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DISPLACEMENT CAPACITY OF MASONRY STRUCTURES
UNDER HORIZONTAL ACTIONS VIA PRD METHOD

ANTONINO IANNUZZ0O, CARLO OLIVIERI AND ANTONIO FORTUNATO

The displacement capacity of masonry structures, investigated through the piecewise rigid displacement
(PRD) method, is the principal focus of the present study. Since a masonry construction exhibits a rigid
block mechanism when shaken by severe earthquakes, by adopting the Heyman material restrictions,
the PRD method can be used to look for the global collapse mechanism of the structure under hori-
zontal actions and the static load multiplier. As a result of this investigation, a one-degree of freedom
mechanism is detected. In the moving part of the collapsing structure, the field of relative displacement
among the blocks allows to identify the fracture distribution. The paper examines the stability of masonry
constructions analysing the displacement capacity curves which is obtained by a kinematical incremental
analysis via PRD method, operating in the framework of limit analysis. The displacement capacity of
the structure is defined as the maximum displacement in which the potential energy assumes a local
maximum. Consequently, the moving part of the structure in this configuration is unstable. Finally, two
examples are exposed in detail to show the performance of the PRD method.

1. Introduction

In many technical regulations, it is requested to assess the displacement capacity of masonry structures
under seismic loads. This represents one of the recent and current critical issues (see [Ochsendorf 2006])
in the analysis of unreinforced masonry structures, and many numerical codes, with more or less success,
were recently developed in order to answer to this request. Most of them are implemented in Finite
Element (FE) environment and take into account geometric and mechanical nonlinearities, but, in most
of the cases, without considering unilateral contacts between elements. Although there is a possibility
to use FE codes implementing a finite number of unilateral contacts the results are often not satisfactory
as shown in [Shin et al. 2016]. The phenomenological behaviour involving the unilaterality of masonry
structures is better taken in account by discrete element methods (DEM) [Cundall 1971] with commercial
software such as 3DEC (see [Drei et al. 2016; Forgacs et al. 2017; Simon and Bagi 2016; Sarhosis et al.
2016; Téth et al. 2009]). DEM codes model the unilateral contact among blocks by considering special
friction laws at interfaces. The solutions obtained depend crucially on the initial configuration and on
the load history. Our aim is to explore the stability of masonry structures and then to evaluate their
displacement capacity curves in the framework of limit analysis by using the piecewise rigid displace-
ment (PRD) method. Heyman [1966] fixed in a rigorous and a clear way the theoretical basis for the
application of limit analysis to generic masonry structures through the formulation of three simple basic
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material restrictions: (i) masonry has no tensile strength, (ii) masonry has infinite compressive strength,
(iii) sliding does not occur.

These three hypotheses represent sufficient assumptions for the application of the two basic theorems
of limit analysis to masonry structures. For the discussion and the application of limit analysis to masonry-
like structures the reader can examine the works in [Livesley 1978; Como 1992; Angelillo 2014; 2015;
2019; Block 2009; Huerta 2008; Sacco 2014; Brandonisio et al. 2013; 2015; 2017; Cennamo and Di
Fiore 2013; Cennamo et al. 2018; Chiozzi et al. 2017; Gesualdo et al. 2017; Angelillo et al. 2014;
2018; Block et al. 2006b; Block and Lachauer 2013; Fortunato et al. 2015; 2018; Fraddosio et al. 2019;
Tannuzzo et al. 2018c; Portioli et al. 2014].

On adopting for the material Heyman’s restrictions, the stability of some masonry structures under
finite displacement is implemented parametrically by solving the equilibrium problem via thrust line
in [Block et al. 2006a; Zampieri et al. 2018]. On the other hand, the displacement capacity can be
explored dynamically by using DEM as in [McInerney and DeJong 2015] or comparing DEM results
with laboratory tests (see [Rossi et al. 2017; Misseri et al. 2018; Van Mele et al. 2012]). Portioli and
Cascini [2016] assess the stability of some simple structures by using rigid block limit analysis.

