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Abstract: A visual scripting approach for limit analysis of
masonry walls subjected to out-of-plane loads is proposed.
To this aim, within a visual scripting framework, an inter-
active CAD representation of the structure and of the acting
loads, boundary conditions, and restraints is coupled with
an optimization algorithm to calculate the collapse load
multiplier and visualize the related predicted collapse
mechanism. The proposed approach can be useful for
practical purposes, indeed it allows us to quickly identify
the key factors that influence the structural response and,
through the tuning of some input data, can furnish some
hints for design purposes. The effectiveness of the pro-
moted tool is verified by application to eight well-known
benchmark cases.

Keywords: visual scripting, optimization algorithm, Masonry
macro-blocks, limit analysis

1 Introduction

The safeguard of Italian cultural heritage is undoubtedly a
relevant topic, widely discussed from different points of
view including those related to the preservation and safety
assessment of historic buildings which, for the most part,
are masonry constructions. The structural integrity of
masonry buildings depends on various factors related to
the acting loads, the real material conditions, the structural
typology, and the state of preservation. It is well known that
masonry structures, designed to mainly resist to gravitational

loads, can collapse due to seismic forces, foundation failures,
long-term deformations, or impacts due to extreme environ-
mental conditions. As far as materials are concerned, the
factors that can influence the strength of masonry are often
due to their poor quality, as well as to their degradation
caused by adverse environmental conditions or aging.

The great interest aroused by the architectural heri-
tage, added to the increased attention and sensitivity of
public opinion on the topic, has contributed to stimulating
the development of various methods to evaluate the struc-
tural safety of masonry buildings. Without claiming to be
exhaustive and limiting the context to that of historical
masonry structures, a first rough distinction can be made
looking at the analysis method employed for the study of
the mechanical behavior of the masonry structure and at
the constitutive description of the “masonry material.”
Within the analysis methods, a further distinction can be
made between nonlinear incremental methods and direct,
or limit analysis methods. With reference to the constitu-
tive description, a distinction can also be done between
approaches that employ a continuum description of the
masonry material and those that treat the masonry by a
rigid-block-based description. Each approach has its own
advantages and limitations, making it often more suitable
for specific types of structural problems. For further details
on this issue, refer to the review paper by D’Altri et al. [1]
and references therein.

Several nonlinear incremental methods focus on a
numerical modeling of the full mechanical response of
the masonry structure, including assumptions at different
material scales (micro- and macro-mechanical ones or multi-
scale ones), taking also into account damaging effects, inter-
face effects, and so on. Looking at some recent contributions,
the analysis of masonry structures is carried out by finite
element methods (FEM, see, e.g. [2] and [3] and references
therein) also suggesting the use of probabilistic approaches
to take into account the uncertainty of some parameters
involved in the FE analysis [4]. Such numerical methods,
even if are valuable research contributions in the field, lack
effectiveness from a practical point of view. They indeed
require very often a detailed knowledge of the masonry’s
mechanical, material, and geometrical parameters to be
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carefully identified, and are characterized by a great com-
plexity of the pertinent numerical simulations being compu-
tationally demanding. Among recent studies, using nonlinear
incremental methods with a block-based description, can be
cited the paper by Galassi and Zampieri [5], who introduces an
automated procedure for predicting failure and collapse
mechanisms in masonry arch structures. The proposed incre-
mentalmethod leads to the evaluation of internal forces acting
on the joints of blocks, under the condition that structural
equilibrium and continuity are satisfied. Following the same
research line, the contribution by Portioli and Lourenço [6]
proposes a model employing rigid-block with an elasto-
plastic softening interface for the nonlinear static analysis
of masonry structures. The theoretical model is then vali-
dated through experimental tests and numerical analyses,
focusing on material softening, failure mechanisms, and
under the hypothesis of monotonic load and large displace-
ments. The use of nonlinear approaches is indeed preferable
for small-scale problems, such as the analysis of a single
wall. In fact, these approaches require the application of a
model that is generally computationally more expensive
because it has to take into account the uncertainties related
to the properties of the involved materials and the intrinsic
heterogeneity of the masonry.

