshopper plugin for out-of-plane collapse in multi-storey walls, using
a macro-block limit analysis that accounts for geometric and construction parameters.
These recent developments demonstrate that embedding limit analysis in visual scripting
environments delivers rapid, user-friendly, and computationally efficient workflows for
both design and heritage conservation.

While previous studies have already demonstrated the potential of integrating limit
analysis with visual programming, the present work aims to further develop this poten-
tial by refining the approach and emphasizing its effectiveness and broader applicability.
Therefore, this study contributes to the current trend of coupling limit analysis with
CAD tools by employing Grasshopper for safety evaluations of masonry walls. The
promoted approach merges limit analysis, carried on masonry walls treated as a sys-
tem of rigid macro-blocks, with a linear-programming optimization to identify collapse
mechanisms and determine the corresponding load multiplier in real time. This app-
roach, as already outlined, is particularly advantageous when detailed material behav-
ior modeling is impractical due to the inherent complexity and variability of masonry
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materials. Through parametric inputs, users can instantly estimate how material, geo-
metric, and loading variations influence structural behavior and test restoration or emer-
gency intervention strategies. In line with recent advances in structural engineering, this
study contributes to bridging the gap between theoretical research and practical heritage
conservation tools. The paper is organized into five sections: after this introduction,
Sect. 2 covers the theoretical background; Sect. 3 examines eight benchmark collapse
mechanisms; Sect. 4 details the Grasshopper implementation; Sect. 5 offers concluding
observations and future directions.

2 Theoretical Background

Limit analysis is here applied in its kinematic formulation also assuming that a masonry
wall is modeled as an assembly of rigid, interlocked blocks under Heyman’s hypotheses
of zero tensile strength, infinite compressive strength and absence of sliding between
blocks (Heyman, 1966). These assumptions apply to good-quality masonry with pre-
existing interface cracks between visible, or recognizable, macro-elements.
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Fig. 1. Kinematic parameters related to the centroidal transverse section of the macro-element.

The procedure determines the collapse load multiplier, o, and the associated out-
of-plane failure mechanism for each macro-element in the 2D plane of its centroidal
transverse section (Fig. 1).

Referring to a global coordinate system (O, x, y), the displacement up = [ up, vp ]T
of a point D(xp, yp) on a macro-element can be written in terms of the horizontal and
vertical displacements ug and vg of the macro-element centroid G, together with its
rotation @ around G. The latter three parameters are assembled into the vector d:

d = [ug, v, ¢l". (1)

Displacements are taken positive when aligned with the global axes, as shown in
Fig. 1. Moreover, the components up and vp of the displacement vector can be defined
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by the kinematic matrix S defined as:

SZ[lo_(yD_yG)]. (2)

01 ()CD — xG)
The displacement vector up can therefore be written as:
up = Sd 3)

The kinematic description above enables characterization of the collapse mecha-
nism via limit analysis. Specifically, the kinematic formulation leads to an optimization
problem that minimizes the virtual work required to induce collapse. The application
of the principle of virtual work yields the equilibrium condition equating the work of
stabilizing dead loads, all collected in the vector P, with that of destabilizing live loads,
all collected in the vector P;; namely:

uir, =aU] P 4)

where U, and U; denote the displacement vectors of the application points of Py
and P, respectively and a is the live loads multiplier. When the crack pattern is specified
a priori, the collapse multiplier a can be obtained directly from the virtual-work balance
(Eq. 4), as for the simple overturning mechanism of a masonry macro-element, see e.g.
(Cifani, et al., 2006). Conversely, if the crack geometry is not known in advance, this
explicit expression no longer holds and o must be determined by solving an optimization
problem that searches for the most critical collapse configuration, as in the approaches
proposed by (Ferris & Tin-Loi, 2001), (Gilbert, 2007) and (Nodargi et al., 2019).

Two collapse scenarios are considered for a masonry wall macro-element with fixed
hinge A and roller B (Fig. 2(a,b)), reflecting crack patterns observed in situ. In the first
scenario (Fig. 2(a)), the macro-element rotates about hinge A. In the second scenario
(Fig. 2(b)), an internal hinge C appears at an undetermined height, dividing the macro-
element into two sub-elements. This vertical bending mechanism often occurs in historic
facade walls and the location of hinge C enters an optimization algorithm to identify the
most critical collapse configuration. To formulate the optimization problem, a parameter
> 11is introduced that defines the ratio between the unknown block heights /1 and h»,
thereby fixing the internal hinge location. Specifically, for 4 > 1 the heights satisfy:

h —1
hy = —; hl:,u_; with p > 1 5)
1 1

The optimization seeks the multiplier o from balance Eq. (4), subject to the constraint
on u, namely:

. | ULPy . | ©
min o = min S.1. > 1.
w UITPI ”

The optimization problem defined in Eq. (6) seeks the minimum collapse multiplier
o under the constraint > 1. This strict inequality guarantees that the internal hinge lies
within the macro-element rather than at its extremity. The resulting linear-programming
formulation is hereafter solved in Python using the linprog function.
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hy

Fig. 2. Schematic representation of a masonry macro-element collapse mechanism: (a) simple
overturning of a single macro-element around the external hinge A; (b) vertical bending of two
interconnected macro-elements rotating around the internal hinge C, whose position is unknown.