2. Material restrictions, BVP and the energy criterion for NRNT materials

NRNT materials. Heyman’s constraints (i), (ii), (iii) can be extended to 2D continua on introducing
unilateral material restrictions on the stress and on strain. A 2D masonry structure is modelled as a
continuum occupying the region 2 of the Euclidean space €2. Within the small displacement assumption,
we denote T the stress inside €2, u the displacement of material points x belonging to 2 and adopt the
infinitesimal strain E as the strain measure.

A normal rigid no-tension (NRNT) material is one that satisfies the following restrictions:

T € Sym™, EeSym+, T-E =0, (D)

where Sym™, Sym™ are the mutually polar cones of negative and positive semidefinite symmetric tensors.
The restrictions (1) are equivalent to the so-called normality conditions

TeSym~, (T-T*)-E=>0, VT*eSym, (2)
and to the dual normality conditions:
E eSym", (E—E*)-T>0, VE*eSym". (3)

The restrictions defining an NRNT material in the particular form (2) are the essential ingredients
for the application of the theorems of limit analysis (see [Kooharian 1952; Giaquinta and Giusti 1985;
Fortunato et al. 2014; 2016]).

The boundary value problem. The equilibrium of a 2D masonry structure, modelled as a continuum
made of an NRNT material subject to given loads and settlements, can be formulated as a boundary
value problem (BVP), in the following form: “Find a displacement field u and the allied strain E, and a
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stress field T such that

E=3(Vu+Vu"), EeSym", wu=iondQp, 4)
divl+b=0, T eSym , Tn=s5onadQy, (&)
T -E=0,” (6)

where n is the unit outward normal to the boundary 9€2, and dQ2p, 02y is a fixed partition of the boundary
into constrained and loaded parts [Angelillo and Fortunato 2004].

Concentrated strain and stress. For NRNT materials, it’s well known that the strain and stress are
bounded measures and can be decomposed into the sum of two parts

E=E+E, T=T +T°, @)

where (.)" is the regular part (i.e., the part which is absolutely continuous with respect to the area measure)
and (.)* is the singular part.

A nonzero singular part of the strain or also of the stress substantiates the possibility of admitting
discontinuities of the displacement vector and of the stress vector across certain curves. For a more
detailed review about jump discontinuities of stress or of displacement the reader could look at [Angelillo
and Rosso 1995; Angelillo et al. 2005; 2010; 2012; 2016].

Displacement approach. With respect to a given structure under given loads and distortions, a solution
of the BVP through the displacement approach consists in the search of a displacement field u € ¥ for
which there exist a stress field T' € ¥ such that T - E(u) = 0, where 3 and 7 are the sets of kinematically
admissible displacements and stresses, defined by

H={ueS/E=%3(Vu+Vu')eSym" and u =i ondQp}, (8)
H={TeS/divl +b=0, T eSym~, Tn=35ondQ} 9)

where S, S’ are two suitable function spaces.

Energy criterion. The energy P (u) for Heyman’s materials is just the potential energy of the loads [De
Serio et al. 2018], namely

@(u):—f E-uds—/b-uda. (10)
il Q

QN
The search of a solution of the BVP through a displacement approach could be performed by looking
for the minimizer u° of P (u):

P ) = mi;} P(u) withu e¥X. (11)
uc

The search of an approximate solution: PRD Method. The idea at the base of the PRD Method is to
approximate the solution of the BVP by restricting the search of the minimizer to a proper subset of ¥,
that is by minimizing the energy function in the set ¥, C J{ of piecewise rigid displacements (PRD)
verifying Heyman’s material restrictions, that is

Hpr ={u € Fpr/E eSym" and u =i ondQp} CHK, (12)
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where ¥ is an infinite dimensional space and can be discretized by fixing a proper finite subset, called
57{3’5 , generated by a finite polygonal partition of the structural domain €2 into rigid parts €2;, say

(2))ief1,2,....M)- (13)

The minimizer ugR € 3(3;1 of the potential energy, namely

P(uby) = min P(u), (14)
ue%g?

