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Although the issue of the out-of-plane response of unreinforced
masonry structures under earthquake excitation is well known
with consensus among the research community, this issue is simul-
taneously one of the more complex and most neglected areas
on the seismic assessment of existing buildings. Nonetheless, its
characterization should be found on the solid knowledge of the
phenomenon and on the complete understanding of methodologies
currently used to describe it. Based on this assumption, this arti-
cle presents a general framework on the issue of the out-of-plane
performance of unreinforced masonry structures, beginning with
a brief introduction to the topic, followed by a compact state of art
in which the principal methodologies proposed to assess the out-of-
plane behavior of unreinforced masonry structures are presented.
Different analytical approaches are presented, namely force and
displacement-based, complemented with the presentation of exist-
ing numerical tools for the purpose presented above. Moreover,
the most relevant experimental campaigns carried out in order to
reproduce the phenomenon are reviewed and briefly discussed.

Keywords state-of-art, out-of-plane, unreinforced masonry, assess-
ment methods, experimental tests, numerical modeling

1. INTRODUCTION
Under earthquake actions, the out-of-plane performance of

masonry structures is the most vulnerable issue if no ade-
quate structural detailing or preventive devices are used. As a
matter of fact, this issue is a widely known with evidence per-
ceived since Byzantine times (Binda, Saisi, and Tedeschi 2006),
which was stated early in the 15th century by Leonardo da
Vinci. Since then, it has been suggested that improvements
should be made on connections between different leafs and
tie rods should be inserted at intersection between vertical
elements as well as horizontal and vertical elements to sustain
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out-of-plane motions (Milizia 1781; Rondelet 1802). Indeed,
the low strength/mass ratio of common masonry structures
increases their vulnerability in out-of-plane direction because
inertia forces are not restrained due to reduced stiffness and
strength of the masonry walls in that direction. In addition,
vulnerable overturning mechanisms are likely to form due to
the kinetic energy transmitted by the earthquake (Costa 2012).
Figure 1 presents the Rondelet’s out-of-plane mechanisms, one
of the first sets of out-of-plane mechanisms that were reported in
literature.

However, if it is true that all modern codes for seismic
design of new masonry buildings usually provide dimension-
ing and detailing regulations that make out-of-plane failure
almost improbable to occur even under severe seismic load,
the out-of-plane collapse of peripheral walls is the most recur-
rent damage observed on post-earthquake surveys in existing
old unreinforced masonry buildings (not designed in confor-
mity to any code but rather to a building’s “rules of art”
(Menon and Magenes 2008). Insufficiency of structural detail-
ing (e.g., absence of connecting ties, insufficiently rigid floor
diaphragms,) renders such building stock, widespread in urban
historical centers, highly vulnerable to out-of-plane failure even
under low intensities of ground motion (Griffith et al. 2003).
Commonly, the out-of-plane collapse occurs at lower intensities
than those required to produce collapse or heavy damage for in-
plane response of walls. Such fact, also well known among the
scientific community, has been convincingly demonstrated in
last earthquakes damage surveys in Italy (D’Ayala and Paganoni
2011; Kaplan et al. 2010), New Zealand (Dizhur et al. 2010;
Ingham and Griffith 2011) or Spain (Romão et al. 2013).

Nonetheless, as is pointed out by Lourenço (2002), the
assessment of historic unreinforced masonry structures is still a
complex task, not only because limited resources are allocated
to this study, but also, and most importantly, because experi-
ence and existing knowledge are inherent to the analysis of
historical structures. Among other aspects, the difficulty and the
cost inherent to the characterization of the mechanical proper-
ties of the materials, the large variability of these properties, the
unknown of the construction sequence and the non-applicability
of regulations and codes can be highlighted (Lourenço 2002).
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950 T. M. FERREIRA ET AL.

FIG. 1. Rondelet’s collapse mechanisms of masonry walls under out-of-plane horizontal action (Carocci 2001).

According to Menon and Magenes (2008), the seismic behav-
ior of an unreinforced masonry structure can be gauged by the
following simple, but critical, features:

• The quality of the load-bearing walls (masonry units,
mortar, interlocking of units, regularity of courses),
which is fundamental to facilitate the monolithic
behavior right through the wall thickness, a factor that
has been deeply studied by some researchers (Casolo
and Uva 2013; De Felice and Giannini 2001; De Felice
2011; Giuffrè 1996);

• The restricted slenderness of the walls to ensure its out-
of-plane stability (Lang and Bachmann 2003; Morandi
2006);

• The efficient connection amongst walls (good inter-
locking at wall intersections) and between walls
and horizontal structures (tie-rods, ring beams at all
roof/floor levels) to ensure the so-called box behav-
ior of the structure. (Costa et al. 2011; 2012; D’Ayala
and Speranza 2003; Speranza 2003; Valluzzi 2007) are
dedicated to this issue;

• Adequately rigid and resistant floor diaphragms pro-
viding restraint to out-of-plane vibration of walls,
increasing structural redundancy and facilitating inter-
nal force redistribution; among others, the researchers
Gabellieri, Diotallevi, and Landi (2012), Gallonelli
(2007), Jain and Jennings (1985), Penner and Elwood
(2012), Peralta, Bracci, and Hueste (2004), Simsir
(2005), Tena-Colunga and Abrams (1996) have
addressed this topic in detail; and

• Presence of suitable elements such as ties and floor
diaphragms or the availability of in-plane resistance
of string walls or buttresses to counteract horizontal
thrusts (from roofs, arches, or vaults) to form a closed
self-equilibrating system. Out-of-plane failure of walls
where horizontal thrusts are counteracted merely by
their out-of-plane resistance is very frequent (Spacone,
Sepe, and Raka 2012).

The complexity of the topic notwithstanding, several meth-
ods, techniques, and computational tools are currently available
for the assessment of the out-of-plane behavior of unreinforced
masonry structures. Naturally, each one of these methods and

tools are based on different theories and approaches, fact that
makes its catalogue simultaneously a complex but valuable task.

As schematically presented in Figure 2, three major families
of assessment methods/techniques can be distinguished: assess-
ment resorting to analytical methods, numerical analysis and
laboratory or in situ experiments. The evolution of each one of
these assessment procedures is described on the following sec-
tions, wherein the most important references and applications
are reported and briefly discussed

2. REVIEW OF THE METHODOLOGIES FOR THE
OUT-OF-PLANE BEHAVIOUR ASSESSMENT

As already introduced in Figure 2, several analytical
methodologies for the out-of-plane assessment of unreinforced
masonry structures have been proposed to date. These methods
can be divided into two main categories:

• Force-equilibrium formulations, which are more sim-
plistic, relying on traditional and consolidated percep-
tions of the response under lateral forces; and

• Displacement-based formulations, which are less con-
servative than the previous formulations, providing
more rational means of the out-of-plane seismic behav-
ior of unreinforced masonry walls.

It is worth mentioning that various studies carried out over
the past few decades concerning the overturning of traditional
masonry facades corroborates the assumption that this phe-
nomenon is more correlated to velocity (energy-based param-
eter) or displacement demands, rather than acceleration values
which are more related to the development of forces, as shown
in Doherty (2000).

2.1. Force-Based Formulations
Heyman was one of the first authors applying limit state theo-

ries on the analysis of masonry structures (Heyman 1966, 1982).
His works were based on the assumption that limit theorems
of plasticity (lower-bound theorem and upper-bound theorem)
can be applied to masonry structures upon the premises that:
1) masonry has no tensile strength (i.e., it can resist infinite
compression), and 2) no sliding will occur within the masonry.
According to such formulation, the failure of unreinforced
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OUT-OF-PLANE SEISMIC BEHAVIOR 951

FIG. 2. Techniques for assessing the out-of-plane behavior of unreinforced masonry.

masonry structures can only occur due to instability rather than
material failure, which was only later introduced by Livesley
(1978). Following Heyman’s work, Giaquinta and Giusti (1985)
and Del Piero (1989) presented two constitutive models based
on the same hypothesis that unreinforced masonry can be ideal-
ized as a no-tension material which led to the solution in closed
form of few class of problems having essentially a theoretical
interest, as also shown, for example, by Villaggio (1981) and
Bennati and Padovani (1997). Based on this exposure, the so-
called equilibrium methods, which are essentially based on the
static equilibrium analysis of rigid body mechanisms, were the
first formulations used in the structural analysis of historical
buildings.

Among the equilibrium (or stability) methods, the graphic
statics is one of the oldest and most widely applied. The origin
of this approach dates back to the 16th century, when Simon
Stevin’s (1548–1602) proposed the parallelogram rule, which

was based on the idea that equilibrium could be described
graphically using force vectors and close force polygons (Stevin
1586 [1955]). This point marks the start of equilibrium analysis
of structural systems and the beginning of graphical methods.
From that time, it was possible to explain experimental results
such as weights hanging from a string and to “calculate” the
forces in the string using these new graphical methods, as shown
in Figure 3 (Block, Ciblac, and Ochsendorf 2006).

This approach is still a powerful tool for both analysis
and design of masonry structures, especially after the develop-
ment of an interactive computational geometry software (Active
Statics) in which the geometry of the structure can be adjusted
in real-time. Developed by Greenwold and Allen (2003) and
subsequently improved by Block et al. (2006), this tool was
later used by De Jong (2009) in the development of a seismic
method applicable on the study of the structural stability of sub-
structures (vaults and buttresses), as well as on the study of the

FIG. 3. (a) Stevin’s drawing of force equilibrium of hanging weights on a string (1586); (b) Varignon’s illustration of a graphical analysis of a funicular shape
(1725) (Block et al. 2006). © Springer. Reproduced by permission of Springer. Permission to reuse must be obtained from the rightsholder.
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952 T. M. FERREIRA ET AL.

influence of structural components interaction in the stability
of the whole structure. Despite its potential, this methodol-
ogy leads to unconservative results since local crushing, crack
propagation and sliding effects are neglected in its formulation
(Block, De Jong, and Ochsendorf 2006).

