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The aim of this research is to propose a way of simulating the interaction between
aggregated masonry buildings for the finite element analysis. In most cases, the stiffness
of adjacent structures is difficult to evaluate due to the unavailability of data on unknown
geometry, parameters, materials, and so on; therefore, a parametric study was essential
to simulate the restrictions which are developed. The first results of this research are
presented in the present paper, through two case studies wherein rod elements or
elastic foundations are proposed for the support of an adjacent structure. The natural
frequencies of the real building complex are estimated by the finite element modeling of
all the structures, which is then used for the dynamic identification of the simplified model.
The experimental measurements of the natural frequencies and modes of the building
which are studied could be used for the dynamic identification of the finite element model.

Keywords: masonry, aggregated buildings, dynamic analysis, finite element analysis, horizontal diaphragms

INTRODUCTION

In many old towns, the aggregated buildings are the typical structural system for monastic
and agricultural compounds where the masonry buildings have been built in continuity. This
connection, which in some cases is very strong due to common walls, influences the dynamic
behavior of each building. The impact assessment of earthquakes that have affected old town centers
with masonry-aggregated buildings indicates that analysis of the restrictions which are developed
in each building from the adjacent structures must be taken into account. The stiffness of each
building contributes to the stiffness of the overall complex and ultimately to the dynamic behavior
of the buildings which belong to the aggregate. Therefore, the estimation of the real condition of
the geometry, material, and the state of conservation of the buildings is important for the analysis
of the structures and the selection of intervention techniques.

The research on the masonry building aggregates after the Aquila and the Emilia-Romagna
earthquakes demonstrated that the dynamic behavior of the buildings was influenced positively by
the existence of adjacent structures despite their composition of low-quality material (Formisano,
2016). As presented by Carocci (2012), the seismic response of historical masonry buildings and
special building aggregates was influenced by the state of intervention as damage to buildings beside
the structures were undoubtedly due to the absence of sufficient lateral resistance.

To understand the mechanical behavior of masonry structures under static and dynamic loads,
the finite element (FE) method can be used for analysis. From the study of a reliable FE model,
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which simulates the real structural condition, significant
information can be obtained on the structure’s weaknesses, the
reasons for their development, and the optimization of the design
of all the remedial measures in the restoration of traditional
and historical structures (Leftheris et al., 2006; Stavroulaki et al.,
2016, 2018a). The influence of the intervention technique on the
dynamic behavior of the structure is critical for the structural
response of the building during future earthquakes; this is
especially the case when the examined building belongs to a
complex where the intervention can affect all the buildings. The
reinforcement of one building that belongs to a complex could
lead to mass and stiffness changes of this structure which affects
the response of neighboring structures. For example, in Vicente
etal. (2011), a numerical study of an aggregate of four traditional
masonry buildings was presented to evaluate the structural
behavior of those buildings and provide possible strengthening
solutions. Specifically, a linear three-dimensional FE model
and three strengthening solutions (timber floor stiffening, tie
rods, and stone masonry strengthening and consolidation)
were analyzed. From the comparison of their efficiency, it was
concluded that stone masonry strengthening and consolidation
change the mass and the stiffness of the structures modifying
the dynamic response. The strengthening with tie rods and floor
stiffening does not change significantly the total mass of the
structure but increase the in-plane stiffness of the floors reducing
the out-of-plane deformation demands of the walls. If the floor
stiffening applied to all buildings belong to the complex and to
all floor levels and roof, the whole building aggregate provided
with a more integrated response. If this stiffening retrofitting
technique is not applied to all timber floors and roof structure,
then the reduction in the displacements are presented only at the
level of the stiffened floor while to level without strengthening
an amplification of the displacement is developed due to stiffness
irregularity in height.

The effect of coexistent, adjacent structures on the seismic
behavior of those structures has been studied by several
researchers. The analytical study based on geometric and material
data of all the buildings of the group is a basic requirement for
the detailed simulation. The effects of the length of facades row
and the existence of flexible floors (timber floors) on the seismic
response of masonry building aggregates were investigated by
Senaldi et al. (2010). The macromodeling approach was used for
the non-linear dynamic analyses. For the transversal response,
it was concluded that higher deformations developed in the
buildings at the end of the aggregate in comparison to those in
the intermediate. In addition, a simpler method for the analysis
of the transverse response was used considering only the single
transverse walls; the results seem to be accurate when timber
floors were considered for building aggregate modeling.

To assess the seismic vulnerability of building aggregates
of masonry usually found in historic city centers, a simplified
procedure was proposed by Formisano et al. (2015). The
standard calculation form of the stability index of isolated
masonry buildings was modified to obtain additional parameters
that correlate the boundary conditions between the adjacent
structures. These parameters were numerically calibrated
through the results of parametric analyses performed using

the frame by macroelements computing method, which refers
to a three-dimensional equivalent frame where the walls are
composed of vertical and horizontal zones joined together by
rigid joints. This method requires regularity in the geometry
and positioning of the openings of the structure. The Stability
Index estimate does not provide information on the level of
damage caused by the earthquake, but indicates which structures
are most at risk of being aided. According to the results, it was
concluded that, in most cases, the buildings that are part of an
aggregate have higher seismic vulnerability, which also depends
on adjacent constructions and their position in the aggregate.
In addition, Formisano and Massimilla (2018) presented a
simplified methodology to estimate the masonry aggregate
seismic response without having to model the entire building
compound. An equivalent frame method was used to model the
structure. Unit and elastoplastic links to the upper ends of each
external pier were introduced as proper boundary conditions.
Simple formulations were proposed to estimate elastoplastic
links, properties that are based only on the main geometrical
dimensions, i.e., plan layout and interstory height of the building
aggregate. The proposed methodology was applied to a simple
masonry aggregate, consisting of a small, raw housing composed
of three levels of identical buildings. The analysis of the whole
masonry aggregate was used to determine the appropriate
coeflicients of the proposed formulations.