represents an approximation of the solution u® of the exact problem (11) in the subset f]fg’r’ and, in
this sense, represents the solution of the BVP by using the PRD Method. The way used to numerically
implement the problem (14) is treated in deep in other papers, e.g., [Angelillo et al. 2018; Iannuzzo 2017;
2018c; 2018b]. For completeness, here the main steps needed to numerically implement problem (14)
in order to transform it in a typical linear programming problem are reported. Ji,; is assumed as the
discretized kinematical admissible displacements set generated by the partition of the domain €2 into M
rigid polygons €2;, whose boundary 9€2; is the union of straight interfaces BQ{ with unit normal n;; and
tangent vector f;;. By restricting to PRD displacements, the strain E coincides with its singular part E°
and can be written with reference to the partition (13) as

. l .
E=E°= Z Vjj 5(89{) ujj ®n; + ) Z Wij 3(89{)(1‘[]' Qnjj+n; ®tl'j), (15)
ij ij

where §(0 SZIJ ) is the unit line Dirac delta with support on the interfaces 852{ belonging to the skeleton
of the mesh. The Heyman’s restrictions are taken into account by enforcing the normality conditions (2)
on the strain, that is by writing, for each interface 9€2;, the two following conditions:

vij = [u]-n; >0, (16)
w;j = [u]-t;; =0, (17)

where [u] denotes the displacement jump associated to the generic piecewise rigid displacement u €
TY{Sf . It is worth to note that conditions [(16), (17)] enforce unilateral contact with no sliding on the
interface 0<2;. Since u € 3(3{ is in one to one correspondence with a vector U € R** whose components
represent the 3M degree of freedom of the element €2;, both the energy function % (u) and the restrictions
[(16), (17)] can be expressed in terms of U; in particular relations [(16), (17)] , written at each interface,
can be transformed into matrix forms:

AU >0, (18)
BU =0. (19)
Finally, the minimum problem (14) which approximates the minimum problem (11) can be transformed
into
PU°% = min PU), (20)
UeckM

where KM is the set
KM ={U e R*™/AU >0, BU =0). (21)



DISPLACEMENT CAPACITY UNDER HORIZONTAL ACTIONS VIA PRD METHOD 707

Problem (20) is a standard linear finite dimensional minimization problem, since the function @(ﬁ )
is a linear functional of the 3M-vector U and all the constraints are represented by linear conditions.
Furthermore, it is worth to note that problem (20) transforms the original minimization problem (11)
for a continuum, into a minimization problem for a multibody structure subject to unilateral contact
conditions along the interfaces. The solution can be searched with the simplex method [Dantzig et al.
1955] or, if the number of variables is large, one can resort to the interior point algorithm (see [Mehrotra
1992; Vanderbei 2015; Dantzig 1963]).

Seismic analysis. The object of the present study is to assess the bearing capacity of masonry structures
under seismic actions. Horizontal seismic actions, modelled as static, are gradually increased by consid-
ering forces proportional to the mass through the scalar parameter A (for reference see [lannuzzo 2017;
Tannuzzo et al. 2018b]).

In order to solve this problem and to evaluate the horizontal collapse multiplier A., with our approach,
we proceed as follows. Denoting A the scale factor of the horizontal actions we can find an interval
[As, Am] to which the collapse multiplier A, has to belong. In particular, A, represents an approximation
of the supremum of the multipliers for which the initial configuration is still safe (i.e., U° = 0) whilst
Am represents an approximation of the infimum of the multipliers for which the structure becomes a
mechanism (i.e., U° — 00).

3. Capacity curves with PRD method: two examples

In this section two trivial examples concerning the evaluation of the static displacement capacity of two
masonry structures are reported: the first one concerns a circular arch whilst the second refers to a simple
portal.

First, via the PRD method (see [lannuzzo et al. 2018a]), the horizontal static multiplier A,, and the
relative one-degree of freedom mechanism is detected. Then, beginning from this last mechanism, an
incremental kinematic procedure is undertaken. In particular, the mechanism corresponding to A, is used
to start a step-by-step kinematical procedure in order to assess the maximum horizontal displacement.
To preserve linearity, the macroblocks are considered rigid and the incremental kinematical analysis is
conducted by considering the superposition of small rigid displacements: the geometry of the structure
at the generic step is obtained by upgrading, in an incremental step-by-step process, the previous configu-
ration. In this incremental analysis, the governing Lagrangian parameter increases with fixed value éq at
each step j, so that the evolution of the configuration of the structure depends on the step j. At the same
time, by evaluating the infinitesimal incremental work made by the external gravitational forces, a curve
describing the upgraded total potential energy is obtained. The displacement capacity of the structure is
assumed as the displacement for which the total potential energy admits a local maximum with respect
to A. Such a state represents an unstable equilibrium configuration. Moreover, this approach can allow
to extend rocking analyses (see [Gesualdo et al. 2018]) to masonry structures.