Several developments have been made on the use of limit
analysis without the strict applicability of the limit theorems,
which lead to the so-called non-standard limit analysis. In 1990,
Giuffrè (1990) presented an original work based on a series
of post-seismic damage surveys carried out in the sequence of
Irpinia and Syracuse earthquakes in Italy, wherein the author
states that given the complex nature of the possible out-of-
plane mechanism in unreinforced masonry walls and taking into
account the load patterns that causes each of the possible modes,
the study of this type of mechanisms must be performed on
an individual basis, identifying the different loads, geometry,
and boundary conditions controlling each mechanism (Giuffrè
et al. 1993; Restrepo-Vélez 2004). Following this early work,
Hobbs, Ting, and Gilbert (1994) proposed a set of equations for
overturning failure modes caused by point loads and De Felice
and Giannini (2001) proposed two possible out-of-plane mecha-
nisms with the corresponding equations to estimate the collapse
multiplier, λ, as also noted by Spence and Coburn (1992)
and Giuffrè et al. (1993). In the same line, Casapulla (1999)
proposed a new out-of-plane collapse mechanism in which
the friction forces along the boundary surfaces are included.
This formulation would later be explored and modified by
Picchi (2002). Even though the merit of including the fric-
tion forces on the strength of the out-of-plane mechanisms,
these proposals are restricted to just one single mechanisms
with very simple boundary and load conditions (Restrepo-Vélez
2004).

In 2000, Baggio and Trovalusci (2000) presented a work
focused on the study of the collapse behavior of brick-block
masonry. The model describes brick or stone masonry as a
system of rigid blocks supposed to have infinite strength, inter-
acting through no-tensional and frictional interfaces. According
to these authors, the assumption that bricks cannot break is
not so restrictive if masonry with bricks and dry joint is con-
sidered and if the influence of the geometry of the assembly
on the ultimate behavior of the masonry is investigated. The
problem on the evaluation of the ultimate load for an assem-
bly of rigid bodies with no-tension and frictional constraints
subjected to proportional load can be studied as a problem of
limit analysis of finite-dimensional rigid-plastic systems with
non-associative flow rules (Livesley 1992). In a previous work,
the same authors have presented a computer procedure that pro-
vides the ultimate load and the collapse mechanism for two
and three-dimensional (3D) unreinforced masonry structures
made of blocks with frictional interfaces (Baggio and Trovalusci
1998).

D’Ayala and Speranza (2003) developed a thorough collec-
tion of simple mechanical models based on limit state analysis
and macro-elements. As mentioned, the application of limit

analysis to a given unreinforced masonry building requires the
preliminary formulation of all possible failure mechanisms, fol-
lowed by the identification of the one associated with the lowest
value of the load factor, λc, able to maintain a limit equilibrium
configuration. According to this proposal, the load factor λc is
described by the ratio between the lateral acceleration, a, and
the gravitational acceleration, g, under the following assump-
tions: dead load and horizontal force are applied at the center of
gravity of the building wall and are expressed as a function of
the gravity constant; the masonry walls are simulated as a sys-
tem of rigid bodies, articulated by hinges, whose geometry is
defined by the failure mechanism; the masonry is simulated by
a discontinuum model with friction; the strengthening devices
of masonry walls are simulated using specific constraint con-
ditions; foundations and soil characteristics are disregarded.
According to these criteria, the various failure mechanisms can
be ranked according to their associated load factors and, among
these, the one with the minimum load factor is the most likely
to occur (Speranza 2003). Figure 4 presents some examples
of possible out-of-plane mechanisms in unreinforced masonry
buildings.

Frictional resistance and cohesion between courses in dry
block masonry forms the basis of the limit-state model used to
estimate ultimate load factors for the out-of-plane behavior in
3D assemblies (Menon and Magenes 2008). The major advan-
tage of limit analysis is the simplicity of the approach, allowing
the development of practical computational tools characterized
by a reduced number of input parameters. This fact makes this
kind of analysis particularly appropriate in the assessment of
historic masonry structures for which the input data are usually
difficult or even impossible to obtain in an accurate manner.
However, the fact that the load factor λc expresses a too con-
servative result, when compared with the real factor of failure
under dynamic conditions, is a clear limitation of the method
(D’Ayala and Speranza 2003) because the out-of-plane seismic
resistance of unreinforced masonry walls tends to be ruled by
maximum displacement and rather than by maximum strength,
possessing non-negligible post-cracking behavior

In 2004, Restrepo-Vélez developed a new mechanics-based
analytical procedure for the seismic risk assessment of unre-
inforced masonry buildings at urban scale similar to the one
proposed by D’Ayala and Speranza (2003). Based on exper-
imental results obtained from a series of static tests of scale
specimens built with dry-stone, Restrepo-Vélez proposed new
analytical equations to compute a collapse multiplier of com-
plex out-of-plane failure mechanisms (Restrepo-Vélez 2004).
As main conclusions, Restrepo-Vélez stressed the fact that
almost all the mechanisms studied in this work are more com-
plex than those proposed by theoretical models and friction
resistance does not play an important role in all the mecha-
nisms. Additionally, the author discussed how dynamic tests
on scale models could be a valid approach to study the equiva-
lent single-degree-of-freedom models for this kind of complex
out-of-plane failure mechanisms. Recently, Lagomarsino and
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FIG. 4. Examples of out-of-plane mechanisms in unreinforced buildings.

Resemini (2009) presented a study where collapse mechanism
of wall assemblies has been studied for monumental buildings
such as churches. By computing the collapse load multiplier
(α01, α02) for wall assemblies similar to church facade, the
effect of party walls is carried out for two specific collapse
mechanisms: detachment between the facade and the transver-
sal walls with 1) vertical crack opening near the corner (α01),
and 2) oblique crack opening (α01), as noted in the work of
Castellazzi and Di Tommaso (2011). Both parameters were
formulated in order to take into account some masonry tech-
nological aspects such as the texture of the lateral walls, brick
dimensions and frictional effects.

2.2. Displacement-Based Formulations
Limited attention has been given in the past to the dynamic

response of out-of-plane mechanisms in overall structural
behavior of unreinforced masonry buildings. Indeed, in the
vast majority of the cases this issue has been treated only
based on the capacity of the structure to resist to lateral static
forces (Restrepo-Vélez 2004). However, several studies has
demonstrated that, in one regard, unreinforced masonry walls
subjected to dynamic loads can resist accelerations higher than
their static strength (ABK 1984; Bruneau 1994; Doherty 2000)
and that, in another regard, they tend to behave as rigid bod-
ies subject to rocking. This fact explains why these elements
are more sensitive to displacements and velocities rather than
accelerations (Doherty et al. 2002; Doherty 2000; Griffith et al.
2003).

2.2.1. Flexural-based single-degree-of-freedom approaches
In 1985, Priestley proposed an extension of the ultimate

strength methods of design analysis to unreinforced masonry
structures, which came replace the traditional methods (exces-
sively conservative) based on working stress calculations.
By introducing the concept of ductility within an energy frame-
work, this author demonstrated that the level of seismic loading
required to cause failure, especially for face-loaded walls, tends
to greatly exceed the predictions obtained by simple ultimate
strength calculations. Such theoretical formulation was exper-
imentally proved through an extensive experimental program
on shaking table of face-loaded walls. The results obtained
from this campaign indicated that walls could sustain levels
of acceleration much higher than elastic or ultimate strength
predictions and that a correlation between the strength of the
face-loaded wall and spectral velocity of the input motion

(energy) could be established. Validated the initial theoreti-
cal formulation, a new procedure for ultimate load estimation
that incorporates energy considerations based on the calculated
load-deflection (or acceleration-displacement) curve was pro-
posed. The acceleration-displacement curve is elastic non-linear
and the equivalent elastic response acceleration can be found
by the equal energy principle, equating the area under the lin-
ear acceleration-displacement line with same initial stiffness to
the under true acceleration-displacement curve. The main disad-
vantage of this approach lies in the fact that the energy demand
calculation is very sensitive to the section of the elastic natural
frequency and is relevant only for a narrow band of frequencies.
This topic was later discussed in more detail by Doherty (2000).
Afterwards, Tomaževič (1997) reiterated the fact that the out-
of-plane vibration of walls is induced by the building’s floor
response and that, depending on the dynamic characteristics of
the main structure, out-of-plane vibration is more significant in
the upper than in the lower stories of masonry buildings. Higher
modes of vibration of the floor response could further amplify
the out-of-plane vibration of walls due to local resonance effects
(Menon and Magenes 2008).

In 2002, Doherty et al. presented a new simplified linearized
displacement-based procedure in which a trilinear relationship
is used to characterize the real nonlinear force-displacement
relationship for unreinforced masonry walls (Figure 5). This
procedure is founded on the reserve capacity of rocking unre-
inforced masonry walls to displace out-of-plane without over-
turning, arising as the wall’s post-cracking response is governed
by stability mechanisms, that is to say, geometric instability
of an unreinforced masonry wall will only occur when the
mid-height displacement exceeds its stability limit. According
to this procedure, a cracked unreinforced masonry wall rock-
ing with large horizontal displacements may be modeled as
rigid blocks separated by fully cracked sections with iden-
tical support motions. Previously, research into face loaded
infill masonry panels carried out by Abrams et al. (1996) has
shown that under dynamic loading, one of the key responses
governing wall stability is the magnitude of maximum dis-
placement. This fact suggests that displacement-based design
philosophies could provide a more rational means of deter-
mining seismic design actions for unreinforced masonry walls
in preference to the traditional “quasi-static”’ force-based
approaches.