The effects of the interaction between towers and their
adjacent lower buildings have been examined through different
case studies. Castellazzi et al. (2018) studied the main tower
of the fortress of San Felice sul Panaro, which was damaged
by the Emilia earthquake. More specifically, they investigated
the role that adjacent buildings play in the dynamic behavior
of the structure via numerical analyses on a three-dimensional
(3D) FE model with different levels of constraint offered by
the adjacent structural elements (from isolated to non-isolated
conditions of the tower). Parts of the adjacent structures were
modeled and supported property to take into account the non-
modeled parts of the fortress. An isotropic material behavior
was considered, and the concrete damage plasticity model was
used for modeling within the Abaqus software. From both the
analysis (modal, pushover, and non-linear dynamic) and the
comparison with the existing damage, it was concluded that the
presence of adjacent structural elements influence the seismic
behavior of the tower and modify the tower’s crack pattern. In
addition, the numerical assessment of the seismic risk of the
Chigi tower in San Gimignano (Italy) was presented by Bartoli
et al. (2019), where the presence of a continuous constraint on
three sides not only may reduce the effective slenderness and
the period but might also produce local stress concentration
and pounding phenomena. Three different levels of investigation
and resolution were used according to the Italian guidelines.
First, the analysis of territorial scale, which was based on a
simplified mechanical-based analytical approach (the structure
is considered as a cantilever with fixed base, constituted by a
number of elements each with constant geometry and inertia),
showed an adequate level of safety for each model. There was
an exception regarding an isolated tower, a case which related
to the huge openings in the sustaining walls that reduced the
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strength of the base section. Second, the local response of the
structure, which was evaluated by the method of the collapse
mechanisms and the out-of-plane mechanisms that produce the
overturning of several macroelements in the orthogonal direction
with respect to the plane of maximum strength, was analyzed. In
this analysis, the quality of the masonries, the type of connection
of the walls, and the influence of the neighboring buildings
were taken into account. Finally, the global response of the
whole structure was estimated using numerical models by the FE
method and the pushover technique. The 3D models simulate the
tower as an isolated structure and the tower with confinement
by adding three couples of unitary length walls placed along
three sides of the tower. A parametric analysis was presented
considering different cases of the masonry walls. The results
showed strong differences between isolated and confined tower.
Recommendations for further research are given by the authors.

A simplified, but sufficiently accurate, numerical methodology
for the evaluation of the seismic vulnerability of historical
urban centers was provided by Greco et al. (2018). Identifiable
typologies of single buildings as structural units and aggregated
units with known the geometrical structural layout and the
material properties were used. Three-dimensional numerical
models were defined by means of an innovative macromodeling
strategy based on a 2D macromodel, performing numerical
analysis with reduced computational cost compared with
advanced FE models. In both the numerical simulation and
the estimation of the seismic vulnerability, the out-of-plane
contribution of the walls was neglected, efficient connections
between orthogonal walls were assumed, and the diaphragms
were modeled by equivalent elastic orthotropic membranes.
The evaluation of the seismic vulnerability of the structure
was performed in the non-linear field through incremental
non-linear static analyses assuming mass proportional force
distributions, which is accepted for buildings of medium-low
height. The results concluded that the buildings within the
aggregate presented decreased seismic safety factors compared
with the isolated constructions, particularly for the smallest and
central building units. In addition, the opening distribution, the
different geometry, and the effective masonry area present in each
direction influence the building resistance. In 2004, Ramos and
Lourenco studied the mechanical behavior of one block, which
consists of seven buildings in the historical downtown, the “Baixa
Pombalina” in Lisbon. The buildings with masonry walls outside
and timber elements inside share the same gable walls, and many
of them have been changed by constructing extra floors, enlarging
the openings of the facade, removing internal walls, and applying
reinforce elements of steel or reinforced concrete. Different FE
models with simplifications were analyzed, considering non-
linear behavior of masonry. The overturning mechanisms of
facades were studied as a global mechanism of failure, and local
failures were not examined. From the model, the timber floors
and internal backing structures have been neglected, leading
to a conservative analysis. From the analysis results, it was
concluded that individual buildings are more flexible with lower
safety factors in comparison with the case in which these are
analyzed in a block. The changes to the mass and stiffness due to
interventions generally affect the dynamic behavior of buildings

that belong to a block. The study of an individual structure
that is isolated can be regarded as conservative, but attention is
needed if the analysis is overconservative in the case of selecting
reinforcement techniques.