Two numerical analyses, presented below, are developed in Mathematica [Wolfram 2003] through a
numerical procedure based on the following main steps:

(1) definition of the structural geometry and its discretization;

(2) representation of the piecewise rigid displacement field over the given support (discretized partition);
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N

Figure 1. Left: the circular arch, discretized into 62 rigid elements, is subjected to the
self-weight and to horizontal incremental action represented by forces proportional to
the mass through the scale parameter A. Right: a representation of the solution U°
corresponding to A = 0.94 and obtained through the simplex method.

(3) formalization of the minimum problem (20) in terms of the displacement parameters;

(4) numerical solution of the problem: determination of the static multiplier and the allied global mech-
anism;

(5) identification of the macroblocks moving rigidly constituting the one-degree of freedom mechanism;
(6) step-by-step linear superposition upgrading of the initial geometry;
(7) evaluation of the curve describing the total potential energy evolution;

(8) identification of the maximum displacement corresponding to a local maximum of the total potential
energy.

3.1. Circular arch. The example reported here regards a circular arch subjected to horizontal forces,
simulating a seismic action. The only loads considered are the self-weight and the horizontal incremental
action. The horizontal forces are proportional to the mass through the scale parameter A, and act at the
centroids of each block. The circular arch we considered has a springing angle 8 = 20° (total angle of
embrace 140°), an internal radius » = 1.50 m and a thickness s = 0.40 m. We discretize it into 62 prismatic
rigid elements as shown in Figure 1 (left).

By applying the PRD method the collapse multiplier A, is found to belong to the interval [0.932,
0.941]. The mechanism corresponding to A = 0.94 reached through the simplex method in 0.04 s (with
an Intel Core 17-6700HQ) is depicted in Figure 1 (right): the four hinges form and the arch becomes a
one-degree of freedom mechanism whose moving part involves three rigid macroblocks.

With respect to the obtained mechanism (see Figure 2, left) a linearized kinematical incremental
analysis is performed. Assuming the rotation ¢3 of the block 3 as the Lagrangian parameter governing
the mechanism and by fixing a constant incremental step, namely §¢3 = 0.0001 rad, the geometry of the
structure at the step j is obtained by upgrading the geometry of step (j — 1). At each step the incremental
work made by the external gravitational actions is evaluated and by summing up each increment the curve
describing the total potential energy (TPE) of the load is obtained (see Figure 2, right). In this figure, the
maximum static displacement corresponds to the statically unstable configuration.
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Figure 2. Partition of the arch domain obtained through the PRD method: the mov-
ing part of the structure involves 3 rigid macroblocks hinged at four points (left) and
the curve describing the TPE (right), relative to the evolution of the mechanism and
dimensionless with respect to the material density p.

The local maximum of this curve, corresponding to an unstable configuration, is reached at step 3271
for which the rotation of the block 3 is 0.3271rad. The need of using a step-by-step superposition
procedure in order to preserve the linearity has, as counterpart, the error due to small displacement fields
rather than finite ones. In particular, the effect of finite displacements are reached as the summation of
the effects of many small displacements controlled by a given parameter: the incremental scalar step, in
this case, a constant increment §¢3 of the rotation g3 of block 3 is assumed as a controlled parameter
(e.g., Lagrangian parameter). Indeed, for small displacements, the rotation is a skew-symmetric matrix
and this means that the area of a given size increases and the amount of this increment depends on the
“size of the rotation”. Then, to simulate finite displacements, particularly the finite rotations, a small size
step can be chosen. Thus the ratio between the area in a given step and the initial area is a reasonable
measure of the error committed. Definitely, the smaller is the value of the scalar controlled parameter
the better is the approximation. As shown in Figure 3 (top left), the ratio between the area of each block
at step j and the initial area is assumed as a measure of the error committed: the magnitude of the error
is approximately of the order 107>. The rotation and the horizontal and vertical displacements of the
centroid of the three moving blocks are reported in Figure 3 (top right, and bottom).