In line with Italian technical guidelines [7], many
approaches are based on limit analysis theory, both via a
static and/or a kinematic approach and this grounding on
the observation that structural collapse often begins with a
localized phenomenon, resulting from the instability of spe-
cific macro-elements [7]. Many of these local phenomena
have been studied, identified, and classified (e.g., Milano
et al. [8]) so providing a series of case studies to which
reference can be made to identify possible triggers of struc-
tural collapse. Limit analysis aims to predict the collapse
load of a structure, or of a structural element, without
detailing the mechanical response leading to failure. For
this reason, methods based on limit analysis appear compe-
titive not only in simplifying the safety assessment process,
but also in providing an immediate understanding of poten-
tial collapse risks in masonry structures. Limit analysis kine-
matic approaches are proposed, for example, in the study by
Casapulla et al. [9,10] for the assessment of seismic vulner-
ability of masonry walls without or with grouted anchors
and in the study by Wang and Milani [11] for the analysis of
damage mechanisms in masonry aggregates. Numerical
methods based on this theory, which often make use of
optimization algorithms, prove to be effective in the
direct determination of the collapse load and the related
mechanism, even with reference to structures with complex
geometries. In this context, the structure is often effectively
modeled through rigid blocks with the inclusion of friction

effects. Among the works that can be included in this line of
research can be mentioned those of Baggio and Trovalusci
[12,13], which address a nonlinear programming problem
with friction starting from a linearized limit analysis pro-
blem, applied to masonry structures modeled as rigid blocks
with interface dilatancy. A constrained optimization pro-
blem is instead solved in Ferris and Tin-Loi [14] who propose
an alternative method to calculate the collapse loads of rigid
block systems with non-associative friction and tension-free
contact. Gilbert et al. [15] proposed a linear programming
formulation to address the problem of non-associative
frictional joints, while Gilbert [16] developed an efficient
numerical method, based on the kinematic theory, for the
determination of the bearing capacity of masonry struc-
tures. Nodargi et al. [17] implemented a variational-based
fixed-point algorithm to solve the limit analysis problem
for dry-masonry block structures with frictional behavior
at the interface.

The limit analysis approaches have become today even
more attractive, and easily applicable for professional pur-
poses, if implemented within a visual scripting environ-
ment allowing efficient, interactive, and real-time assess-
ments of masonry structures safety. This recent line of
research is particularly interesting also because it renders
the analysis of some masonry structural problems more
accessible for professional applications. A first attempt to
integrate limit analysis in a CAD software was proposed by
Block [18], for Thrust Network Analysis (TNA) applied to
masonry vaults; the approach was later enhanced into an
interactive version by Rippmann et al. [19] for the design of
free-form masonry vaults with thin tiles. Also, Stockdale
and Milani [20] utilized the adoption of a data extraction
technique and a limit analysis tool in AutoCAD for the
safety assessment of masonry arches. Another more recent
procedure, promoting the use of this approach in design
contexts and integrating with CAD systems, was presented
by Funari et al. [21], who utilized Grasshopper, a visual
programming environment within Rhinoceros (CAD soft-
ware) [22]. This tool offers a user-friendly interface, enabling
rapid and intuitive assessment of structural safety allowing
for parametric exploration and real-time visualization of
collapse surfaces and failure mechanisms identified using
genetic algorithms. The same authors, in a subsequent
work [23], proposed an extension of the methodology for
the rapid safety assessment of historic masonry structures
subject to seismic non linear actions. The use of limit ana-
lysis in a visual scripting environment proves to be a com-
putationally efficient and rapid approach for the parametric
evaluation of collapse mechanisms. Another valuable con-
tribution is given by Mousavian et al. [24], who introduced a
Grasshopper plugin for evaluating out-of-plane mechanisms
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in multi-storey masonry buildings, displaying potential
failure locations using a macro-block model. This tool calcu-
lates out-of-plane failure mechanisms using a limit analysis
approach, taking into account geometric and construction
parameters.

To this research line belongs the present work that
uses the Grasshopper visual scripting tool for a rapid struc-
tural safety assessment of masonry walls, which can turn
out particularly efficient in critical situations like post-earth-
quake scenarios. The proposed approach couples limit
analysis with a CAD environment to enhance real-time eva-
luations of the collapse of masonry walls. It also employs an
optimization algorithm, based on a linear programming
technique, to effectively identify the collapse mechanisms
and to evaluate the related collapse load multiplier. The pro-
moted tool enables a rapid parametric adjustments of the
input data and facilitates the immediate identification of the
key factors that impact on the structural response. It also
gives the possibility to verify some possible structural design
restoration choices or, in an emergency situation, it allows us
to verify the effectiveness of an immediate first intervention.
The article is organized in five sections. After this introduc-
tory Section 1, Section 2 provides the basic theoretical
assumptions. Section 3 expounds the promoted visual
scripting method. Section 4 presents eight benchmark case-
studies. Concluding remarks are finally drawn in Section 5.

2 Basic theoretical assumptions

The hypotheses assumed to carry on a kinematic limit
analysis on a masonry wall, viewed as a system of inter-
connected rigid block macro-elements, which undergoes
the Heyman’s hypotheses of no tensile strength, infinite
compressive strength and no sliding between macro-ele-
ments (the effect of friction is also neglected), are briefly
presented. These assumptions imply that the analysis can
be employed mainly for good quality masonry but in the
presence of fractures between macro-elements. Indeed, the
kinematic approach allows us to evaluate the collapse load
multiplier, say α, for the considered macro-element together
with the pertinent collapse mechanism. The macro-element is
hereafter described with reference to the plane containing
the centroidal transverse section of the three-dimensional
masonry block, so handling the mechanical problem in 2D
(Figure 1(a)).