A numerical investigation to predict the collapse load and
the damage pattern, using different numerical models of an
unreinforced masonry building with flexible diaphragms, was
presented by Betti et al. (2014). For modeling, two numerical
models were used: a macroelement approach to perform dynamic
non-linear analysis and the FE model to perform static non-linear
analysis. The results from the dynamic and static analysis were
compared with the available experimental data. It was concluded
that the FE model could be suitable for the seismic analysis in
those cases where the interaction between in-plane and out-of-
plane mechanisms are significant on the collapse behavior of
the URM building. As far as the efficiency of the retrofitting
interventions of old stone masonry building is concerned,
numerical analysis must be used for a detail estimation of
the structural behavior under seismic excitations (Maio et al.,
2015). The effectiveness of selected strengthening interventions
which increase the in-plane stiffness of the diaphragms (like
reinforced concrete slab on the first floor, reinforced concrete
ring beam on top of the perimeter facades, and application of
multilayer spruce plywood panels on the roof diaphragm) were
presented by Magenes et al. (2012). With these techniques, local
failure mechanisms, in particular the overturning of portions
of the transverse fagades can be avoided. In addition, it was
noticed that the improvement of the floor-to-wall and roof-to-
wall connections, rather than to a strong in-plane stiffening of
the diaphragms, led to better seismic response.

In Scotta et al. (2018) studied the effects of stiffening
techniques of the single straight sheathed floors on the URM
buildings on the seismic response via the analysis of 3D
FE models of two different two-story case-study buildings.
Specifically, the non-stiffened floor response was analyzed and
compared with those of stiffened floors by the addition of a
second layer of timber boards at an angle of 45° fixed to
existing beams, the use of light-gauge steel plates, and the
use of a lightweight reinforced-concrete slab connected to the
timber beams. It was concluded again that the control of out-
of-plane displacements of the walls orthogonal to the seismic
action is important. In addition, the seismic performance of a
URM building may decrease if a retrofitting method leading to
excessive floor stiffening and mass increase is adopted.

Various parameters relating to both the material and the
structural system affect the seismic resistance of the masonry
structures. In particular, the quality of the material and its
conservation status, the distribution of the internal walls in the
ground plan, and the type of horizontal diaphragms influence the
mass and stiffness of the structure, resulting in the differentiation
of the dynamic characteristics. Finally, the choice of method
of intervention for restoring and strengthening the static and
dynamic proficiency of the structure or the transportation
of additional loads due to a change of use determines the
dynamic behavior of the construction in its future life. Therefore,
the analysis of a historic or traditional masonry structure
using the FE method requires the accurate simulation of the
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existing structure. This involves the existence of an analytical
geometric representation, the assessment of the mechanical
properties of the masonry materials, the representation of the
existing pathology, and the condition of the foundation. The
estimation of all simulation parameters is not always easy, so the
dynamic characteristics of the structure that can be measured by
experimental methods can be used to identify the model with the
appropriate modification of its parameters. For example, a study
on the evaluation of model parameters of the historical clock
tower of Trani Castle through the application of accelerometers
and on the subsequent utilization of these data to define a
detailed FE model that describes the actual behavior of the
structure is presented in Diaferio et al. (2015). An investigation
for the dynamic assessment of the tower of the Provincial
Administration Building of Bari was presented by Foti et al.
(2012) and in Ercan et al. (2017), in which an attempt was made to
determine the true and accurate FE model of the historical Hafsa
Sultan minaret. A 3D FE model of the structure was developed,
and its modal analysis results were compared with them of the
operational modal analysis. Proper changes were made in order
for an accurate FE model of the structure to be determined. In
Clementi et al. (2017), experimental measurements were taken on
the Civic Tower of the Podesta Palace to estimate the structural
dynamic parameters which were used to identify a computational
model and evaluate its parameters.

Pounding phenomenon can occur between adjacent buildings
during earthquakes when there is not enough separation
between them. When adjacent buildings of different geometries
and structural conditions, by which is meant different dynamic
characteristics, vibrate under strong excitation, structural
pounding between the buildings may occur. In the case of
aggregated masonry buildings, this phenomenon does not exist
since, in most cases, the buildings share a common wall, which is
part of both structural systems. In the case of adjacent buildings
with good connection, the dynamic behavior is influenced by
the dynamic characteristics of each building. In the instance of
strong earthquakes, the heavier and stiffer structure suffers less
than the more flexible and lighter in which energy dissipation
problems arise. Therefore, in the analysis of aggregated masonry
buildings, the modeling of the interaction of the adjacent
structures is important. Usually, the structure is modeled as
either an isolated structure or assuming full restrictions to the
displacement perpendicular of the side face.

In the present paper, the first results of the research on
the simulation of the restrictions that are developed between
aggregated masonry buildings are presented via two different
case studies. In the first case, two vaulted structures which
are parts of an old monastery were studied, and rod elements
were used to model the side restrictions. In the second case, a
two-story masonry building with timber floors was studied as
isolated structure as well as in connection with another two-
story masonry building with the same geometric and material
data but with timber floors or reinforced concrete slabs. The
replacement of the old timber floors with reinforced concrete
slabs as a restoration technique affects the mass and the stiffness
of the structure and leads to dynamic behavioral changes. In
this paper, rod elements or a flexible foundation was used to

model the interaction between buildings. The goal was to find a
simplified model of an isolated building taking into consideration
the conditions which would exist in the case that the building
belonged to a building complex.