3 Benchmark Collapse Mechanisms

Eight out-of-plane collapse mechanisms have been implemented, all falling under the
two general categories introduced in the previous Sect. 2. Such mechanisms arise when
external actions, most notably seismic forces, overcome the equilibrium of an entire
wall or large wall segments. Their activation depends on factors governing out-of-plane
response, including the quality of orthogonal wall connections, wall-to-wall interactions,
roof configuration, opening layout, loads from upper stories, and even the building’s
position within the urban fabric. The considered mechanisms can be divided into over-
turning mechanisms and bending mechanisms. Overturning mechanisms may be simple,
involving rotation of a single wall segment, or composed, if adjacent orthogonal wall
portions are also dragged into motion; each mechanism can occur at one story or span
multiple stories. Bending mechanisms are categorized by the orientation of the bending
plane, vertical or horizontal and they too may affect a single level or multiple levels of
the structure.

Tables 1, 2 and 3 schematically illustrate the eight out-of-plane collapse mechanisms
addressed here, based on the classification of Milano et al. (2009), precisely: simple
overturning of a single-story wall; simple overturning of a multi-story wall; composed
overturning of a single-story wall; composed overturning of a multi-story wall; composed
overturning of a corner wall; vertical bending of a single-story wall; vertical bending
of a multi-story wall; and horizontal bending of a single-story wall. Each mechanism is
represented in detail on the left column of Tables 1, 2 and 3, while in the right column
the analytical expression of the corresponding collapse load multiplier is reported.

A simple description of each benchmark collapse mechanism is given next:
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Simple Overturning of a Single-Story Wall

This mechanism affects a full single-story wall or a wide segment of it when out-of-plane
forces cause it to move independently from adjacent sidewalls, as shown in Table 1(a).
The wall rotates rigidly about a horizontal cylindrical hinge at its base, which spans the
entire width of the macro-element. This simple overturning usually occurs at the topmost
story or just below the roof. The analysis considers the centroidal transverse section of
the wall, using the geometry, boundary conditions and loading depicted in Table 1(a).
Specifically, W is the self-weight of the wall, F,, denotes the vertical thrust from arches
or vaults, and P represents the floor or roof weight acting on the wall. Horizontal inertia
forces arise by multiplying each of these vertical actions by the collapse multiplier .
The loads Pj, and Fj, account respectively for the static load from any head cover at the
top of the macro-element and the horizontal thrust component of arches or vaults, while
T represents the action of tie rods.

Simple Overturning of a Multi-Story Wall

This mechanism concerns a multi-story fagade or large segments of it that, under out-of-
plane forces applied at various levels, can detach from adjacent sidewalls (Table 1(b)).
The wall undergoes rigid rotation about a known horizontal cylindrical hinge at its base,
which spans the entire width of the macro-element. By analogy with the single-story case
and using the same notation, the simple overturning of this multi-story macro-element is
analyzed via its centroidal transverse section, with geometry, boundary conditions, and
loads as shown in Table 1(b).

Composed Overturning of a Single-Story Wall

This mechanism concerns a single-story facade together with adjoining sidewall seg-
ments modeled as diagonal wedges (Table 1(c)). Under out-of-plane loading, the entire
rigid macro-element rotates about a known horizontal cylindrical hinge at its base span-
ning its full width. The 2D analysis is carried out on the symmetry plane of this assem-
bly, where the fagade’s centroidal section and the projected diagonal wedges, along with
all applied forces, are treated as acting within that symmetry plane (Table 1(c)). This
projection preserves the equilibrium of moments about the hinge.

Composed Overturning of a Multistory Wall

This mechanism addresses a multi-story facade and its adjoining sidewall segments,
which extend across multiple levels and are idealized as paired diagonal wedges
(Table 2(a)). Under out-of-plane loading, the entire rigid macro-element rotates about
a fixed horizontal cylindrical hinge at its base spanning its full width. The analysis is
conducted in 2D on the symmetry plane of this assembly, applying the same simplifying
assumptions as before (Table 2(a)).