In order to introduce the kinematics of a rigid block
and with reference to a global coordinate system ( )O x y, , ,
the displacement of the generic point P, having coordi-
nates xP and y

P
, can be expressed as a function of the

horizontal and vertical displacement components, say uG

and vG, of the centroid G and of its rotation ϑ around the
centroid G. These three parameters are collected in a
vector q, as follows:

[ ]= u v ϑq , , ,G G (1)

and they are considered positive if consistent with the
reference coordinate system, as illustrated in Figure 1(b).

Looking at Figure 1(b), the two displacement compo-
nents uP and vP of the generic point P, collected in the
vector [ ]= u vU

P

T

P P , are defined by

( )
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Moreover, indicating with S the kinematic matrix:
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the displacement UP of the generic point P of the rigid
block, can be expressed in compact form as

=U Sq.P (4)

The above kinematic parameters will permit us to
describe the collapse mechanism determined by the appli-
cation of limit analysis. The latter, applied through its kine-
matic approach, implies the solution of an optimization
problem that minimizes the work required for collapse.
The objective function is given by the application of the
principle of virtual work and turns into the following bal-
ance equation between the stabilizing forces work, pro-
duced by the dead loads Pd, and the destabilizing forces
work, produced by the live loads Pl, namely,

= αU P U P ,
d

T

d l

T

l
(5)

where Ud and Ul are vectors collecting the application
points of the loads Pd and Pl, respectively.

Figure 1: Kinematic parameters of the centroidal transverse section for
the macro-element.
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In general, when the crack pattern is known, the multi-
plier α that induces collapse can be determined just using the
balance equation (5), as in the case of the so-called simple
overturning mechanism of a masonry wall macro-element
[25], namely, = ∕α U P U P

d

T

d l

T

l. However, if the crack pattern
is unknown, the balance equation is not anymore sufficient
and it is necessary to solve an optimization problem.

To better explain the above assessments, two general
cases of collapse mechanisms are addressed in the fol-
lowing with reference to a masonry wall macro-element
whose kinematic boundary conditions, in terms of external
constraints, are known as shown in Figure 2(a) and (b)
by the fixed hinges A and the roller B. Such circumstance
is given by the knowledge of the crack pattern detected
in situ on a masonry wall. In particular, in Figure 2(a),
the macro-block can rotate around the hinge A, as schema-
tically sketched; in Figure 2(b), the macro-block divides
into two parts due to the appearance of an internal hinge
C of unknown position. This is the typical local collapse
mechanism that occurs in masonry structures of historical
heritage due to the so-called vertical bending mechanism
of a facade wall [8]. The unknown position of the internal
hinge, which determines the height of the two macro-
blocks, introduces an additional variable, with respect to
the simple overturning case, so, as already said, the equili-
brium equation alone is insufficient to solve the problem
and an optimization algorithm has to be employed.

In order to appropriately formulate the optimization
problem, let us introduce a parameter >μ 1, which corre-
lates the unknown heights of the two blocks, h

1
and h

2
,

thereby locating the internal hinge. In particular, assuming
>μ 1, the two heights are given by the simple relations:

= =
−

>h

h

μ

h

μ

μ

μ;

1

with 1.
2 1

(6)

The objective function of the optimization problem is
then given by the multiplier α expressed by the balance
equation (5), to be searched under a condition on μ, that is,

=
⎡
⎣⎢

⎤
⎦⎥

>

α

μ

U P

U P
min min

s.t. 1.

μ μ

d

T

d

l

T

l
(7)

The optimization problem (7) searches for theminimum
of the coefficient α under a constrain on μ. The strict
inequality of the parameter μ ensures that the position
where the hinge arises is internal to the block and does
not coincide with the upper end of the block. The problem
given by (7) is solved by a linear programming technique,
implemented through a linprog function in a Python code.

3 Visual scripting environment for
limit analysis

The limit analysis optimization problem, described in the
previous Section, is incorporated into Grasshopper, a visual
programming tool. The use of this tool enables the seamless
application of the well-established kinematic limit analysis
approach for the evaluation of probable collapse mechan-
isms and related collapse load multiplier in masonry struc-
tures with cracked walls. The limit analysis is, in facts revis-
ited within a visual scripting environment embedded in the
CAD software, Rhinoceros. The innovation of this approach
lies in the interactive framework provided to the user,
allowing the visualization of both the masonry structure
as input, directly imported from the CAD environment,
and the evaluated most probable collapse mechanism as
output, together with the relevant collapse load multiplier.
The procedure is sketched in Figure 3 in the shape of a
workflow organized into components, grouped into colored
sections, each of which plays a distinct role in the overall
solution process. To fix the ideas, reference is made to one of
the benchmark cases analyzed next, i.e., the vertical bending
mechanism in a masonry wall of a two-story building in
which, due to the presence of known horizontal cracks at
the top and at the bottom edge, playing the role of known
external constraints as in the scheme of Figure 2(b), the
action of out-of-plane loads creates an internal cylindrical
horizontal hinge at an unknown position along the wall
height giving rise to a collapse mechanism.