Griffith et al. (2003) systematically evaluated the presented
simplified procedure to evaluate the response of unreinforced
masonry walls subjected to out-of-plane excitations by means

D
ow

nl
oa

de
d 

by
 [b

-o
n:

 B
ib

lio
te

ca
 d

o 
co

nh
ec

im
en

to
 o

nl
in

e 
U

A
] a

t 0
2:

41
 2

6 
N

ov
em

be
r 2

01
5 



954 T. M. FERREIRA ET AL.

FIG. 5. Trilinear simplified force-displacement model (Doherty et al. 2002). © John Wiley and Sons. Reproduced by permission of John Wiley and Sons.
Permission to reuse must be obtained from the rightsholder.

of a trilinear force-displacement curve and demonstrated that
the collapse of the wall is mainly conditioned by its maxi-
mum strength and ultimate displacement capacity and not by
its initial stiffness. In this procedure, the wall is idealized
as a rigid body on simple one-way bending (cantilevers or
simply supported walls spanning vertically between supports).
However, it is worth stressing that the assumption of rigid body
behavior is realistic only for low values of axial force. For
the case of high compressive forces, the individual blocks on
the unreinforced masonry wall can deform significantly with
the consequence that the pivot points have finite dimension
so that the internal lever arm and the displacement at static
instability are smaller than for a rigid wall and the wall pos-
sesses lateral deformability prior to incipient rocking. As is
shown in Figure 5, the “semi-rigid” force-displacement rela-
tionship deviates from the bilinear idealized behavior assuming
a curvilinear profile with the maximum force lower than the
rigid threshold resistance, F0 (Menon and Magenes 2008).
Nevertheless, this behavior can be conveniently idealized by
the trilinear relationship defined by three displacement parame-
ters " 1, " 2 and " f and the force parameter F0. Parameters " 1

and " 2 control respectively the initial stiffness reduction and
the strength reduction and " f represents the maximum stable
displacement.

One of the main conclusions obtained from this study was
that the lateral static strength and the ultimate displacement of
an unreinforced masonry wall subject to out-of-plane are only
conditioned by three parameters: geometry, boundary condi-
tions and applied vertical forces (including self-weight). In this
kind of analysis, the uncertainties in the mechanical proper-
ties of the material (especially the elastic modulus and the
compressive strength of masonry) do not affect significantly
the results since the effective stiffness of the wall is the key
parameter of the procedure. As in the original formulation
(Doherty 2000), the kinematics of an unreinforced masonry
wall is generalized here as an single-degree-of-freedom (SDOF)
system, with the out-of-plane equilibrium of the wall rep-
resented by a trilinear force-displacement relationship. From
elastic displacement spectrum, the wall displacement demand

is predicted independently of its natural period; knowing the
effective mass, Me, and effective stiffness, Ke, the fundamental
period of rocking is determined given the boundary conditions,
state of degradation and level of pre-compression. The principal
disadvantage of such formulation relies on the quantification
of the parameters " 1, " 2 and " 2, which must be calibrated
purely based on experimental tests accounting for each type of
masonry walls (i.e., not on the basis of any mechanically-based
formulation).

2.2.2. Rigid body-based single-degree-of-freedom approaches
As reported by Makris and Konstantinidis (2003), reconnais-

sance reports following strong earthquakes include the uplift,
rocking, or overturning of a variety of slender structures such as
tombstones, electrical equipment, retaining walls, liquid stor-
age tanks, and rigid building structures. This fact has increased
the need to understand and predict these failures and has moti-
vated a large number of studies on the rocking response of
rigid blocks, which would later be applied in the evaluation of
the rocking response of masonry structures under earthquake
action.

In 1963 Housner (1963) presented one of the first studies on
the dynamic response of a slender rigid block supported on a
base undergoing horizontal accelerations. The author examined
the free and forced vibration responses to rectangular and half-
sine pulse excitations through the use of an energy approach
which enabled an approximate analysis of the dynamics of a
rigid block subjected to a white-noise excitation. Subsequently,
Housner showed that the rocking frequency decreases with
increasing initial rotation amplitude θ0 (Figure 6a), presenting
also what was called as scale effects, by which the larger of two
geometrically similar blocks could survive the excitation while
the smaller block topples. Following Housner’s work, Priestley,
Evison, and Carr (1978) presented a study where the possibil-
ity of foundation rocking of shear wall structures is discussed.
In this early work, the author compares the Housner’s theory
for free rocking of rigid blocks with experimental results from
a simple structural model with a number of different foundation
conditions (Figure 6b).
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FIG. 6. (a) Housner’s rocking block; (b) Housner’s theory for free rocking of rigid blocks vs. experiment for Priestley’s model (Priestley et al. 1978).

Additionally, a simple design method for assessing
maximum rocking displacement, using equivalent elastic char-
acteristics and a response spectrum was also presented and
compared with results from simulated seismic excitation of the
model using an electro-hydraulic shake-table. It is worth men-
tioning that this methodology was later adopted by the Federal
Emergency Agency (FEMA) in the FEMA 356 document
(FEMA 2000).

In 1980, Aslam, Scalise, and Godden studied the rocking and
overturning response of blocks of various sizes and aspect ratios
under strong earthquakes. The effect of coefficient of restitu-
tion and vertical load on the overturning response of this kind
of elements was also considered. Among other relevant con-
clusions, this study points out the sensitivity of overturning
to small changes in base geometry and coefficient of resti-
tution. In the same line, Yim, Chopra, and Penzien (1980)
developed a numerical procedure and a software to solve the
non-linear equations of motion governing the rocking motion of
rigid blocks on a rigid base subjected to horizontal and vertical
ground motions. As main conclusions, the author stressed that
the response of the block is very sensitive to small changes in its
size and slenderness ratio and to the details of ground motion.
According to this study, the stability of a block subjected
to a particular ground motion does not necessarily increases
monotonically with increasing size or decreasing slenderness
ratio. Also, the overturning of a block by a ground motion
of particular intensity does not imply that the block will nec-
essarily overturn under the action of a more intense ground
motion (Yim, Chopra, and Penzien 1980). It is worth under-
lining that the supra cited studies were pioneers in a research
field where a large amount of works have been developed
over the past several decades. Among others, Hogan (1989,
1994), Liberatore and Spera (2001), Lipscombe and Pellegrino
(1993), Makris and Roussos (2000), Plaut (1995), Pompei,
Scalia, and Sumbatyan (1998), Shenton (1996), Tso and Wong
(1989), and Zhang and Makris (2001) are just some examples
of works consecrated to this topic, published between 1989 and
2007.

Makris and Konstantinidis (2003) presented in 2003 an
interesting work concerning the superficial similarities and
fundamental differences between the oscillatory response of
a single-degree-of-freedom (SDOF) oscillator (regular pendu-
lum) and the rocking response of a slender rigid body (inverted
pendulum). As a result of this study, the authors stated that
SDOF oscillator and rocking block are two fundamentally dif-
ferent dynamic systems and consequently the response of one
should not be used to deduce somehow the response of the other.
In addition, these authors underline that rocking structures
cannot be replaced by an equivalent “typical elastic” SDOF
oscillator and should not be evaluated using response spec-
tra, in particular for smaller, less-slender blocks. Finally, they
also highlighted the fundamental differences between rocking
blocks and typical elastic oscillators and proposed the rocking
spectra as a unique measure of earthquake intensity (Makris
and Konstantinidis 2003). Figure 7 presents the confrontation
between the response of the two systems, presenting: in (a) the
true displacement of the linear, viscously damped oscillator for
different values of damping (ξ = 5%, 10% and 15%); and in
(b) the rotation of a rigid slender block subjected to the fault-
normal component of the Pacoima Dam motion recorded during
the 1971 San Fernando earthquake.

In 2008 Sorrentino et al. took a step forward on the appli-
cation of the rigid body-based principles with the study of
the rocking response of unreinforced masonry facades. In this
work the authors investigated the earthquake response of typi-
cal unreinforced masonry walls of the historical city center of
Gaeta, in central Italy. The facade walls are assumed to undergo
one-sided rocking due to the presence of internal restraints,
such as transverse walls and horizontal structural elements. The
dynamic model used accounts, in a simplified way, for geo-
metrical imperfections. Two sets of excitations are considered
in this study and the overturning frequencies are compared
against different parameters, such as aspect ratio, imperfection
level, energy damped due to impact against vertical restraint,
ground motion variability and direction of the rotation. As main
conclusions, the authors pointed out that if no additional
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FIG. 7. (a) True displacement of a linear viscously damped oscillator; (b) rotation of a rigid slender block when subjected to the Pacoima Dam motion recorded
during the 1971 San Fernando Earthquake (Makris and Konstantinidis 2003). © John Wiley and Sons. Reproduced by permission of John Wiley and Sons.
Permission to reuse must be obtained from the rightsholder.

energy damping is assumed, one-sided rocking proves more
dangerous than two-sided rocking and that the static results
can be overly conservative leading to unnecessary retrofitting
actions (Sorrentino et al. 2008). The coefficient of restitution, r,
which governs the rocking behavior masonry walls at impacts,
should be experimentally assessed and, in 2011, Sorrentino,
AlShawa, and Decanini characterized experimentally such coef-
ficient for full scale tuff masonry walls. However, other several
works were made on the characterization of interface surfaces
(and subsequently the coefficient of restitution) under rock-
ing motions (Aslam, Scalise, and Godden 1980; Costa et al.
2013a; Costa et al. 2013; Housner 1963; Liberatore and Spera
2001; Lipscombe and Pellegrino 1993; Makris and Roussos
2000; Peña et al. 2007; Priestley, Evison, and Carr 1978;
Sharif, Meisl, and Elwood 2007; Sorrentino, AlShawa, and
Decanini 2011; Tso and Wong 1989; Yim Chopra, and Penzien
1980).