In both cases, the modal analysis was used for the estimation
of natural frequencies, modes, and the correlation between the
different models. For the second case, a modified elastoplastic law
was used for modeling the non-linear behavior of the masonry,
and a dynamic base excitation was taken into consideration
for the transient analysis which was done for selected models.
Representative results of the analysis are presented in this paper.
The basic idea can be extended to the dynamic identification of
the FE model with experimental estimation of the frequencies.

FINITE ELEMENT MODELING

To analyze a structure with the FE method, a reliable model
must be used which will simulate the real structure with the
best possible accuracy. Therefore, detailed geometric mappings
as well as elements of the building conservation status are needed.
In addition, there is a requirement for sufficient documentation
of the adjacent structures to include the appropriate constraints
which are applied on the structure as well as an avoidance of over-
dimensioning or incorrect choices in the methods of intervention
requested by the analysis.

The modeling of all the buildings which belong to
an aggregated masonry structure could give an accurate
representation of the real dynamic behavior to a study with the
FE method. Apparently, this leads to large size models with
increased computational cost.

It is critical that for the estimation of the stiffness of neighbor
structures, which on several occasions is unknown, it is not
permitted to capture the geometric characteristics, assess the
properties of the materials, and record the real existing situation.
For these different considerations, the modeling of the adjacent
building support must be done.

There are cases where the building is studied as an isolated
structure, like when the connection between the facades is
estimated to be not well to be considered as continuous restraint
(the structural analysis of Palazzo del Capitano, in Piazza Pallone
by Barbieri et al., 2013), or the error of ignoring the impact of
neighboring structures is estimated to be small (Cardoso et al.,
2005). There are also examples where the structural complexity
and the large size of the building complex in parallel with the
need of a first estimation of the behavior of the structure, like
the stability to overturning mechanisms, lead to the analysis as
an isolated structure (Ramos and Lourenco, 2004) and when a
specific part of complex which is important is studied (the case
of Civic Museum of Sansepolcro in Tuscany and the large fresco
with important artistic which was provided by Castori et al,
2017). In cases where the adjacent building seems to have high
stiffness (good structural condition, building without failures,
etc.), the rigid restriction is used as boundary condition.

In general, when the conditions of the adjacent structure
are unknown, an elastic support can be modeled as an elastic
foundation as proposed in this paper. The elastic non-linear
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foundation option in the Msc/Marc FE program was used
considering that the elements to the proper side are supported
on a frictionless (non-linear) foundation. That the foundation
supports the structure with an increment force per unit area is
given by

AP, = K(u,)Au,

where K is the equivalent spring stiffness of the foundation (per
unit surface area), and Au, is the incremental displacement of
the surface at a point in the same direction as AP, (Marc, 2008).
In our applications, K is a constant value, but there is an option
to be described by a curve.

MODAL ANALYSIS

As historical and traditional constructions are elements of
our cultural heritage, special attention needs to be paid to
their analysis and the choice of intervention methods to be
applied. The existence of various construction phases, failures,
and structural problems, as well as the application of previous
interventions lead to the choice of the FE method as appropriate
for analyzing their mechanical behavior, enabling the various
parameters involved. Of course, the FE modeling can be used
with confidence only when the analytical model is calibrated. In
applications of FE analysis, various assumptions are necessary to
reduce the computational cost and simulate difficult issues. These
assumptions are based on the understanding of the structural
behavior and on the boundary conditions of the structure which
influence the accuracy of the FE model. To control the accuracy
of simulation of the mechanical behavior of the structure by the
FE model, the boundary conditions (special the connections of
aggregated buildings) and material properties are tuned through
an iterative procedure of comparing the dynamic parameter
estimates of the FE model to those of experimental modal
analysis. The FE model is validated when an overall agreement
is achieved by means of visual comparisons of mode shapes and
numeric comparisons of natural frequencies.

Each eigenmode that takes place at the corresponding
eigenfrequency and in the corresponding eigenvalue corresponds
to a unique mode of the mechanical system which depicts
the oscillating part of the structure excited to these values.
The eigenvectors essentially describe the characteristic way in
which a system oscillates at different eigenfrequencies, which
is valuable information about the dynamic response of the
structure under specific earthquakes. The eigenmodes, together
with the eigenfrequencies of a construction, constitute a tool for
investigating its structural condition. Using frequency analysis
of the FE model, the eigenmodes and eigenfrequencies are
calculated based on the theoretical data, assumptions and
simplifications that are used for modeling. At the same time, the
comparison of the modes and eigenfrequencies determined by a
3D FE model with those resulting from the on-site measurement
processing helps to control the reliability of the simulation as
well as to locate its local failures. These elements, combined with
the knowledge of the real structure and its failures, lead to the
appropriate choice for restoration or strengthening methods.

In this paper, the identification of the proposed structural
model with lateral constraints was made to the case studies
building with the results of the FE modal analysis of the
structure including adjacent constructions. This was done as an
initial general theoretical approach to the problem, and then,
the methodology would be extended to real applications where
the ambient vibration test will be performed for frequencies
estimation and model identification.