More precisely, the procedure begins with modeling the
geometry of the two macro-elements and, as highlighted in

Figure 2: Schematic representation of a masonry macro-block collapse
mechanism: (a) single macro-block rotating around the external hinge A
and (b) two macro-blocks mutually rotating around the internal hinge C,
of unknown position, satisfying the external constraints.
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Figure 3: Workflow of the visual scripting for limit analysis of a double-story masonry facade exhibiting a vertical bending mechanism.
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green in Figure 3, proceeds with importing the CAD model
into the visual programming environment. Once the geo-
metry is imported, the user can proceed by selecting the
wall-cross-section coinciding with the plane where the rota-
tions of the probable collapse mechanism can occur, speci-
fying also the external constraints, the applied loads, and the
material properties. In the central section, highlighted in
purple, the visual script automatically identifies such wall-
cross-section and extracts all geometrical data about the
walls, including centroids position, self-weights, and dimen-
sions. In the meantime, in the blue section, the visualization
of the selected acting loads is provided. The final section,
highlighted in yellow, represents the core of the visual
scripting tool, where a Python code integrates all input

data and implements the optimization algorithm to solve
the kinematic limit analysis problem. The process concludes
by providing the final output, i.e., the collapse load multi-
plier and the corresponding collapse mechanism with the
visualization of the predicted location of the internal cylind-
rical horizontal hinge.

It must be pointed out that the proposed visual scripting
tool allows the user to modify input data interactively obser-
ving the effects of these changes in real-time. After an accu-
rate in situ structural survey, this interactive limit analysis
allows for a quick identification of the factors, such as geo-
metry, material properties, or position and intensity of the
applied loads, that may induce or conversely prevent the
activation of an incipient collapse mechanism. Such, real-

Figure 4: Analyzed out-of-plane collapse 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, (f) vertical
bending of a single-story wall, (g) vertical bending of a multi-story wall, and (h) horizontal bending of a single-story wall.
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time, visual information can indeed support the immediate
evaluation of how input adjustments, corresponding to hypothe-
sized structural restoration interventions, may influence an
incipient collapse or may prevent it by providing valuable
hints for choosing successful strategies aimed at improving
the safety of the examined structure also in case of emer-
gency, like immediately after a seismic event.

4 Analyzed benchmark examples

Eight out-of-plane collapse mechanisms are analyzed, all
belonging to the two general cases of collapse mechanisms
presented in Section 2. These mechanisms are often acti-
vated by external actions that induce the loss of equili-
brium in an entire wall or in wider portions of the
masonry structure. Out-of-plane mechanisms can indeed
occur in masonry buildings, particularly in those lacking
of a so-called box-type behavior, subjected to horizontal
actions like, for example, the seismic ones. The activation of
a specific collapsemechanism is influenced by various factors
affecting out-of-plane behavior; these factors include the
quality of connections between orthogonal walls, the interac-
tion between walls, roof typology, arrangement of openings,
loads exerted from the upper levels, or even the positioning
of the masonry building within the urban texture.

Hereafter, we focus the attention on two main cate-
gories of out-of-plane collapse mechanisms, making a dis-
tinction based on their mechanical behavior and whose
kinematics can be handled as described in Section 2,
looking at the kinematics of a single macro-block or at
that of two macro-blocks. We distinguish then between
overturning mechanisms and bending mechanisms.
Moreover, the overturning mechanisms are further subdi-
vided into simple and composed overturning mechanisms
and this looking at the geometry of the macro-element,
which may involve a single wall or the dragging of parts
of walls orthogonal to the main wall. The involvement of a
single level (story) of the building or of multiple levels is also
taken into account. On the other hand, the bending mechan-
isms are subdivided looking at the orientation of the plane in
which the bending mechanism develops, distinguishing
between vertical bending and horizontal bending, again occur-
ring either within a single building level or across multiple
levels.

Figure 4(a)–(h) schematically illustrates the eight here-
after addressed out-of-plane collapse mechanisms, which
have been classified and named following the study by
Milano et al. [8] where a wider systematic survey of damage
crack patterns in masonry structures with the identification

of the related collapse mechanisms has been performed.
Precisely, we distinguish the following: 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. All the above eight out-of-plane collapse
mechanisms are analyzed in detail here, using the approach
described in Sections 2 and 3 and predicting the collapse
load multiplier at the onset of collapse.