Subsequently, Shawa et al. (2012) developed a modeling
strategy to reproduce the out-of-plane dynamic behavior of
masonry facade walls. This approach takes advantage of the
intrinsic discrete character of these elements, consisting of a
facade separated from the transverse walls. A SDOF system
is considered on the basis of this approach and a rocking
motion for which an analytical formulation of the equation
of motion is given (Figure 8). Starting from existing rock-
ing models, which concentrate damping at impact, the authors
formulated a new model that takes into account the asym-
metry resulting from the restraint provided by the transverse
walls and from out-of-plumb of the wall in the configura-
tion at rest. The analytic coefficient of restitution was reduced
based on a set of experiments performed on masonry walls
undergoing free rocking oscillations. According to the authors,
this approach is capable of reproducing the tests, in terms
of both entire time history and maximum rotation, even if
model parameters are roughly assumed. Additionally, exper-
imental and numerical data generated through this approach

FIG. 8. Facade wall resting on a tilted foundation: (a) Limit lateral rotations
ψn because of transverse walls, depth, d, of the mortar head joint between facade
and transverse wall; (b) kinematic descriptors of the motion (Shawa et al. 2012).
© John Wiley and Sons. Reproduced by permission of John Wiley and Sons.
Permission to reuse must be obtained from the rightsholder.

were used to check the current Italian seismic code assessment
procedure.

2.2.3. Rigid body-based multi-degree-of-freedom approaches
In contrast to the single-degree-of-freedom approaches that

have been extensively studied, very few works were pre-
sented to date on the analysis of the rocking behavior of
rigid blocks resorting to multi-degree-of-freedom approaches.
As highlighted by D’Ayala and Shi (2011), even for the sim-
plest case of a multi-block structure composed by two blocks,
the rocking problem becomes very complex and therefor the
work proposed is very modest. In 1990, Psycharis (1990) has
presented an analysis of the dynamic behavior of systems con-
sisting of two stacked rigid blocks without sliding. In this work,
one of the first studies of multiple blocks stacked on a rigid
floor, the author analyses the rocking response of the system
to horizontal and vertical ground accelerations in terms of four
possible patterns of response and impact, assuming conservative
angular momentum. However, such procedure proved to be too
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OUT-OF-PLANE SEISMIC BEHAVIOR 957

complicated as the equations of motion and energy dissipation
had to be formulated for every possible mode of response.

Following Psycharis’ work, Spanos, Roussis, and. Politis
(2001) have studied the dynamic behavior of structures of two
stacked rigid blocks subjected to ground excitation. Assuming
no sliding, the rocking response of the system standing free
on a rigid foundation has been investigated and therefore the
exact (nonlinear) equations governing the rocking response of
the system to horizontal and vertical ground accelerations have
been derived for each pattern (Figure 9). In addition, such
nonlinear equations of motion have been integrated for each
pattern by developing an ad hoc computational scheme capa-
ble of determining the response of the system under an arbitrary
base excitation; numerical results for both the free and seismic
response have been derived.

D’Ayala and Shi (2011) presented a relatively simple
dynamic model through which two stocked rigid blocks are ana-
lyzed according to three main patterns of relative rotation of
the two rocking blocks, which were further subdivided into two
sub-patterns based on the different reference points of rocking
with respect to each other. Thus, pattern 1 and pattern 2 present
2-DOF-system responses with the two parts rocking respec-
tively in the same and opposite direction at the reference points
at corners and pattern 3 reflects the situation of only one hori-
zontal crack occurring at some height of the wall (resulting in
a SDOF system). In order to study the motion of the two bod-
ies and the patterns of relative motion and sliding, the nonlinear
equations of motion has been programmed and solved using two
commercial software packages.

Recently, Gabelliri, Landi, and Diotallevi (2013) have pro-
posed an extension of some existing formulations (Doherty
2000; Simsir 2005; Sorrentino 2003) in order to develop a

FIG. 9. Classification of rocking patterns for a system of two stacked rigid
blocks with respect to the angles of rotation (adapted from Spanos et al. (2001).
© Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be
obtained from the rightsholder.

2-DOF model for the analysis of the dynamic out-of-plane
behavior of a single wall considering the hypothesis of flexible
diaphragm. In this work, the authors present a set of equation of
motion for the wall and develop an algorithm for their numeri-
cal integration (Figure 10a). The results of dynamic analysis on
a set of walls with Gaussian impulse or with recorded accelero-
gram inputs have been investigated by the authors who have
concluded that the stiffness of the diaphragms has a strong influ-
ence on the displacement demand of the walls. They further
assumed that the both the model and the numerical algorithm
need to be validated, pointing out that a possible future devel-
opment could be the modeling of the inelastic behavior of the
spring at the top and the definition of a 3-DOF model that
includes the in-plane walls.

In the same line, Derakhshan, Griffith, and Ingham (2013b)
proposed an analytical model, also based in (Doherty 2000),
that describes the out-of-plane response of one-way spanning
unreinforced masonry walls by including the effects of crack
height, overburden loads, mortar compressive strength and mor-
tar pointing. In relation to the original formulation, this new
model includes a more detailed consideration of the effects of
applied overburden and the effects of wall crack height. In addi-
tion, the stiffness of the timber diaphragms can be accounted
by considering a wall top displacement, " t (Figure 10b).
According to the author, the model is suitable for assessing
double-leaf and triple-leaf solid walls.

3. NUMERICAL APPROACHES
Thanks to the recent exponential advance on computa-

tional capacities, several methods and computational tools have
emerged in past few years for the assessment of masonry
structures. According with Lourenço (2002), in function of
its origin and purpose, these methods present different lev-
els of complexity/computational effort (from simple graphical
methods and hand calculations to complex mathematical for-
mulations and large systems of non-linear equations), different
availability of practitioners, different time requirements (from a
few seconds of computer time to several days) and, of course,
different costs. In addition, the choice of a certain method
rather than another is often a complex and non-consensual task.
Indeed, if it is true that results of different approaches might
also be different, this is not a sufficient reason to prefer one
method over another. More than that, the choice of a complex
analysis tool does not necessarily provide better results than a
simple tool. This option should then be founded in some key
aspects, namely, the compatibility of the analysis tool and the
information sought, the availability of analysis tool and cost,
available financial resources, and time requirements (Lourenço
2002).

Starting from the exposed, three different approaches based
in three distinct assumptions are presented and discussed on
the following. In order to facilitate the analysis, the content
is organized per approach, starting off with the finite element
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958 T. M. FERREIRA ET AL.

FIG. 10. Wall in out-of-plane bending: (a) two-degree-of-freedom (2DOF) model presented by Gabellieri et al. (2013); (b) wall subjected to post-cracking
displacements (Derakhshan et al. 2013a). (b) © Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the rightsholder.

(FE) method-based approaches, moving then to discrete ele-
ment method-based approaches and finishing with multi-body
dynamics-based approaches.

3.1. Finite Element Method-Based Approaches
The great number of influencing factors, such as dimensions

and anisotropy of the units, joint width and arrangement of bed
and head joints, material properties of both units and mortar, and
quality of the workmanship, make the FE simulation of masonry
extremely difficult. According to several authors (for instance
(Casolo and Milani 2010; Lourenço 2002), depending on the
level of accuracy and the simplicity desired, it is possible to use
different modeling strategies (Figure 11):

• Micro-modeling: In this approach, elastic (Young’s
modulus and Poisson’s ratio) and, optionally, inelas-
tic properties of both unit and mortar are taken into
account. The interface represents a potential crack/slip
plane with initial dummy stiffness to avoid interpene-
tration of the continuum, enabling this way the com-
bined action of unit, mortar and interface to be studied
under magnification. Due to the high level of detail in
this type of modeling, its application is limited only to
portion of masonry structures (e.g., vaults, pediments,
wall);

• Meso-modeling: In this approach, each joint, consist-
ing of mortar and the two unit-mortar interfaces, is
lumped into an average interface while the units are
expanded in order to keep the geometry unchanged.
Masonry is thus considered as a set of elastic blocks
bounded by potential fracture/slip lines at joints; and

• Macro-modeling: This third approach does not dis-
tinguish between individual units and joints, but treats
masonry as a homogeneous anisotropic continuum.
At the macro-scale level the characteristic size is the
macro-element scale, a portion of structures that may
be studied with simple equivalent system (e.g., vaults,
pediment, walls) (Cennamo et al. 2011).

One of the first attempts to describe the structural behavior
of masonry structures resorting to FE models was presented by
Page (1978). In this groundbreaking work, the author built a
complete micro-model wherein all the failure mechanisms of
masonry, namely, cracking of joints, sliding over one head or
bed joint, cracking of the units and crushing of masonry were
taken into account. The non-linear behavior of the material was
incorporated here in a primitive way, with fragile behavior in
tension and hardening in shear/compression. Following this
first work, Ali and Page (1987) presented a study about the
non-linear behavior of masonry subjected to concentrated loads

FIG. 11. Modelling strategies for masonry structures (adapted from Lourenço 2002).
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OUT-OF-PLANE SEISMIC BEHAVIOR 959

as well as a theoretical parametric analysis of the behavior
of story height solid masonry walls subjected to concentrated
loads (Ali and Page 1987, 1988) using multi-level sub struc-
turing and mesh-refinement techniques (Tzmatzis and Asteris
2003).

Even though the importance of these first works in the field
of the FE modeling of unreinforced masonry structures, they
are entirely dedicated to the investigation of masonry behav-
ior subjected to in-plane actions. In fact, even if the importance
of the problem is well and widely recognized since long time
ago (Rondelet 1802), until recent past very few works devoted
to the numerical analysis of out-of-plane behavior have been
presented in the literature.