In Figure 4 four configurations of the structure are depicted: the maximum static displacement corre-
sponding to the step j = 3271 is shown in Figure 4 (bottom right).

3.2. Simple portal under horizontal action. The second example regards a simple NRNT portal sub-
jected at the top edge to a vertical uniformly distributed load g and to an external horizontal action
represented by a force A Q applied at the upper left corner. Here Q is the resultant of the acting vertical
loads and X is the load scalar factor (see Figure 5, left). The NRNT portal is discretized into 528 rigid
polygonal elements defining a nontrivial partition of the structural domain. Indeed, in the previous
example, the arch is trivially discretized by using radial cuts and the PRD method is used only to define
the location of the hinges when the mechanism forms. This is why one knows in advance that the common
fractures in an arch subjected to horizontal actions are represented by radial cuts.
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Figure 3. Top left: a measure of the error is reported by plotting the ratio between the
area at the step j, namely A;, and the initial area A( of each block. The number of
iterations versus rotation (top right), horizontal displacement (bottom left) and vertical
displacement (bottom right) of the centroid of each block.

On the contrary, in this example, it is hard to define in advance which the best discretization is:
portals are characterised by vertical fractures as well as diagonal ones. One can choose to discretize this
structure by using rectangular blocks, triangular blocks or another kind of discretization, but, one of the
PRD method’s strengths is to handle any kind of polygonal elements. With this in mind, the best way
to tackle this problem is to allow for any typology of cracks, namely: vertical, horizontal and diagonal
cracks. PRD method will choose the location of cracks and consequently the best rigid macroblocks
partition of the domain as the one solving the minim problem (20).

Here the portal is discretised first with triangular elements, and then this discretization is further refined
by allowing many other kinds of diagonal cracks for each panel. The dimension of the set of kinematical
admissible mechanisms is 1584.

By applying the PRD method the collapse multiplier A. is found to belong to the interval [0.406, 0.412].
The mechanism corresponding to A = 0.41 and reached through the interior point method in 0.28 s (with
an Intel Core i7-6700HQ) is depicted in Figure 5 (right). In this case the structure transforms into a
one-degree of freedom mechanism involving three rigid macroblocks hinged to each other at four points.
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Figure 4. Configurations of the structures at four different steps: j = 0 (top left), j =
1000 (top right), j = 2000 (bottom left), j = 3271 (bottom right). The configuration
at j = 3271 (bottom right) is unstable and represents the maximum admissible static
displacement. The red line represents the paths of the centroids of each block.

A0 | g

Figure 5. Left: the NRNT portal, discretized with 528 rigid polygonal elements, is
subjected to a uniformly distributed load ¢ and to the horizontal force Q. Right: a
representation of the solution U° corresponding to A = 0.41 and obtained through the
interior point method.
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Figure 6. Left: the total potential energy (TPE), dimensionless with respect to the
material density p, is reported: the maximum static displacement corresponds to the
local maximum representing an unstable configuration. Right: a measure of the error is
reported by plotting the ratio between the area at the step j and the initial area.

With respect to the mechanism shown in Figure 6 (left), a kinematical incremental analysis assuming
small rigid displacements and by considering the rotation ¢; of the block 1 as the Lagrangian parame-
ter governing the mechanism and by fixing a constant incremental step, namely d¢; = 0.0001 rad, the
geometry of the structure at step j is obtained by upgrading the geometry of step (j — 1) through the
infinitesimal displacement field valued via the kinematical analysis. In each step the incremental work
made by the external gravitational actions is evaluated. By summing each increment it is possible to
obtain, as shown in previous examples, the curve describing the total potential energy of the load (see
Figure 6, right).