4.1 Simple overturning of a single-story wall

This mechanism involves an entire single-story wall, or
wide portions thereof, that, when subjected to out-of-plane
forces, may displace independently from the adjacent side-
walls, see the sketch of Figure 5(a). The mechanism involves
a rigid rotation of the wall around a known external hor-
izontal cylindrical hinge located at the base of the involved
macro-element and extended along its whole horizontal
size. Such simple overturning is typically restricted to the
topmost level of the building or to specific wall portions
situated just below the roof. The simple overturning of the
macro-element can be analyzed by considering the cen-
troidal transverse section of the entire single-story wall
with the geometry, boundary, and loading conditions given
in Figure 5(b).

In Figure 5(b), W denotes the self-weight of the wall; Fv

is the vertical component of the thrust of arches or vaults, if
present, on the wall; PS represents the weight of the floor/
roof acting on the wall. Three corresponding horizontal
inertia forces are also considered by multiplying the moduli

Figure 5: Simple overturning of a single-story wall: (a) sketch of the
collapse mechanism and (b) geometry, boundary, and loading conditions
of the mechanical model.
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of the previous vertical actions by the load multiplier α. Two
more horizontal loads are also considered, namely, Ph and
Fh representing the static load transmitted from the head
cover at the top of the macro element and the horizontal
component of the thrust of arches or vaults on the wall,
respectively. A further horizontal load T is finally consid-
ered to model the possible presence of tie rods at the top of
the wall. The other geometrical data are also shown in
Figure 5(b).

Eventually, in the most general cases which considers
the presence of all the above actions, the collapse load
multiplier is simply given by

=
⋅ + ⋅ + ⋅ + ⋅ − ⋅ − ⋅

⋅ + ⋅ + ⋅
α

W F d P d T h F h P h

W y F h P h

.

s

v v s h v h

G v v s

2 (8)

As said at closure of Section 3, the proposed visual
scripting tool, after the input (via a CAD software) of the
real geometrical dimensions of the wall, allows the user to
consider, for the known collapse mechanism, both dif-
ferent combinations of the described loads or a tuning of
their magnitude, getting, interactively and in real-time, the

pertinent load multiplier as sketched in Figure 6(a)–(c) for
three different possible loading conditions.

4.2 Simple overturning of a multi-story wall

This mechanism involves an entire facade of a multi-story
building, or wide portions thereof, that, when subjected to
out-of-plane forces acting at different levels, may displace
independently from the adjacent sidewalls, see the sketch
of Figure 7(a). The mechanism involves a rigid rotation of a
multi-story wall macro-element around a known external
horizontal cylindrical hinge located at the base of the
involved macro-element and extended along its whole hor-
izontal size. Following the rationale and the notation of the
previous case, the simple overturning of the macro-ele-
ment can be analyzed by considering the centroidal trans-
verse section of each macro-element with the geometry,
boundary, and loading conditions given in Figure 7(b).

If all the considered actions are present, the collapse
load multiplier is given by

Figure 6: Output of the visual scripting tool, in terms of value of the collapse load multiplier for the assumed collapse mechanism, for three different
loading conditions: (a) only wall self-weight, (b) wall self-weight plus weight of the floor/roof acting on the wall, and (c) loads as in (b) plus action
exerted by tie-rods at the top of the wall.

=
⎡⎣∑ ⋅ + ∑ ⋅ + ∑ ⋅ + ∑ ⋅ − ∑ ⋅ − ⋅ ⎤⎦

⎡⎣∑ ⋅ + ∑ ⋅ + ∑ ⋅ ⎤⎦
α

W F d P d T h F h P h

W y F h P h

,

i i

s

i vi vi i si i i i i i hi vi h tot

i i Gi i vi vi i si i

2

i

(9)
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while the output given by the visual scripting tool is
given in Figure 8(a)–(c) for three different possible loading
conditions.

4.3 Composed overturning of a single-
story wall

This mechanism involves an entire facade of a single-story
wall along with attached portions of the sidewalls and
implies a rigid rotation of the macro-element around a
known external horizontal cylindrical hinge located at the
base of the macro-element and extended along its whole
horizontal size as schematically shown in Figure 9(a). The
adoptedmodel simplifies the geometry of the portions of the
sidewalls, dragged by the facade wall, by assuming them in
the shape of two diagonal wedges (Figure 9(a)). Following
the rationale and the notation of the previous cases, the
composed overturning of a single-story wall can be still
analyzed in 2D by considering the plane of symmetry of

Figure 7: Simple overturning of a multi-story wall: (a) sketch of the
collapse mechanism and (b) geometry, boundary, and loading conditions
of the mechanical model.