3.1.1. Micro-modeling strategy: Material discretization
As failure in masonry elements is more expected to occur

in the joints rather than the units, most of the research in the
field of micro-modeling of masonry is focused on the material
behavior of joints, with particular emphasis for the interface
with the units (Theodossopoulos and Sinha 2013). In fact,
research on interfaces is particularly effective on the analysis
of regular masonry walls where the damage and fracture can
be defined a priori, along the regularly pattern of the joints
(Macorini and Izzuddin 2011). Aided by modern algorithms
concepts and advanced numerical models, Lourenço and Rots
(1997) developed an interface cap model formulated according
to softening plasticity in tension, shear and compression, with
consistent treatment of the intersections defined by these mod-
els. Following this research line, the same author developed
and presented a composite plasticity model for the numerical
analysis of masonry structures subjected to out-of-plane load-
ing (Lourenço 2000) which was validated with experimental
results on masonry panels subjected to out-of-plane loading,
providing good results on the reproduction of the elastic and
inelastic behavior of masonry considering two orthogonal direc-
tions. In this work, Lourenço further discusses the adequacy
of yield-line analysis for the design of masonry structures sub-
jected to out-of-plane loading, the influence of the aspect ratio
of the panels and the influence of in-plane normal pressure.

As conclusions, the author highlight the capacity of the mod-
eling reproducing different behaviors along the material axes,
which is typical of masonry behavior in flexure, and the fact that
numerical analysis represent a valuable possibility for the analy-
sis and the understanding of the non-linear phenomena involved
in the masonry plates and shells. In addition, he also stresses
that the results presented seem to demonstrate that the usual
yield-line analysis design tool does not represent the observed
behavior and therefore must be used with great care (Lourenço
2000).

In 2006, Cecchi, Milani, and Tralli (2006) presented a kine-
matic limit analysis approach, under the hypotheses of the thick
plate theory, for the derivation of the macroscopic failure sur-
faces of masonry loaded out-of-plane. In this work, the behavior
of a 3D system of blocks connected by interfaces is identified

with a two-dimensional (2D) Reissner-Mindlin plate. Infinitely
resistant blocks connected by interfaces (joints) with a Mohr-
Coulomb failure criterion with tension cut-off and compressive
cap are considered and an associated flow rule for joints is
adopted. In practice, this means that in this model mortar joints
are reduced to interfaces with frictional behavior with limited
tensile and compressive strength, whereas bricks are supposed
infinitely resistant.

Two applications of the model in two meaningful structural
examples were presented by the authors: the first concerns a
masonry wall under cylindrical flexion, whereas the second
consists of a rectangular plate with central opening out-of-
plane loaded. For both cases, the influence of the shear strength
on the collapse load was estimated varying panel slenderness.
According to the authors, and based on the results obtained,
this Reissner-Mindlin kinematic limit analysis model is able
to reproduce, at a structural level, both rocking and sliding
behavior.

In 2009, Zuccarello et al. presented a combined numeri-
cal and experimental research wherein the behavior of in-scale
unbonded masonry panels out-of-plane loaded were assessed.
In this work the authors have resorted the heterogeneous upper
bound model presented in (Milani et al. 2007) and to the homo-
geneous limit analysis approach proposed in (Milani, Lourenço,
and Tralli 2006), in order to carry out two distinct numerical
limit analysis models used on the analytical description of the
experiments composed of three different series of mortarless
walls subjected to in-plane compressive loads and concen-
trated out-of-plane actions. From the comparison between the
experimental evidences and the FE limit analysis the authors
highlighted some expected but yet relevant conclusions, namely,
that the anisotropic masonry behavior and compressive loads
are key aspects to considerer to obtain a reliable prediction of
both collapse loads and failure mechanics and that the hetero-
geneous approach is more reliable in terms of collapse load
than homogeneous approach, giving also a detailed information
of out-of-plane bricks sliding. As conclusion, the authors also
underlined the limitation of homogeneous analysis in terms of
maximum number of elements considered in the homogeniza-
tion (in the case of masonry, the number of bricks/units), which
plays a decisive role in the reliability of the results obtained.

3.1.2. Meso-modeling strategy
Meso-modeling is an interesting alternative to combine ben-

efits from both extreme micro and macro-modeling scales.
Notwithstanding, most of the mesoscale models for unrein-
forced masonry presented so far account for the in-plane
stacking mode of units/bricks and mortar only and are aimed
at investigating the in-plane non-linear response of masonry
walls, for example, in the studies by Ainsworth and Mihai
(2009), Costa et al. (2012a), and Lourenço and Rots (1997).
According to Macorini and Izzudin (2011), such models can-
not be effectively employed to assess the structural performance

D
ow

nl
oa

de
d 

by
 [b

-o
n:

 B
ib

lio
te

ca
 d

o 
co

nh
ec

im
en

to
 o

nl
in

e 
U

A
] a

t 0
2:

41
 2

6 
N

ov
em

be
r 2

01
5 
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of unreinforced masonry elements under complex loading con-
ditions, as is the case of the seismic action, which presents
both in-plane and out-of-plane components. Even so, these
authors tackled this issue defining a new interface element for
the geometric and material non-linear analysis of unreinforced
brick-masonry structures, which enables the representation of
any 3D arrangement for brick-masonry and allows the investi-
gation of both the in-plane and the out-of-plane responses of
unreinforced panels.

In this work, non-linear 2D interface elements were com-
bined with 3D brick ones to simulate the initial and the damage-
induced anisotropy of brickwork, eventually shifting geometric
non-linearity to discrete phase (Figure 12) (Theodossopoulos
and Sinha 2013). In addition, a co-rotational approach is used
to account for geometric non-linearity, and a multi-surface
softening plasticity model is employed to model all the rel-
evant failure modes, such as opening in tension, sliding in
shear/torsion and shear/compression and crushing in compres-
sion. The interface element formulation was then validated with
several experimental-numerical comparisons, which have pro-
vided favorable results, demonstrating therefore its accuracy
for the non-linear analysis of brick-masonry structures under
extreme loading conditions. A further example of the appli-
cation of a meso-macro model for the non-linear analysis of
masonry can be found in (Milani and Tralli 2012).

3.1.3. Macro-modeling strategy: Material homogenization
As already noted, homogenized modes for masonry attempt

to combine the two distinct phase of the units and joints and
their respective constitutive equations to determine the over-
all elastic properties of masonry and reproduce the different
behavior along the principal axes of orthotropy, especially in
bending. As a consequence, accurate and efficient constitutive
models predicting the behavior of masonry in the non-linear

FIG. 12. Three-dimensional (3D) mesoscale modeling for brick-masonry
solid elements and two-dimensional (2D) non-linear interfaces (Macorini &
Izzuddin 2011). © John Wiley and Sons. Reproduced by permission of
[rightsholder]. Permission to reuse must be obtained from the rightsholder.

range (hardening/softening) are required and should be capa-
ble to include individual failure and damage mechanisms
(Theodossopoulos and Sinha 2013).

In 2002, Cecchi and Sab (2002a) proposed a 3D model to
study masonry walls subjected to out-of-plane actions through
a rigorous homogenization procedure. If compared with 2D
models, 3D models present the great advantage of allowing
researchers to define the bending stiffness of the structure.
Basically, the masonry is modeled in this work as a periodic
body obtained by repetition of a 3D elementary representative
module that contains—in a small scale—-all the mechanical and
geometrical characteristics of the body as whole. The obtained
model takes into account the effects of joints sizes and the
effects of ratio deformability of mortar and block on the macro-
scopic constitutive functions. In the conclusions of this work,
the authors underlined the versatility of the model in interpret-
ing the behavior of different types of masonry in relation to
variations in their mechanical and geometric characteristics, and
also in providing for the opportunity to model masonry com-
prising blocks connected by elastic interfaces. It is important to
note that this work arises from a series of previous investigations
aiming the study of homogenization procedures of masonry,
namely work by Cecchi and Di Marco (2000), Cecchi and
Rizzi (2001), and Cecchi and Sab (2002b). In addition, further
references are provided by Casolo and Milani (2013), Milani
and Lourenço (2010), Milani and Tralli (2011), and Milani
(2011).

Afterwards, Milani, Lourenço, and Tralli (2006) presented
a work wherein the usage of a simplified homogenization
technique for the analysis of masonry subjected to out-of-
plane loading is re-addressed form a different point-of-view.
This investigation arises in the sequence of the supra cited
Lourenço’s work (Lourenço 2000) and combines an isotropic
failure surface, based on the definition of a polynomial rep-
resentation of the stress tensor components in a finite number
of subdomains, with FE triangular elements employed for the
upper and lower bound limit analyses. Through the combined
usage of upper and lower bound approaches, and their respec-
tive simplifications, a narrow interval for the real collapse loads
was defined and subsequently compared with experimental data
available in the literature.

In 2011, Milani and Venturini (2011) presented a novel
3D homogenized FE limit analysis software for the fragility
curve evaluation of entire existing masonry churches. This
approach can be considered a two-step one, wherein homoge-
nized masonry strength domains are obtained using a simplified
kinematic procedure (similar to (Cecchi, Milani, and Tralli
2006)) applied on a three-leaf unitary cell, in the first phase,
and homogenized domains are implemented at a structural level
on a plate and cell kinematic FE software, in the second phase.
The global behavior at failure and the overall strength of the
buildings were assessed through Monte Carlo simulations vary-
ing both masonry mechanical properties and direction of the
equivalent seismic load.
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FIG. 13. Commercial code finite element results. Normalized internal actions patches for seismic acceleration equal to the collapse one. (a) γ = 0◦. (b) γ = 180◦

(adapted from Milani & Venturini 2011). © Elsevier. Reproduced by permission of Elsevier. Permission to reuse must be obtained from the rightsholder.

In order to validate it, the procedure was tested on two real
Italian churches and compared to results provided by means of
a conventional elastic approach performed with standard com-
mercial software (Figure 13). Among other conclusions, the
authors stressed the fact that moderate changes in the mate-
rial parameters of Monte Carlo analysis can lead to different
predominant failure mechanisms. In this sense, particular care
and experience are recommended when trying to assess the seis-
mic resistance of existing monumental building resorting to this
technique (Milani and Venturini 2011).