FLOOR SYSTEMS

From the research that was conducted on the seismic behavior of
the historical structural system of the island of Letkada, Greece
(Vintzileou et al., 2007), interesting conclusions were extracted
for the timber roof and floors of the masonry buildings. The
timber roofs, which are light structures, reduce the lateral seismic
loads and also diminish the negative effects on people, in case of
total or partial collapse of the roof. The stiffness of the timber
roof of the buildings is sufficient for the uniform distribution
of the displacements at the top of the walls when adequately
connected to them. Thus, when the diaphragm action of the roof
and the intermediate floors exist, they have positive effects on the
dynamic behavior of the masonry structures.

The main characteristics of mechanical behavior of the
masonry system with the flexible timber floors are the
following: (1) the absence of strong diaphragmatic behavior;
(2) the application of the inertia horizontal seismic force that
corresponds to the mass of each node, to all the nodes of
the model (these forces constitute a high percentage of the
total base seismic shear force because of the big weight of
masonry); (3) the application of the inertia horizontal seismic
forces that correspond to the force of floor seating, to the
nodes of masonry at the floors levels (these forces are usually
small percentage of the base shear force); and (4) critical results
which are the damage of walls for earthquake perpendicular
to their plane (out-of-plane bending—very low strength
of masonry).

Rigid reinforced-concrete slabs are used for better interaction
between the distributed vertical structural parts (walls),
increasing, in parallel, the stiffness of the system. The various
loads are distributed in the walls according to their stiffness.
The slabs are considered as local interventions that reduce
the excessive out-of-plane bending of the walls due to their
weight, by increasing the vertical compression stresses. Since
their construction is easy, they are preferred for the cases of
replacement of timber floors (for example, when plane floors are
needed, soundproofing, liquid protection, etc.).

The main characteristics of mechanical behavior of the
masonry system with the reinforced concrete slabs are the
following: (1) the diaphragmatic behavior of the static model;
(2) the application of concentrated seismic shear force that
corresponds in the permanent and traffic loads of floors at the
levels of slabs, (3) the application of model on the walls in all the
nodes of the inertia horizontal seismic force that corresponds to
the mass that is concentrated at each node; (4) the concentrated
seismic shear force at each floor distributed by the diaphragm
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of the floor in the vertical elements of the floor proportionally
to their stiffness, which leads to the concentration mainly to
the walls that extend across the direction of earthquake; (5) the
existence of beams at floor levels reducing the damages of the
walls that extend vertical in the direction of the earthquake; and
(6) in cases of relatively substantial height of floors and distances
between the traverse load bearing walls, the possibility that the
damage from out-of-plane bending of longitudinal walls proved
to be critical.

The use of reinforced-concrete slab instead of timber roof
leads to increase in the mass and the stiffness of the structure,
which changes the dynamic behavior of the system. Moreover,
a better connection of the structure’s wall is achieved. Usually,
problems arise with the connection of the new slabs with
the walls. Their application requires adequate bearing capacity
(strength) in the structural walls to carry the loads safely: this is
a medium intervention method. It is considered to be invasive
for conservation purposes. The concrete slabs placed on the roofs
act as membranes that cause the destruction of the masonry walls
during vibration.

The survey of the damaged structures after earthquakes
presents that most of them are seismically deficient, unreinforced
masonry buildings. For example, as presented by Cetinkaya
(2011), in the Karakocan, Elazig, Turkey earthquake, which
occurred on 8 March 2010 in eastern Turkey, many people died,
and heavy damage occurred due to the absence of bond beams
at the top of walls coupled with the existence of heavy roofs
constructed directly on the walls. These roofs led to a need

for increased resistance to earthquakes, which result in multiple
instances of damage.

CASE STUDIES

First Case: Northeast Part of a Monastery

Complex

The first case study, the northeastern part of a building complex,
was described by Stavroulaki et al. (2018b). This complex has a
rectangular shape with the general dimensions 9.20 x 14.00 m
and total area of ~126.85 m? (see Figure 1A). It consists of two
smaller longitudinal vaulted rooms [D] and [E] and a small space,
[F], also vaulted. Their longitudinal vaulted geometry was the
criterion of the selection of this part of the building complex for
the study. The aim of the study was to investigate the impact
of neighboring parts [E] and [F] on the simulation and analysis
of the room [D]. The analysis of room [D] was done by the
FE method considering the room [D] as isolated structure or
in contact with the spaces [E] (an arcade of similar geometry)
and space [F]. The room [D] has internal dimensions of 14.65 x
3.90 m having two windows and a door on its south masonry and
one door on its northern masonry (see Figures 1B,C).

The longitudinal external masonries have a thickness equal
to 1.0 m and the thickness of the internal wall between the two
spaces is 0.65 m. The thickness of the vaults is ~0.30-0.35 m, and
they are covered by cement mortar without reinforcement with
a thickness equal to 0.05-0.10 m. The type of the vertical walls
is rubble stone masonry and rough-shaped bioclastic limestones

Internal Yard

FIGURE 1 | (A) Floor plan of eastern volume of the building complex with the rooms [D], [E], and [F] and a 3D model of these rooms is presented on the left part,
(B) inside view of the room [E] with the pillars, and (C) outside view of the room [D] and the collapsed facade (Stavroulaki et al., 2018a).
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of medium and small size have been used. In the vaults, carved
stones with quite similar dimensions and for the bounding
mortar, clay and small aggregates of limestone have been used.