Figure 8: Output of the visual scripting tool, in terms of value of the collapse load multiplier for the assumed collapse mechanism, for three different
loading conditions: (a) only walls’ self-weight, (b) walls’ self-weight plus action exerted by a vault present at the upper wall, and (c) loads as in (b) plus
action exerted by tie rods at the top of the multi-story wall.
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the whole rigid macro-element, containing the centroidal
transverse section of the facade wall, on which the diagonal
wedges, together with all the actions acting on them, are
indeed projected as if they were acting on such symmetry
plane, see the mechanical model of Figure 9(b). Such assump-
tion does not alter, obviously, the balance at rotation, around
the cylindrical hinge at the base of the macro-element.

If all the considered actions are present, the collapse
load multiplier is given by

=

⎡⎣ ⋅ + ⋅ + ⋅ + ⋅ + ⋅

+ ⋅ − ⋅ − ⋅ ⎤⎦
⎡⎣ ⋅ + ⋅ + ⋅ + ⋅ + ⋅ ⎤⎦

α

W F d W x P d P d

T h F h P h

W y W y F h P h P h

,

s

v v G s s

h v h

G G v v s s

2
0 0 0 0

0
0

0

(10)

while the output given by the visual scripting tool is given
in Figure 10(a)–(c) for three different possible loading con-
ditions and in the hypothesis that the diagonal wedges are
present only on one side.

4.4 Composed overturning of a multi-
story wall

This mechanism involves an entire wide facade of a multi-
story wall along with attached portions of the sidewalls
extended to more than one single level. These portions,
dragged by the multi-story facade wall, are modeled as
double diagonal wedges as depicted in Figure 11(a). As in
the previous cases, the mechanism implies a rigid rotation
of the macro-element around a known external horizontal

Figure 9: Composed overturning of a single-story wall: (a) sketch of the
collapse mechanism and (b) geometry, boundary, and loading conditions
of the mechanical model.

Figure 10: Output of the visual scripting tool, in terms of value of the collapse load multiplier for the assumed collapse mechanism, for three different
loading conditions: (a) only self-weight of wall facade and diagonal wedges, (b) self-weights as in (a) plus action exerted by a roof on the top of the
macro-element, and (c) loads as in (b) plus action exerted by tie rods inserted at the top of the facade wall at the corners.
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cylindrical hinge located at the base of the macro-element
and extended along its whole horizontal size as schemati-
cally shown in Figure 11(a). The 2D mechanical model, set

on the symmetry plane of the macro-element and based on
the same simplifying assumptions of the previous case not
repeated here, can be assumed as given in Figure 11(b).

In the most general loading conditions, the collapse
load multiplier is given by

= ∑ + ∑ + ∑ + ∑ + ∑α

Wy W y F h P h P h

num

i i Gi i i G i i vi vi i si i i s i i0
0

0

(11)

with

∑ ∑ ∑ ∑

∑ ∑ ∑

= + + +

+ + −

W

s

F d W x P d

P d Th F h

num

2

,

i

i

i

i

vi vi

i

i G i

i

si i

i

s i i

i

i i
i

hi vi

0 0

0 0

while the output given by the visual scripting tool is given
in Figure 12(a)–(c) for three different possible loading con-
ditions and in the hypothesis that the diagonal wedges are
present only on one side.

4.5 Composed overturning of a corner wall

This mechanism involves the rigid rotation of a detachment
wedge, generated by two diagonal cracks that develop along
two orthogonal walls at the corner of the building as

Figure 11: Composed overturning of a multi-story wall: (a) sketch of the
collapse mechanism and (b) geometry, boundary, and loading conditions
of the mechanical model.

Figure 12: Output of the visual scripting tool, in terms of value of the collapse load multiplier for the assumed collapse mechanism, for three different
loading conditions: (a) only self-weight of wall facade and double diagonal wedges, (b) self-weights as in (a) plus action exerted by a vault on the top
level, (c) loads as in (b) plus action exerted by tie rods inserted at the top of the facade wall at the corners.
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sketched in Figure 13(a). This may be observed in isolated
masonry buildings or those located at the end of urban
blocks, where the forces acting on the structure generate a
thrust that concentrates at wall intersections. The mechan-
ical model assumes that the mechanism occurs in the

direction of the applied thrust, with a rotation of the
macro-element around a hinge, of known position, located
at the base of the macro-element. For simplicity, it is
assumed that the plane of rotation is at ∘

45 with the ortho-
gonal walls as depicted in Figure 13(b). The problem is again

Figure 13: Composed overturning of a corner wall: (a) sketch of the collapse mechanism, (b) plane of rotation of the macro-element; and (c) geometry,
boundary, and loading conditions of the mechanical model.