The local maximum of this curve, corresponding to an unstable configuration, is reached at step 5401
for which the rotation of the block 1 is 0.5401 rad. In Figure 7 (left) a measure of the error committed
considering small rigid displacements is reported showing the ratio between the area of each block at
step j and the initial area. The rotation, the horizontal and the vertical displacement of the centroid
of each block are reported in Figure 7 (top right, bottom left and right, respectively). In Figure 8 four
configurations of the structure are depicted: the maximum static displacement corresponding to the step
Jj =5401 is shown in Figure 8 (bottom right).

By looking at the configuration depicted in Figure 8 (bottom right) it can be seen that the unilateral
restrictions among blocks have been violated; that is, tensile forces are needed to be in equilibrium in this
configuration. Indeed, to have an intuitive understanding of this phenomenon it is possible to imagine the
structure as forced to lie in the configuration (see Figure 8, bottom right): just after it is left free it does
not come back to the starting configuration (Figure 8, top left) but it falls down. To assess and explore this
phenomenon analytically it is sufficient to evaluate the internal forces acting on the interfaces depicted
in Figure 9 (right). This can be done by evaluating at each step the transpose of the kinematical matrix,
namely the static matrix. In particular, once the inverse problem is solved it is possible to evaluate the
axial forces acting along the interfaces during all superposition processes as shown in Figure 9 (left). As
it is expected starting from the step j = 2924 (see Figure 8, bottom left) there is traction at the interface 2.
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Figure 7. Top left: a measure of the error connected with the assumption of small rigid
displacements is reported by plotting the ratio between the area at the step j, namely A,
and initial area Ag of each block. The number of iterations versus rotation (top right),
horizontal displacement (bottom left) and vertical displacement (bottom right) of the
centroid of each block.

4. Conclusions

In the present work, to perform a stability analysis of masonry structures under the effect of horizontal
loads simulating a severe earthquake, a PRD method has been developed. The masonry has been mod-
elled as an NRNT material on the base of Heyman’s hypotheses, by which the theorems of limit analysis
still hold true.

It is worth noting that the PRD mechanisms analysis arise naturally in the solution of equilibrium
problem for structures made of NRNT materials. Both crack patterns and horizontal load multipliers,
formulating the BVP as an energy minimum search in the space of piecewise rigid displacement, have
been identified.

Due to linear contact relations between two adjacent blocks of the structural domain partition, the
PRD method transforms a continuum minimum problem (11) in a linear programming one (20) in which
the minimization function is the potential energy of the loads and the constraints are linearly formulated,
see (21). In this context, the PRD method gives the possibility to investigate the behaviour of a generic 2D
planar masonry structure subjected to settlements and load as, for example, horizontal seismic actions.
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Figure 8. Configurations of the structures in different steps: j = 0 (top left), j = 1000
(top right), j = 2924 (bottom left), j = 5401 (bottom right). The configuration at
Jj = 5401 (bottom right) is unstable and represents the maximum admissible static dis-
placement. The red line represents the paths of the centroids of each block.
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» interface 2 —block 2 : : . .

® interface 2 — block 3 lnterface 1 lnterface 2

axial force/p [m’]

000 3000 4000 5000

step j, 51 = 0.0001

Figure 9. Axial forces (dimensionless with respect to the material density p) versus the
number of iterations (left) acting on the interfaces (right): starting from the step j = 2924
the axial force acting on the interface 2 of block 2 is no longer in compression.
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With PRD method both the horizontal static load multiplier and the corresponding one-degree of free-
dom mechanism are identified. This mechanism is employed to start a step-by-step kinematical procedure,
based on small rigid displacement at each step, in order to assess the maximum horizontal displacement
of the structure and to build the displacement capacity curve in finite displacement conditions. With
reference to this last consideration, it is noted that the incremental PRD kinematical approach preserves
the linearity of the problem and consequently it is solved in few seconds for a wide range of masonry
structures.

In order to point out the potentiality of the PRD method, a circular arch and a simple portal, have
been finally examined. In both cases, maximum static displacements are founded as local maximum of
potential energy. As shown in the examples, a masonry structure can exhibit a large displacement before
taking an unstable configuration (see [Mauro et al. 2015]).
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