The existence of the neighboring spaces [E] and [F] by which
the space [D] communicates internally affects the mechanical
deformation of the space [D], mainly applying restrictions to
the lateral movement. The characteristics of this lateral support
are unknown in advance. Thus, the estimation of the value of
stiffness provided from this support is critical for the modeling
of the space [D]. For this reason, in the present study, two
scenarios were examined. First, a total rigid support was assumed
across the top of the longitudinal wall limiting completely lateral
movements. Second, a more flexible support was used assuming
rods as lateral support. Furthermore, various values of the
geometric characteristics were examined to have an exceptional
comparison with the model in which the existing geometry
in the present status was analyzed. For the analysis, 3D FE
models were used for simulation of this construction of special
geometry, stiffness, and mechanical behavior since simplified
models could not be used, according to the existing research
(Leftheris et al., 2006).

Mechanical Properties of the Masonry

Regarding the mechanical behavior of the masonry, it is known
to have high strength for compression and acceptable shear
strength, but very low strength for tensile forces. To determine
the mechanical properties of the masonry, many equations can
be used, which have been extracted by experimental research and
given by the regulations. In our study, the European Regulation
(EC6) guidelines were used in parallel with the Greek Annex
of EC6. Thus, the compressive strength of the masonry is
fwe = Kfpc%f %30 (MPa), where K is the coefficient that
depends on the type of the masonry, fi,. is the compressive
strength of the stone, and fp,c is the compressive strength of the
bounding mortar.

Since tensile strength of the masonry is very low in many
regulations, it is considered to be negligible. However, when
horizontal loadings like earthquake or wind are applied, a
bending tensile strength of the masonry is defined. The shear
strength of an unreinforced masonry (fx) is determined by
testing or by experimental research (fyx,) (EN1052-3, 4) or by
specific values that the EC6 Regulation is proposed.

As presented by Stavroulaki et al. (2018b), the compressive
strength of the stone is considered to be equal to 60 MPa
in the analysis, while the compressive strength of the mortar
equal to 2 MPa. The characteristic strength of the masonry
is fwe = 144 MPa, and for the security coefficient, a value
equal to 1.8 was used. In some areas where bad preservation
status of the masonry exists, lower strength for the masonry was

considered. In summary, the selected mechanical properties are
shown in Table 1.

Finite Element Models

The first steps of the FE analysis of the previously mentioned,
aggregated elongated vaulted structure was presented in
Stavroulaki et al. (2018b). The dynamic behavior of these
buildings was studied by the authors, considering the structure of
space [D] as free without lateral restriction, with full restriction
and as part of the existing geometry. In the FE models, the
existing failures were simulated, and these models were analyzed
for different earthquakes. From the results of the first part of
the research, it seems that differences in the dynamic behavior
of the structure were presented when the lateral restriction
[zero horizontal (perpendicular the surface of the lateral wall)
displacements] was considered in comparison with the model
of the whole structure (real conditions of spaces [D], [E], and
[E]). This became apparent from the numerical results of trends
where the distribution of the stress values and the critical areas
with stresses over the allowed values are located in different
locations for the examined models. Furthermore, for the same
earthquake, the values of the developed stresses are changing, and
in particular, the values displayed for the model with the actual
geometry are found between the values from the free model
(lower values), and this is with rigid lateral restriction (higher
values) (Stavroulaki et al., 2018b).

In the present study, data are given from the continuation
of the above-mentioned research focused on the simulation of
the neighboring building. It is often impossible to capture and
record the structural elements of the neighboring structure, but
the stiffness influences the dynamic behavior of the structure
which is studied. This stiffness can be estimated by experimental
measurements of the dynamic characteristics of the structure.
For this reason, different models were analyzed based on
modeling a flexible lateral restriction with rods and comparing
the calculated natural frequencies. The main idea is that, in the
future, the experimental modal frequencies should be measured
and compared with the frequencies which are calculated by a FE
modal analysis.

First, the model was assumed to have rigid lateral restriction
(Model_1). Second, a flexible restriction assumed considering
small rods at the place where the neighbor vaulted structure
existed [Model_2 (with rods)], and final model with the
real geometry of the aggregated vaulted buildings was used
(Model_3) (see Figure 2A). The FE program MSC/Marc was used
for analysis.

The Model_1 model consists of 2,647 3D solid FEs with 3
df at each node. To achieve the appropriate simulation of the
structure, several parameters were taken into account, such as the

TABLE 1 | Mechanical properties of masonry.