Recently, Milani, Pizzolato, and Tralli (2013) investigated
the buckling behavior of slender unreinforced masonry walls
subjected to axial compression and out-of-plane lateral loads
through a simplified homogenized procedure. The developed FE
model, applicable under general load and restraint conditions,
incorporates material and geometric nonlinearity and may be
used to analyze slender unreinforced masonry walls, having the
capability of capturing post-cracking and post-buckling behav-
ior in an approximate but suitable way. Another example of a
work based on the finite-element homogenization technique was
recently published by Casolo and Milani (2013). In this work
the authors propose and discuss three different approaches, with
distinct levels of accuracy and approximation, usable on the
assessment of the out-of-plane behavior of three-leaf masonry
walls taking into account the material texture. In the conclusions
of this work, the authors stressed the importance of such prop-
erty on the determination of the out-of-plane flexural-torsional
facade response under seismic excitation.

A quite different way of approaching the issue of the out-of-
plane behavior of unreinforced masonry is proposed by Casolo
and Milani in 2010. This work is focused on the macro-scale
non-linear modeling of regular running bond masonry pan-
els subjected to out-of-plane pushover analysis, representing
the point of convergence of two research lines: 1) an origi-
nal meso-scale technique based on a heuristic homogenization
approach, and 2) macro-scale modeling of heterogeneous mate-
rials by means of a specific rigid-body and spring approach.

Among other important advantages, this combined approach
permitted a drastic reduction of the computational effort by
the fact that standard non-linear FE discretization is completely
avoided both at a cell and structural level. As underlined by the
authors, the good agreement found between numerical results
obtained with this approach and literature data, suggests that
such model may be a valuable tool for practitioners involved
in the pushover analysis of masonry walls out-of-plane loaded
(Casolo and Milani 2010).

3.2. Discrete Element Method-Based Approaches
Several discrete element formulations developed and applied

to the study the behavior of masonry structures have been pre-
sented in past several years. This diversity is explained by,
in one regard, their different origins—ranging from works in
rock mechanics to methods of structural analysis of engineer-
ing mechanics—and, in another regard, by the fact that some
of these models share many assumptions with discrete elements
but are known by different names. It is worth mentioned that
discrete element models are presently used for different pro-
poses, namely both in the qualitative identification of possible
deformation and failure modes, and in the interpretation of
experimental data or damage observation (Lemos 2007).

The first work cited in literature on the analysis of the seismic
response of structures based on a discrete element approach was
proposed by Kawai (1978) who developed and discussed the
application of new discrete models. These novel models con-
sisted on a finite number of small rigid bodies connected with
springs distributed over the contact area of two neighboring
bodies and proved to be very effective in non-linear structural
analysis, particularly in dynamic response analysis.

In 1998 a 3D rigid block model was employed by Lemos
(1998) in order to study the out-of-plane failure modes of
masonry arches under seismic loading. Circular and pointed
arches, as well as intersecting arches, with different cross-
sections, were considered. The effect of joint stiffness on the
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dynamic behavior was thoroughly examined, with the more
deformable joints leading to failure for lower levels of applied
acceleration (Lemos 2007). In the same year, Sincraian et al.
(1998) studied the seismic behavior of a stone masonry aque-
duct with 2D discrete element models, in which the out-of-plane
failure of the tallest pillars was investigated. Based on the input
of different seismic excitations, the authors reported a more vul-
nerable behavior of the structure to records with low frequency
content.

A similar work aiming the study of the dynamic analysis of
an aqueduct with a rigid block discrete element model can be
found in Drei et al. (2001) (Figure 14). As main conclusions,
the authors highlighted the fact that the use of block elements
similar to the real stone blocks, at least in part of the external
shell of the structure, seems a realistic modeling of the struc-
ture. However, some caution is necessary when using it for the
evaluation of the collapse dynamic load, as an example for the
assessment of a collapse peak ground acceleration (PGA) value.
Also according to them, the resistance of the model appears
mainly due to the regular texture of the blocks and to the unifor-
mity of the structure which leads to a clear dependence between
the presence of small localized weak elements (which behave
as a triggering device of the failure) and the collapse obtained.
In fact, this work has demonstrated that the settlement of uni-
formity and of regular texture can result more effective than
an improving on the mechanical characteristics of the material
without removing local possible damage triggering elements
(Drei et al. 2001).

Based on the concepts introduced by Kawai in 1978, Casolo
(1999) presented a simplified method for investigating the
out-of-plane behavior of masonry walls subjected to seismic
loadings. In the study the walls are modeled as a series of
plane rigid elements in which only the out-of-plane displace-
ments are considered. The elements are quadrilateral and are
connected to each other in the middle of their adjoining sides
by hinges that can be regarded as spherical joints at which all
the deformation takes place. The mechanical characteristics of
these connections are defined so as to approximate the brittle
behavior of masonry material. Through this simplified model
based on a purely flexural-torsional kinematics, it is possible to

FIG. 14. Dynamic analysis of an aqueduct: (a) Transverse loading for seismic
action Type 1; (b) out-of -plane failure mode (Drei et al. 2001).

predict with reasonable accuracy the level of loading causing
severe structural damage in masonry facade walls and to gain
insight into the most likely collapse mechanism (Casolo 1999).

Following this work, the same author presented a new model
suitable for performing dynamic analysis of masonry walls
subjected to cyclic loadings, considering the degradation of
stiffness and strength under hysteretic behavior (Casolo 2000).
Based on the assumption of in-plane rigidity, the author stresses
that in general this model is suitable for masonry structures for
which shear and membrane effects are negligible compared to
flexural, out-of-plane effects. The low strength of the masonry
material causes non linearity and damages in the walls remain-
ing in the field of small displacements and the mechanical
characteristics of masonry under cyclic dynamical loading are
accounted for by assigning appropriate constitutive relations
to the connection joints. He further states that the simplifying
assumptions of the model seems not to have a great impact on
the accuracy of failure and general behavior prediction, also
considering the particular geometries of the large front walls of
old masonry churches and monuments. Moreover, the reduced
computational resources needed for the non-linear dynamic
analysis makes this model suitable for studying the seismic vul-
nerability of buildings for which it is important to systematically
investigate the effects of varying structural parameters in rela-
tion with the intensity and the characteristics of different strong
motions (Casolo 2000). A comparison between this non-linear
dynamic methodology and non-linear static procedure (NSP)
was recently presented and discussed in detail by Casolo and
Uva (2013) who have concluded that, in general, considering
that historical and monumental buildings often have peculiar
and unrepeatable characteristics, a full non-linear dynamic anal-
ysis would be recommended when the objective is to perform a
detailed vulnerability assessment.

In 2001 the ability of discrete elements to address the
out-of-plane behavior of irregular masonry was explored by
Roberti and Spina (2001) in the analysis of ancient Sardinian
Nuraghe structures. Starting from a survey on the Nuraghe
“Santu Antine” in Torralba, a numerical analysis was performed
on the stability of the dome, considering different hypothesis
on the construction process. In order to the take into account
the real characteristic of the dry stone masonry, made by big
and stiff blocks laying together, a discrete element mesh com-
posed by polygonal blocks, able to model the discontinuities,
was adopted (Figure 15a). In the sequence of this study, the
authors stated that although less expensive than the 3D analy-
sis codes, the 2D DEM analysis seems to be an efficient tool for
the stability analysis of ancient masonry constructions, focus-
ing more on block stability and equilibrium than on accurate
stress determination inside the blocks. It is worth mentioning
that this aspect can be critical on the study of block cracking
due to changed boundary conditions (Roberti and Spina 2001).

One year later, Oliveira et al. (2002) employed a 3D model
to interpret the observed damage caused in a lighthouse by
earthquakes. The masonry structures were modeled here by
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FIG. 15. (a) Wire-frame model of an irregular stone masonry walls (Roberti
and Spina 2001); (b) collapse mechanism in a two-story house (Alexandris et al.
2004).

means of a small number of large blocks. This is an example of
the type of model wherein the numerical blocks are not intended
to represent the real masonry units, but correspond simply to
a partition of the structure into large components, sufficient to
define the range of possible collapse mechanisms. Particularly
in this case, the joint material properties are chosen to respect
the overall deformability of the structure (Lemos 2007).

Following the same research line, Alexandris et al. (2004)
studied the collapse mechanisms of traditional one- and two-
story houses under earthquake loading. The 2D and 3D models
were used to evaluate the affectivity of different intervention
options (Figure 15b). In the sequence of this work, the authors
pointed out a series of interesting conclusions: 1) the numeri-
cal model used in this work could not reproduce the stiffness
degradation after yielding; 2) the out-of-plane rocking response
of long walls was found to be the dominant mode of the failure
mechanism of masonry buildings which justifies the incapac-
ity of the 2D analysis to realistically simulate the response; 3)
3D analysis seems to be able to capture the collapse mechanism
quite well. However, in the analysis performed under this study
unrealistically high levels of the base excitation were required
for collapse to occur. Such was attributed to the fact that the
masonry was represented by perfectly cut brick-shaped stones
of infinite strength. In reality, the breakage of the stone corners
after a few rocking cycles reduces significantly the contact area
between adjacent blocks and result in a reduced strength against
collapse. It is then believed that the use of stone blocks with
cut or rounded corners and the development of more advanced
constitutive models for the representation of the joint param-
eters will significantly increase the accuracy of the method
(Alexandris et al. 2004).

In 2005 a further application of discrete element-based mod-
els as simulation tools for the study of the out-of-plane seismic
vulnerability of masonry walls was presented and discussed
by De Felice (2005). Following the same research line, this
author has recently presented an interesting study on multiple
leaf masonry walls resorting to DEM, where capacity curves in
the form of displacement versus acceleration are presented to
study the influence of transversal bond. It is clearly observable
in this work that the masonry assemblage at the transver-
sal section level is crucial to provide a monolithic behavior

avoiding disaggregation, which is in line with the well-known
observations of Giuffrè (Giuffrè et al. 1993).