Figure 14: Output of the visual scripting tool, in terms of value of the collapse load multiplier for the assumed collapse mechanism, for three different
loading conditions: (a) only self-weight of the macro-element, (b) self-weight as in (a) plus action exerted by a ridge beam of the hip roof, and (c) loads
as in (b) plus action exerted by a tie rod at the top of a corner wall.
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handled as a plane one, Figure 13(c), considering the plane of
rotation and the projection on it of all the acting loads. The
projections of the horizontal components are denoted with a
prime. In the examined case, P is the load transmitted by the
ridge beam or the rafter of the hip roof; Pv1

, Pv2
, and Ph1

and
Ph2

are, respectively, vertical and horizontal components of
loads applied to the top of the orthogonal walls from either
side of the corner.

In the most general loading conditions, the collapse
load multiplier is given by

( )
=

+ + + +
α

Wy F h P P P h

num

G v v v v1 2

(12)

with

( )

( )

= + + + + + ′ + ′ +
− ′ − + ′ + ′
Wx F d Pd P d P d T T h

F h P P P h

num

,

G v v p v v

h v h h h

1 1 2 2 1 2

1 2

while the output given by the visual scripting tool is given
in Figure 14(a)–(c) for three different possible loading
conditions.

Remark. The above examined mechanisms, of simple and
composed overturning, can be considered alternative col-
lapse modes, each associated with either weak or strong
connections between the facade and the sidewalls and/or
the roof. The effectiveness of these connections and
the exactness of the corresponding collapse mechanism
have to be evaluated by an accurate structural survey by
inspecting for inclined or vertical cracks on the walls, at the
corners, near the roof, the vaults, etc. It is also of outmost
importance to retrieve the real geometry of the masonry
elements, to assess the quality of the connections as well
as to quantify the magnitude of all the acting loads together
with their exact location and direction. It is worth noting
that, in the absence of precise information, the user may
consider more than one single mechanism and assume as
collapse multiplier the lowest value among the ones calcu-
lated within the analyzed collapse mechanisms. The user is
also allowed to check, interactively, the effectiveness of tie
rods or other possible design solutions oriented to assure
structural safety.

4.6 Vertical bending of a single-story wall

The mechanism is characterized by the out-of-plane rota-
tion of two blocks of a facade wall around an horizontal
cylindrical hinge arising along the wall’s height between two
consecutive levels. The crack pattern also includes vertical
cracks between the single facade wall and the sidewalls, as
sketched in Figure 15(a). This collapse mechanism typically

occurs in masonry facade walls restrained, by tie rods or
beams, at the top and bottom edges of the story. Obviously,
there is no “bending,” in the rigorous mechanical sense,
within the assumed rigid block description, but, this naming,
generally adopted, makes sense if we look at the general
deformation of the wall which reminds a flexure on a ver-
tical symmetry plane orthogonal to the wall mid-plane,
which is in fact the plane of rotation of the two generated
masonry blocks. The 2D mechanical model, set on the ver-
tical symmetry (rotation) plane of the divided wall is given
in Figure 15(b), where a generic vertical load, N , is also
applied at the top of the macro-element. It is worth noting
that, as in the overturningmechanisms examined before the
position of external constraints (horizontal hinges A and B)
are known. However, the position of the intermediate
cylindrical hinge C is not known a priori, it indeed enter
the analysis which determines its correct (most probable)
position by an optimization procedure in which the self-
weights, W

1
and W

2
, as well as the heights, h

1
and h

2
, of

the rotating blocks enter with an optimization parameter
μ, already introduced in Section 2 with reference to Figure
2(b) and Eqs (6) and (7).

The collapse load multiplier is given by

( )( ) ( )

( )( )
=

− + + − + + + +
− ∕ +
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μ Nd P a F d F h s W N P F

μ Wh μ F h
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1
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with
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1

; ; ;

1

,
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while the output given by the visual scripting tool is given
in Figure 16(a)–(c) for three different possible loading
conditions.

Figure 15: Vertical bending of a single-story wall: (a) sketch of the col-
lapse mechanism and (b) geometry, boundary, and loading conditions of
the mechanical model.
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4.7 Vertical bending of a multi-story wall

The mechanism is substantially the same as the previous
one but it involves the out-of-plane rotation of two blocks
generated by a horizontal cylindrical hinge arising in a facade
multi-story wall, i.e., a wall between more than two levels
where, the intermediate ones are lacking effective connections.
The mechanism is schematically sketched in Figure 17(a). The
remarks made for the previous mechanism hold true and the
adopted mechanical model is the one given in Figure 17(b).

The collapse load multiplier is given by

( )( )
=

+ + + + ∕
α

W y F h P h W y F h h h

num

G v v s p G v v1
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1 1 1 1 2
2

2 2 1 2
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Figure 16: Output of the visual scripting tool, in terms of predicted internal hinge and value of collapse load multiplier, for three different loading
conditions: (a) self-weight of the wall plus a fixed value of a vertical load N , (b) loads as in (a) plus action exerted by a vault, and (c) loads as in (b) with
a greater value of N .