Material Young’s modulus Yield stress Compressive strength Tensile strength Shear strength Poisson ratio Mass density
E (MPa) (MPa) fca (MPa) fia (MPa) fva (MPa) v o (kg/m3)
Masonry 8e + 03 8 8 0.4 0.5 0.25 1,800
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FIGURE 2 | (A) Axonometric views of the finite element (FE) models and (B) first mode of the FE models [Model_1 (rigid restriction), Model_2 (rods), and Model_3].
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FIGURE 3 | Natural frequencies of the finite element (FE) models.
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existent geometry (collapsed facade, areas with damage, material
loss, etc.). Owing to failures caused by the descending moisture
and the loose of bounding mortar in the lower parts of the walls,
a reduced material strength was considered (75% of the rest of
the masonry). The same parameters of the masonry pathology
and boundary conditions were considered for the three examined
models (see Figure 2) (with rigid restriction, with rods and the
full geometry) for comparable analysis results. Since no signs
of slip or movement phenomena exist in the structure, zero
displacements on the base were considered. With respect to
loadings other than gravity, vertical loads on the top were also
applied for the modeling of the cement mortar which covers
the vaults.

The analysis was done in a macromodel considering the
masonry as homogeneous and isotropic material with an

elastic—plastic behavior, which was described by a generalized
Mohr-Coulomb parabolic model developed by Drucker
and Prager.

Modal Analysis Results

From the model analysis, the dynamic characteristics of the
three models were calculated. The rigid lateral restrictions
significantly affect the deformation of the structure as
shown in Figure2B, where the deformed shape of the
models for the first eigenmode is presented. Instead, the
application of elastic support through the bars led to a
similar deformation in relation to the complete model. The
same conclusion was extracted from the comparison of the
values of the 10 eigenfrequencies calculated and presented
in Figure 3.
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Second Case: Two-Story Stone Masonry
Buildings
The seismic behavior of low-rise masonry buildings, the influence
of diaphragms, and the methods of strengthening have been
studied by many researchers. Frequently, small-scale buildings
were constructed in the laboratories and on seismic bank where
earthquakes were applied to study their dynamic behavior.
In particular, the method of intervention was studied, such
as pretension by Tomazevic et al. (1996). In addition, the
wooden floors found in traditional buildings were investigated
for their behavior, their diaphragmatic or non-function, their
reinforcement with diagrams, and their replacement with new
reinforced concrete slabs (Kim and White, 2004; Peralta et al.,
2004; Vintzileou et al., 2007; Stavroulaki and Amanatidou, 2008).
In the research of Tomazevic et al. (1996), three underscale
masonry buildings were studied in the laboratory and in a seismic
bank considering different kinds of floors which were subjected
to seismic excitations. The masonry was from stone and mortar
(cement-lime-sand), and the buildings had scaling equal to
1:4 (see Figure 4). In the present study, the dimensions of the
building without scaling were used, which meant that the ground
plan is 440 x 4.0m and the height equal to 6 m. The wall
thickness is equal to 48 cm, and the floors are equal to 20 cm.
The openings exist only on two opposite walls with a length
equal to 4.40 m. The technical characteristics were received by
the experimental models that Tomazevic used in measurements
sufficiently above simple seismic simulators in the laboratory

simulation to study the static and dynamic behavior of
masonry structures with complex geometry like masonry towers.
In addition, it was mentioned that for masonry structures
with complex geometry, the FE analysis gives reliable results
compared with an equivalent frame model, which could not be
used successfully.

In our case, the material was considered as homogeneous,
and it was modeled by elastoplastic theory, using the simple
forms of yield surfaces written in terms of the first and the
second deviatoric stress invariants. Isotropic hardening is used
to define the post-yield response rather than kinematic or mixed
hardening due to its simplicity in the deformation of subsequent
yield surfaces. The isotropic hardening rule assumes that the
center of the yield surface remains stationary in the stress space
but that the size (radius) of the yield surface expands due
to hardening.

In the present study, the general-purpose FE program Marc
was used in which several elastoplastic models can be used (Marc,
2008). In particular, the Mohr-Coulomb parabolic criterion
was used, which is a first two-parametric yield surface for the
maximum compression and tension. The model is the first one
that takes shearing into account. It should be noted that the

TABLE 2 | Mechanical properties of materials.

Young’s modulus Poisson’s Specific Tensile Compressive

. (MPa) ratio v weight strength  strength
(Tomazevic et al., 1996). (ka/m%)  (MPa) (MPa)
Mechanical Properties of the Masonry Masonry 1.72e + 03 0.15 2,100  0.066 0.396
As presented by Resta et al. (2013), a damage plasticity — Timber 1.17e + 02 0.3 500
constitutive model can be effectively used within FE numerical =~ Concrete 2.64e + 04 0.25 2,300
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FIGURE 4 | Side views (dimensions in cm) of the tested models (Tomazevic et al., 1996).
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criterion considers the maximum difference between the major ~ where:
and the minor principal stresses only and does not consider the

intermediate principal stress in the strength criterion. The Mohr- 1
o : Jo = = [(01 — 02 + (0 — 63)* +
Coulomb strength criterion can be represented graphically, 2T g L1 T2 2
by Mohr’s circle. Most of the classical engineering materials, (03 — 01)2]
including rock materials, somehow follow this rule in at least a )
portion of their shear failure envelope. g = (m—-1)
Parabolic Mohr-Coulomb criteria using stress invariants, V3m
written as follows (Stavroulaki and Liarakos, 2008): oy = %’ the initial equivalent yield stress
m
) _ ox
F (I, ]2, B.0y) = V3Bor]i +3) —of =0 "=
Name Finite element models Name Finite element models
of of
model model
M1 M2 H.ﬁ. o
Ml- M2 o
Mi1 ﬁ'- M2 [

M1 ﬂ:

FIGURE 5 | Structural system and modeling of the finite element models.
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and

oy : Material tensile yield stress or tensile strength
oy : Material compression yield stress or compressive strength

01, 02,03 : Maximum principal stress.