3.3. Multi-body dynamics-based approaches
A different line of investigation on the simulation of the out-

of-plane dynamic behavior of unreinforced masonry buildings,
resorting to multi-body dynamics theory, has been proposed
by Costa (2012). In this work, masonry portions considered
representative of the out-of-plane local mechanisms activated
by seismic loads are modeled as kinematic chains (normally
assumed as infinitely rigid bodies) whose non-linear behavior
is concentrated at the contact regions. The non-linear behavior
is represented by a sliding friction law (of Coulomb type with-
out cohesion), as well as by unilateral contacts where impacts
between bodies lead to energy dissipation, which can be com-
puted through an energy ratio coefficient by means of the
penalty method commonly used on contact theory. In addition,
the contact regions are assumed to have infinite compressive and
null tensile strengths. Figure 16 depicts a schematic example of
this methodology based on multi-body systems.

The main advantages on the use of multi-body dynamics
to simulate complex local mechanisms relies on the time-
efficiency and input parameters because it uses only geomet-
ric parameters, the mass of the elements, friction coefficient
and energy restitution coefficient. The influence of the energy
ratio coefficient in the final results can be pointed out as the
major drawback of this approach. A further disadvantage of
this technique relies on the predefinition of the formed local
mechanisms, since this approach cannot be used independently
without any other type of analysis or judgment because it
requires the definition of a realistic overturning mechanism in
order to create the multi-body model.

It is worth noting that the definition of a model with masonry
portions and contact at the interface have some similarities to
the modeling technique used by Oliveira, Lemos, and Sincraian
(2002) in the interpretation of post-seismic damage in unrein-
forced masonry structures resorting to a simple 3D approxima-
tion of the real geometry with macro masonry blocks. Yi et al.
(2006) also used a procedure somewhat similar to those in order
to perform 3D non-linear pushover analysis, wherein masonry
panels were modeled by 3D FEM continuum bodies. In this
work, contact elements were adopted and placed at predefined
macrocracking interfaces, using Coulomb friction model at the
contact surfaces.

4. EXPERIMENTAL WORKS
Several experimental works have been made concerning the

out-of-plane seismic behavior of masonry elements by making
use of experimental laboratory or in situ tests. Despite more
commons, laboratory tests of masonry constructions deals with
some common limitations and difficulties, namely regarding
the correct reproduction of the existing materials and real in
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FIG. 16. Multi-body dynamics-based approach: (a) schematic representation of a local mechanism; (b) equivalent multi-body system (Costa 2012).

situ conditions of the original elements (e.g., boundary con-
ditions, actions). Moreover, the majority of the dynamic tests
on masonry structures performed on shaking tables are mainly
carried out on reduced scale specimens which may strongly
influence the importance of particular issues of their seismic
resistance, even though the use of suitable similitude laws on
the scale reduction (Costa 2012).

Additionally, and as was highlighted by Restrepo-Vélez
(2004), the out-of-plane behavior of unreinforced masonry
structures has been rarely the main objective of study by exper-
imental programs and most of the results available regarding
this type of failure have been obtained as a by-product of other
type of testing. In the few occasions when out-of-plane has
been the center of any research effort, the tests have been ori-
ented to establish the force resistance of collapse multiplier of
simple mechanisms. Among others, this subject was addressed
for example by Tumialan Galati, and Nanni (2003) who have
performed out-of-plane field tests on brick masonry walls and,
more recently, by Costa (2012) who presented an extensive
in situ experimental campaign carried on traditional masonry
houses. Such and other works are presented and described
throughout this section.

4.1. Laboratory Tests
In the 1908s an extensive program was carried out by ABK

(1984) to study the dynamic out-of-plane motion of unrein-
forced masonry walls. This experimental campaign aimed to
develop a methodology for the mitigation of seismic hazards in
existing unreinforced masonry buildings, through the establish-
ment of bounds on the dynamic stability of walls (resistance to
collapse). In the scope of this experimental campaign, 20 unre-
inforced masonry walls with slenderness rations between 14 and
25 were subjected to dynamic out-of-plane motions cover-
ing a range of effective peak accelerations between 0.1 and
0.4 g. The tests demonstrated that the resistance of the walls

to out-of-plane collapse was dependent on the peak velocities
and the input at the base and top of the walls, where recom-
mendations for its dynamic stability were given by prescribing
allowable height/thickness ratios, based on the presence or
absence of cross-walls or by diaphragm demand/capacity ratio
and span length (Menon and Magenes 2008). Some years later,
Tomaževič, Weiss, and Velechovsky (1991) carried out a series
of shaking table tests on scaled specimens. As result of this cam-
paign the authors reported the cracking of out-of-plane walls
and their failure when flexible floors are present. However, no
further discussion regarding out-of-plane behavior is presented
in the paper.

A new approach specifically orientated to the study of the
out-of-plane response of simple unreinforced masonry walls
was presented in 2002 by Doherty et al. This work involved a
series of shaking table tests resorting to a new test setup devel-
oped specifically for this aim. As main outcome, the results
obtained corroborated the thesis that, for ultimate conditions,
out-of-plane walls are more susceptible to displacement demand
rather than acceleration demand.

In 2003, Lam et al. developed an single-degree-of-freedom
macro model in order to investigate the seismic performance of
unreinforced masonry walls in vertical one-way bending subject
to out-of-plane inertial loading. In the scope of this research,
static and dynamic tests (shaking table tests) were carried out
at the University of Adelaide on 14 one-way regular brick
unreinforced masonry wall panels, approximately 1.5-m tall
and 1.0-m wide, either 50-mm or 110-mm thick which corre-
spond to slenderness rations of 30 and 13.6, respectively. In the
static tests, the wall panels were loaded at mid-height using a
hand driven pump hydraulic jack, both in uncracked and pre-
cracked specimens. Concerning the dynamic tests, two types
of input motions were used: simple pulse motion (0.5–3 Hz);
and earthquake ground motion, based on the El Centro 1940,
Northridge–Paicoma Dam site 1994, Taft 1956, and Nahanni
1985 records (Menon and Magenes 2008). The study pointed
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out some useful conclusions in the walls’ ultimate response and
the importance of using displacement as a performance crite-
rion. In one regard, these investigations reiterate the fact that
response spectral displacement as opposed to acceleration is a
much better indicator of the ultimate performance of the wall
and, in another regard, it was observed that the displacement
response of the wall varies linearly with the frequency and
amplitude of the applied excitation. For more details on this
experimental work see (Doherty 2000; Griffith et al. 2004).

One year later, in 2004, Restrepo-Vélez (2004) presented a
series of static tests on 42 configurations of 1:5 scale dry stone
masonry walls. The tests were performed at the University of
Pavia, in Italy, with the purpose of verifying existing analyt-
ical expressions to compute the horizontal collapse multiplier
of out-of-plane failure mechanisms and to develop analyti-
cal expressions for the computation of the collapse multi-
plier and the ultimate static displacement for each mechanism
(Section 2). Different configurations of unreinforced masonry
models were developed by varying several parameters as the
length of the walls, the presence and position of openings, the
staggering ratio, the quality of the connection between walls, the
existence of overburden loads in the out-of-plane and in the in-
plane walls as well as the number of stories. The main objective
of the static tests was to explore the extension of a probabilistic
mechanics-based procedure for loss assessment at urban scale,
as noted by Menon and Magenes (2008), with further reference
in the work of Restrepo-Vélez, Magenes, and Griffith (2012).

Griffith et al. (2007) presented an experimental program
wherein 8 full-scale unreinforced masonry walls with differ-
ent aspect ratios and pre-compression states (ranging from 0 to
0.1 MPa) were subjected to cyclic face loads using a sys-
tem of airbags, according to the scheme shown in Figure 17.
The key aim of this experimental study was to obtain cyclic

load-displacement data to provide a basis for the development
of a non-linear inelastic hysteresis model for regular masonry
in two-way out-of-plane bending. As a main conclusion of this
work, the authors stressed the observation of a substantial post-
peak strength and displacement capacity of the walls, enhanced
by its vertical pre-compression. According to them, the ability
of an unreinforced masonry wall to displace out of plane at its
center by up to the wall thickness without collapsing is counter
to the conventional wisdom that unreinforced masonry compo-
nents are “non-ductile”. This significant displacement reserve in
the seismic resistance capacity of an unreinforced masonry wall
has not been taken into account in contemporary force-based
calculation procedures.

An important finding from this study is that such reserve
displacement capacity is even more substantial with walls sub-
jected to significant two-way bending actions (Griffith et al.
2007). Using a test setup similar to Griffith et al. (2007) but
resorting to waterbags, Mosallam (2007) performed out-of-
plane tests on masonry walls in order to assess the efficiency
of FRP (e-glass/epoxy and carbon/epoxy) strengthening tech-
niques to improve the out-of-plane flexural performance.

Four year later, a series of shaking-table tests was presented
by D’Ayala and Shi (2011) as a part of an experimental pro-
gram to validate the development of simple dynamic models
for masonry structures along the same lines used for limit
analysis. This work is founded in several previous theoretic
and experimental studies, such as those by D’Ayala, Shi, and
Stammers (2008), D’Ayala and Speranza (2003), Restrepo-
Vélez and Magenes (2004), and Shi, D’Ayala, and Prateek
(2008), which have shown that starting from limit state anal-
ysis and pseudo-static tests, it is possible to derive a consistent
model of behavior of cracking and damage of historic masonry
subjected to lateral action as well as that such behavior can be

FIG. 17. Airbag loading arrangement (Griffith et al. 2007). © John Wiley and Sons. Reproduced by permission of John Wiley and Sons. Permission to reuse must
be obtained from the rightsholder.
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966 T. M. FERREIRA ET AL.

correlated to a relatively small numbers of geometric and struc-
tural parameters, without relying on stress analysis (D’Ayala
and Shi 2011).