Figure 17: Vertical bending of a multi-story wall: (a) sketch of the collapse
mechanism and (b) geometry, boundary, and loading conditions of the
mechanical model.
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while the output given by the visual scripting tool is given in
Figure 18(a)–(c) for three different possible loading conditions.

4.8 Horizontal bending of a single-story wall

The mechanism involves the ejecting, due to out-of-plane
forces, of an upper portion of a facade wall and the detach-
ment of wedge-shaped, or trapezoidal-shaped, blocks given
by the arising of cylindrical hinges oriented obliquely and
vertically, as sketched in Figure 19(a). This behavior, typi-
cally occurring at the last top level, is due to the presence of
good connections with the sidewalls, which provide suffi-
cient restraint to prevent overall overturning, but to the
absence of good connection with the roof structure. An
excessive wideness of the facade wall may then allow for
horizontal bending deformation. The ejected portion of the
wall is divided into two macro-blocks rotating around two
known external hinges, A and B, and one unknown internal
hinge, C, as shown in Figure 19(b) where the mechanical 2D

model is set in the horizontal plane of rotation of the upper
edges of the two generated blocks.

The collapse load multiplier is given by

=
⋅ ⎛

⎝ + ⎞
⎠ − ∑ − ∑

+ + ∑ + ∑
α
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Figure 18: Output of the visual scripting tool, in terms of predicted internal hinge and value of collapse load multiplier, for three different loading
conditions: (a) self-weight of the wall plus a fixed value of a vertical load N , (b) loads as in (a) plus action exerted by a vault at upper level, and (c) loads
as in (a) plus action exerted by a vault at lower level.

Figure 19: Horizontal bending of a single-story wall: (a) sketch of the
collapse mechanism and (b) geometry, boundary, and loading conditions
of the mechanical model.
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with
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where the load H denotes the reaction force that the bra-
cing wall, or a tie rod, can exert to counteract the thrust
generated by the horizontal bending mechanism; Phi and
Pvi denote, respectively, the horizontal and vertical compo-
nent of the ith load transmitted from the top to the wall.
The lengths L

1
and L

2
, which define the location of the

internal hinge C, depend on the optimization parameter
μ, in the same way as h

1
and h

2
in the case of vertical

bending.
The output given by the visual scripting tool is given in

Figure 20(a)–(c) for three different possible loading conditions.

Remark. The general remarks drawn at the end of the
overturning mechanisms hold true also for bending type
mechanisms. It is worth noting that the tuning of some
active loads, as N in the vertical bending or H in the hor-
izontal one, affect the location of the calculated internal
hinge and eventually of the collapse multiplier. In the case
of Figure 20c, for example, the value of H is so high to
impede the formation of an internal hinge and of the

mechanism. Such type of information give to the user
very useful hints for design purpose.

5 Concluding remarks

A visual scripting environment for kinematic limit analysis
of masonry walls subjected to out-of-plane loads has been
presented. The masonry walls have been modeled by a
rigid-block-based approach while limit analysis has been
applied in its standard kinematic shape, aimed to predict a
collapse mechanism and the related load multiplier via an
optimization procedure.

The proposed visual scripting approach renders the
limit analysis interactive, allowing for a quick identifica-
tion of the factors, such as geometry, material properties,
or position and intensity of the acting loads that may
induce or conversely prevent the activation of an incipient
collapse mechanism due to the existence of cracked walls.

The potential of such interactive in-real-time visual infor-
mation relies on the possibility for the user of an immediate
evaluation of how input adjustments, corresponding to
hypothesized structural restoration interventions, may result

Figure 20: Output of the visual scripting tool, in terms of predicted internal hinge and value of collapse load multiplier, for three different loading
conditions: (a) self-weight of the wall plus a fixed horizontal component of the roof Ph, (b) loads as in (a) plus a vertical load Pv which give rise to αPv,
and (c) loads as in (b) plus a load H exerted by the side wall.
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successful to improve the safety of the examined masonry
structure also in case of emergency, like immediately after a
seismic event.

The approach has been validated by analyzing eight
well-known benchmark cases-study and the obtained results
seem to prove its practical applicability. Nevertheless, the
results presented in this study are to be viewed as a first
attempt aimed to develop an efficient visual scripting pre-
dictive tool for masonry walls safety assessment.

Some research goals, such as the analysis of geometri-
cally more complex masonry systems; the prediction of
mechanisms with sliding rigid-blocks, other theoretical
assumptions that are able to render the rigid-blocks-based
modeling closer to the real masonry behavior, are the
object of an ongoing research.
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