Composed Overturning of a Corner Wall

The corner-wedge mechanism is generated by two diagonal cracks along orthogonal
walls, causing a rigid block to detach and rotate about a fixed hinge at the macro-
element’s base, as shown in Table 2(b). Typically observed in isolated buildings, this fail-
ure concentrates thrust at wall intersections. Assuming a 45° rotation plane (Table 2(b)),
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the analysis projects all loads, including the ridge-beam load P and the vertical and
horizontal components Py, P2, and Pj1 and P, onto this plane (Table 2(b)).

Vertical Bending of a Single-Story Wall

The mechanism involves two rigid blocks in which the original macro-element divides.
The mechanism is the one typical of a fagade wall rotating out of plane about a horizontal
cylindrical hinge that forms between successive levels, as shown in Table 3(a). Vertical
cracks at the junctions with adjacent sidewalls define the detached wedge, which is
typically restrained by tie rods or beams at the story’s top and bottom. The 2D model
on this symmetrical plane (Table 3(a)) includes a vertical load N applied at the macro-
element’s top. External hinges A and B are fixed a priori, while the intermediate hinge C
height emerges from an optimization involving the blocks’ weights W1, W5 and heights
hi, hyp via the parameter L.

Vertical Bending of a Multi-Story Wall

This mechanism mirrors the previous case but occurs in a multi-story fagade wall—i.e., a
wall spanning more than two levels where intermediate connections are ineffective—and
involves out-of-plane rotation of the above mentioned two rigid blocks about a horizontal
cylindrical hinge (Table 3(b)). The same considerations apply, and the 2D mechanical
model is shown in Table 3(b).

Horizontal Bending of a Single-Story Wall

The mechanism ejects the top portion of a fagade wall under out-of-plane loading,
detaching wedge- or trapezoidal-shaped blocks via oblique vertical cylindrical hinges
(Table 3(c)). This collapse mode typically affects the uppermost story when strong
sidewall connections prevent overall overturning, but weak roof connections permit
horizontal bending of the wall. The detached segment rotates as two rigid blocks, once
again formed by the division of the original macro-element, about fixed hinges A and
B at its base and an internal hinge C at an undetermined position (Table 3(c)), analyzed
in the horizontal rotation plane of the block edges. The collapse multiplier is defined
by balancing all applied loads—where H is the reaction from a bracing wall or tie rod,
and Py, and P,, are the horizontal and vertical components of roof loads—and the hinge
coordinates Ly, L, are functions of the optimization parameter p, analogous to 4; and
h; in the vertical-bending case.
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Table 1. Collapse mechanisms of overturning-type.

Overturning mechanism
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Table 2. Collapse mechanisms of overturning-type.

Overturning mechanism
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Table 3. Collapse mechanisms of bending-type.

Bending mechanism
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4 Visual Programming Framework for Limit Analysis

The limit analysis optimization is implemented within Grasshopper, the visual scripting
environment of Rhinoceros, enabling direct input of CAD geometries for masonry walls.
This delivers an interactive workflow in which the kinematic limit analysis automati-
cally identifies the most probable collapse mechanism and computes the corresponding
load multiplier in real time. Figure 3 outlines the workflow as a series of Grasshopper
components, organized into colored sections. The process is illustrated using one of the
benchmark cases, addressed previously, namely the vertical bending mechanism in a
two-story masonry wall.

Visual

/
~ I
Geometrical Mechanism and

W model collapse load %’

Fig. 3. Sketch of the workflow of the visual scripting approach for performing limit analysis on
a double-story masonry facade with a vertical bending mechanism.

The process begins by defining the geometry of the two macro-elements and import-
ing the CAD model into Grasshopper. The user then selects the relevant wall cross-
section, i.e., the plane of potential mechanism rotations and specifies boundary condi-
tions, applied loads, and material properties as shown in the green section (on the left)
of Fig. 3. In the lilac section (central) the script automatically detects and extracts all
necessary geometric information: the cross-section centroid locations, self-weight dis-
tributions, and dimensions. Finally, the yellow section (on the right) of the workflow
visualizes the applied loads and contains the core Python script that joins all inputs
and executes the limit-analysis optimization. The tool then outputs the collapse-load
multiplier and furnishes the predicted collapse mechanism, including the location of the
internal horizontal hinge. Users can adjust input parameters in real-time, with immediate
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feedback, allowing for rapid evaluation of how changes in geometry, material properties,
or loading conditions impact the risk of collapse.

5 Results and Validation

The method previously presented is validated through the study of the eight benchmark
collapse mechanisms, along with the related collapse multipliers, referred to a gener-
alized wall, where the presence of openings is neglected. The thickness, height, and
specific weight of the masonry wall will be kept constant and equal to respectively 0.4
m, 3 m for each level and 18 kg/m>. The graphs showing the results obtained from the
visual scripting tool are given next in terms of collapse multiplier a versus the peculiar
actions of each benchmark collapse mechanism.