According to D’Ayala and Shi (2011), while results of these
studies are confirmed by in situ observation of damage on build-
ings subjected to earthquakes, their static nature fails to provide
insight in the damaging process and hence fails to accurately
quantify the strength and “ductility” resources that are available
during the hysteretic behavior. It is also argued that notwith-
standing the fact that the constituent materials of masonry,
bricks or blocks and mortar, are not ductile, substantial dissi-
pation of energy can take place during the damaging process
at the cracks interfaces due to sliding and rocking of portions
relative to each other, and hence via friction and impact.

Recently, Al Shawa et al. (2012) performed 34 shaking table
tests on a single tuff masonry facade with two returning walls
(U-shaped configuration) (Figure 18). Although only one spec-
imen was used, interesting results were found regarding the
influence of the input motion properties on the overturning of
the facade (behaved approximately as a rigid body undergoing
a rocking motion). Such experiments showed the existence of
a significant dynamic reserve of stability of monolithic facades
(with good transversal bond) after entering in rocking motion,
usually neglected in current assessment procedures.

With similar objectives to Al Shawa et al. (2012), Costa
et al. (2013b) performed an out-of-plane shaking table cam-
paign of a regular sacco stone masonry facade (U-shaped with
gable and window opening). In this work, the authors pre-
sented a technique to select an input ground motion, which
would overturn the facade without inducing severe damage
prior to mechanism’s trigger. For this purpose, they performed

several numerical analyses making use of rigid-body sim-
plification, considering 3 possible failure mechanisms of the
facade and 74 accelerograms as possible inputs. Moreover, they
observed that the triggering of the mechanism occurred, in one
regard, to a PGA value similar to force-based calculation, but,
in another, a significant energy dissipation and displacement
capacity was available after mechanism triggering, in the same
line as observed by Al Shawa et al. (2012). They also proved
that energy-based principles to estimate the minimum over-
turning velocity could be used and, for multiple leaf masonry
walls, assessment procedures should consider the thickness of
the outer leaf and not by the full wall thickness.

4.2. In situ tests
As has been reported herein, several works have been

made to date concerning the out-of-plane seismic behavior of
unreinforced masonry elements aiming at characterizing their
behavior under horizontal loads by making use of analytical
methods, numerical simulation or experimental laboratory tests.
However, few experimental works under in situ conditions have
been presented to date.

The first in situ experimental campaign aiming at charac-
terizing the out-of-plane behavior of masonry structures was
carried out by Costa in 2002. In this work, the author imple-
mented an expedite loading apparatus composed by steel lattice
frames attached to the walls, through which horizontal forces
and bending moments, in the normal direction to the wall plane,
were induced. Loads were made up of a metal reservoir, filled
with sand, and suspended from the steel frame by a steel cable.
The weight of the sand was controlled during the various phases

FIG. 18. Test setup adopted by Al Shawa et al. (2012) in the out-of-plane tests. © John Wiley and Sons. Reproduced by permission of John Wiley and Sons.
Permission to reuse must be obtained from the rightsholder.
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FIG. 19. Loading apparatus adopted by A. Costa (2002) on the experimental tests. © John Wiley and Sons. Reproduced by permission of John Wiley and Sons.
Permission to reuse must be obtained from the rightsholder.

of the loading process and an opening at the bottom of the
bucket permitted the sand discharge. This expedites loading
setup, presented in Figure 19, served as a mote to discuss the
role of testing techniques on the definition of adequate reha-
bilitation and strengthening procedures for pre/post-earthquake
interventions.

In 2003, Tumialan et al. (2003) presented a work in which
a set of unreinforced masonry walls strengthened with compos-
ites and subjected to out-of-plane loading were tested to failure.
However, the test setup adopted in this experiment was not able
to perform cyclic reversal loads controlled through an hydraulic
actuator, which represents a clear limitation on the reproduction
of real loading conditions.

About 5 years later, Arêde et al. (2008) performed an in
situ experimental campaign carried out on traditional masonry
houses abandoned after the 1998 earthquake that hit the Faial
island of Azores, where a novel test setup based on a self-
equilibrated scheme was proposed and validated. In this exper-
imental program, five specimens were tested aiming at charac-
terizing the out-of-plane behavior of stone masonry walls and
some of the strengthening solutions recommended for post-
earthquake interventions. It is worth mentioning that this was
not the first time that a self-equilibrium test setup was used but
the way it was developed and applied in this work represented
a step forward on the characterization of masonry walls of
the existing constructions once that a specific external reaction
structure can be waived. The loading system was composed by
hydraulic devices placed at the top of the walls and connected
to them through hinged links. This work was then presented
in detail and discussed by Costa et al. (2011). Recently, this
research group performed a new in situ experimental campaign
in Faial, Açores, wherein several sacco stone masonry walls
were tested resorting again to a self-equilibrated system. This
time, the test setup makes use of three nylon airbags on each
side of the wall in order to mobilize its out-of-plane response
under quasi-static cyclic loads (Ferreira et al. 2012).

In 2009 Dizhur et al. (2009) developed an in situ testing pro-
gram under which airbag tests were performed on two non-load
bearing partition walls at the William Weir Wing of Weir House,
in the city of Wellington, New Zealand. The three-story build-
ing was comprised of reinforced concrete perimeter walls with
cement plaster and terracotta masonry interior facing with unre-
inforced terracotta masonry partition walls. One wall was tested
in the as-built condition and the second wall was retrofitted with
carbon fiber reinforced polymers (CFRP) using the near-surface
mounting (NSM) technique. The pseudo-static tests were per-
formed on the surface of the one-leaf clay brick terracotta
masonry walls by applying uniform pressure with vinyl airbags
(a very similar experiment carried out by the same team can be
found in (Dizhur et al. 2010a, 2010b).

5. FINAL REMARKS
A review of the main contributions on the field of out-of-

plane behavior of masonry structures, focusing on the main
topics addressed, problems found and conclusions obtained,
were presented herein. Every effort was made to compile a
sample of works as representative as possible, both historically
and geographically; even so, the authors concede that eventu-
ally some works may have been overlooked. Nonetheless, it
is believed that the most important and most widely works
and methods have been included in this review. Following the
order in which the different methodologies were being pre-
sented throughout the text, some conclusions concerning the
main advantages and limitations of each formulation can be
pointed out:

• Force-based methods: The main advantage of force-
based methods lies on the simplicity of their approach
which allows the development and the implementation
of light and practical computational tools characterized
by a reduced number of input parameters. Such fact
turns these tools particularly valuable on the design of
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new masonry structures as well as on the assessment of
historic ones for which the input data is usually diffi-
cult, or even impossible, to obtain in an accurate man-
ner. Furthermore, due to their simplicity, force-based
methods are also suitable for large-scale evaluations
containing a large number of buildings. Despite the
foregoing advantages, force-based approaches led to
too conservative limit values, which represent a clear
limitation;

• Displacement-based methods: The main advantages
of displacement-based methods are founded on the
fact that, under dynamic loading, the out-of-plane
resistance of masonry walls tends to be ruled by the
magnitude of maximum displacement. Thus, when
compared with force-based methods, displacement-
based design philosophies provide a more rational
means of determining seismic design actions for unre-
inforced masonry walls. Additionally, as demonstrated
by (Doherty 2000), on the basis of a displacement-
based approach it is further possible to describe the
out-of-plane response of an unreinforced masonry
wall, in terms of lateral static strength and ultimate
displacement, only resorting to its geometry, boundary
conditions and applied vertical forces. Thus, even-
tual doubts concerning the reliability of the results,
caused by the inevitable uncertainties in the mechan-
ical characterization of the materials, can be avoided
(Section 2.2.1.). The principal limitation of such for-
mulations relies on the quantification of the displace-
ment limit parameters which are calibrated based only
on experimental data;

• Numerical-based methods: As was previously high-
lighted, the selection of a numerical tool is often a
complex and non-consensual task. In fact, this choice
should be founded in a set of aspects, namely the com-
patibility of the analysis tool, the kind and the amount
of information available, the availability and the cost of
the availability of the tool itself as well as the available
financial resources and time requirements; all aspect
that could compromise the applicability and the effi-
ciency of a numerical analysis. Nevertheless, and as
is stated by Lourenço (1998) who have deeply stud-
ied the numerical analysis of masonry constructions,
independently of the type of strategy adopted, accurate
masonry models can only be obtained if (and only if)
a reliable material description, properly validation by
comparison with a significant number of experimental
data, is available. Furthermore, in (Lourenço 2002) the
same author adds that it is always better to model struc-
tural parts than complete structures and full-structure
3D models as well as linear elastic calculations for
historical structures should be avoided; and

• Experimental methods: Over all other evaluation
techniques, experimental works presents the great and

obvious advantage of dealing with real structures and
real observations rather than analytical or numerical
models. Nevertheless, such advantage is also the worst
limitation of these kind of methods since the reproduc-
tion of realistic and representative loading conditions
are often difficult to guarantee. Moreover, laboratory
tests also deals with further common limitations and
difficulties regarding the correct reproduction of exist-
ing materials and real in situ conditions (boundary
conditions, loadings, etc.). In addition, scale effects
inherent to the testing of reduced scales specimens are
difficult to avert.

Bearing in mind the exposed, it is worth underlining a gen-
eral conclusion that force-based methods, which are based on
the static quantification of a trigger force, are a too conservative
type of analysis for existing masonry walls. Indeed, this fact
has been corroborated by several experimental and numerical
observations. Moreover, displacement quantities (in the form of
spectral and/or ultimate displacement) or velocity measures (as
spectral velocity) may be used for the assessment of the out-
of-plane behavior of masonry walls. Thus, in a general form,
force-based approaches may be used to estimate the minimum
acceleration value, which may trigger a certain local mecha-
nism but, in order to correctly assess its out-of-plane behavior, a
step forward should be made by integrating available analytical
procedures (displacement or energy-based) for post-cracking
assessment and/or full dynamic behavior.
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