The first example analyzed is the simple overturning mechanism involving a single
level of the structure. In this case, the thickness was reduced from 0.4 m to 0.2 m for
the analysis. As shown in Fig. 4(a), values of the collapse multiplier o were obtained
by varying T, representing the presence of a tie rod, and P;, the weight of the floor/roof
acting on the wall, within the range from 0 to 10 kN and from 0 to 20 kN, respectively.
It can be observed that T has a stabilizing effect as Py increases. The presence of the tie
rod, when combined with an increase in the floor weight, allows the a value to increase.
In the absence of P, and with only 7, this value would have more consistently increased.
Moving on to the second benchmark case in Fig. 4(b) of multi-story simple overturning
in the facade, the input parameters 7" and P; are also considered variable. The trend
is similar to the previous case, with the key difference being that the maximum value
of the collapse multiplier is reduced by half. This is due to the increased slenderness
of the macro-element, as it concerns a two-story facade. In the third case, shown in
Fig. 4(c), involving a composed overturning mechanism, the varying parameters are still
T and Pj. The trend closely follows that of the previous case, with higher values of the
collapse multiplier due to the presence of the sidewall. The sidewall, being involved in
the overturning mechanism, counteracts the collapse with its own weight. The fourth
case in Fig. 4(d) involves the entire height of the wall, with the sidewalls participating in
the overturning mechanism. In this scenario, in addition to T, the action exerted by a vault
on the top level, F,, varies. As shown by comparing the trend of the graph with that in
Fig. 4(b) although the sidewall is involved and counteracts the overturning with its own
weight, the collapse multiplier is much lower. This highlights how the presence of the
vault is a determining and critical factor in triggering the mechanism, thus affecting the
vulnerability of the structure. In this case as well, T helps increase the collapse multiplier.
Figure 4(e) shows the trend of the collapse multiplier for the corner overturning case.
In this case, once again the parameters 7 and P were varied, resulting in a graph trend
consistent with the other overturning cases.
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Fig. 4. Collapse multiplier versus the peculiar actions of each benchmark mechanism: the over-
turning mechanisms: a) simple overturning of a single-story wall, (b) simple overturning of a
multi-story wall, (¢c) composed overturning of a single-story wall, (d) composed overturning of a
multi-story wall, (e) composed overturning of a corner wall.
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Figure 5 analyzes cases involving vertical or horizontal bending. In the first case,
vertical bending (Fig. 5(a)) is considered for a single story, with F, and N as varying
parameters. The trend differs significantly from the overturning cases, with the mecha-
nism being highly sensitive to changes in the values F, and N. In this case, N plays a
stabilizing role against F',, ensuring a significant increase in the collapse multiplier.
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Fig. 5. Collapse multiplier versus the peculiar actions of each benchmark mechanism: the bending

mechanisms: (a) vertical bending of a single-story wall, (b) vertical bending of a multi-story wall,
and (c) horizontal bending of a single-story wall.

Fig. 5(b) represents the same mechanism for multiple stories. Here, the collapse
multiplier is reduced, highlighting the structure’s increased vulnerability compared to

the single-story case, as the bending mechanism is more likely to develop along the
entire height of the wall rather than being confined to a single level.
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The last Fig. 5(c) shows the collapse mechanism due to horizontal bending, with H
and P, varying as the reaction force and vertical load, respectively. As observed, the
presence of H increases the multiplier significantly, confirming its stabilizing effect in
preventing the activation of the collapse mechanism.

6 Concluding Remarks

A visual scripting environment for kinematic limit analysis of masonry walls subjected
to out-of-plane collapse mechanisms has been developed. The walls are modeled using
arigid-block-based approach, with limit analysis applied in its standard kinematic form
to predict collapse mechanisms and related load multipliers through an optimization
process.

A sensitivity analysis of the computed collapse load multiplier to different values
of the live loads acting on eight benchmark out-of-plane mechanisms examined on a
generalized (simplified) wall of fixed geometry, material and boundary conditions, has
been carried out. The obtained results seem to prove the effectiveness of the proposed
visual-scripting-based limit analysis tool.

The promoted user-friendly interactive approach allows quick identification of key
factors, such as geometry, material properties, and applied load intensity, that influence
the activation or prevention of collapse mechanisms in cracked walls. The tool also
enables real-time evaluation of how adjustments, corresponding to structural restoration
interventions, can improve safety, especially in post-seismic scenarios.

The results presented have to be viewed as a first step toward developing an efficient
predictive tool for masonry walls safety assessment, with an ongoing research focus-
ing on more complex masonry structural systems, sliding rigid-block mechanisms, and
refining the rigid-block modeling to better reflect real masonry behavior including also
the analysis of in-plane collapse mechanisms.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits any noncommercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if you modified the licensed
material. You do not have permission under this license to share adapted material derived from
this chapter or parts of it.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.
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