Using an elastoplastic model for the masonry, the computed
plastic deformation indicates the degree of the developed
damage and the areas which suffer most. The plastic strains are
considered a relative variable which represent damage magnitude
and distribution, and it can be used as a first approximation
to study the influence of strengthening technique and the
lateral restrictions modeling. More reliable material models
that describe the cracking behavior in tension or crushing in
compression will be used in future work. For the wooden beams,
an elastic material was considered.

The characteristics properties of the materials that were based
on the previous experimental (Tomazevic et al., 1996) are given in
Table 2. The same material properties were used in the previous
numerical study of the same building where the model validation

was done with comparison between numerical and experimental
results (Stavroulaki and Amanatidou, 2008).

Finite Element Models

The following two basic models were used, which represent the
typical type of old masonry house in a small historical city and
the commonly applied intervention technique (replacement of
timber floors with reinforced concrete slab). First is the Model
1 (M1), with timber floors, and second is the Model 2 (M2),
with reinforced concrete slabs as floors (see Figure 5). The FEs
that were used are three dimensions, eight-node, isoparametric,
elements with 3 df per node. The number of nodes and elements
is the following: Model 1, 17,480 nodes, 11,854 elements and
Model 2, 19,488 nodes, 13,874 elements. The FE program
MSC/Marc was used for analysis.

To investigate the dynamic behavior of aggregated masonry
structures with the same or different structural system, the
models M1-M1, M2-M2, and M2-M1 and models M1-M1-M1
and M1-M2-M1 (see Figure 5) were analyzed for two or three
buildings in a row.
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In addition, to investigate how to simulate neighboring
structures for which we have no detailed geometrical and
material data, new models were created with different boundary
conditions. In particular, two cases were assumed. First, the
stiffness of the neighboring structure is large enough to be
considered as an ideal support and thus to have full restriction
of the displacement perpendicular to the neighboring plane
(fixed conditions).

Second, simulation of elastic support was considered in
correspondence with the ground support, and various values
of the coefficient of stiffness were investigated so the natural
frequencies of the model and that of the actual situation to
coincide. Two different coefficients of stiffness were assumed for
the first and the ground floor. For example, the model M1-L-
fixed represents the case where the model M1 is considered with
full restriction in displacement perpendicular to the left face.
The model M1_L-FF represents the case where the model M1 is
considered with elastic constrain [face foundation (FF)] to the left
face (see Figure 5).

Modal Analysis Results

A seismic design is based on the knowledge of the dynamic
characteristics of the structure that determines the response of
the structure under a seismic excitation. Consequently, for the
estimation of the dynamic response of the structures having
different horizontal structural systems, a frequency analysis was
done first. The evaluation of the dynamic behavior of the
structures with two different floor systems, namely, timber floor
and reinforced concrete slab, under seismic excitations modal
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FIGURE 7 | Displacements across section A-A for the first (11.09 Hz) (A) and
the fourth mode (15.5-16 Hz) (B) of models: M1, M2, M2-M1, M1-M1-M1,
M1-M2-M1, and M1-L-FF.

analysis of the various models is done, and the natural frequencies
are extracted. In addition, the natural frequencies and the modes
are calculated for different models which simulate the complex
behavior of adjacent buildings with different stiffness and mass.
The Lanczos method, which is considered suitable for large-scale
structures, is used for the solution of the eigenproblem.

Indicative results of the examined models are shown in
Figures 6-8 where, initially, the models M1 and M2 were
assumed to have no boundary constraints on their side faces. The
results of the modal analysis in the case of existing additional
buildings or buildings on the left side with the same stiffness
(models M1-M1, M2-M2, and M1-M1-M1) or different stiffness
(models M2-M1 and M1-M2-M1) are compared, where fixed
conditions (model MI1-L-fixed) or FF (model MI1-L-FF) are
assumed to investigate the accuracy of the proposed simulation.

The contour plots of the displacement for the third mode are
given in Figure 6. The assumption of fixed boundary condition
on the left side could lead to overestimation of the vibration at
the right side of model M1 (see Figure 6C). The replacement of
timber floors with reinforced concrete slabs change the stiffness
of the building (see Figures 6A,B). The existence of the adjacent
structures with different stiffness (for example model M2-M1)
leads to the increase in displacements, which are developed on
the right free side of the building M1 and can be identified with
forms of failure that have been observed in real structures (see
Figure 6D) (Binda et al., 2000; Formisano, 2012).

Three different vertical sections are studied (see Figure 5) in
the middle of the facade (section A-A), in the corner at the
right edge (section B-B), and in the middle of the right-side
face (section C-C). The first two modes refer to the oscillation
along the walls with the openings (direction X, parallel to
the arrangement of adjacent structures) and the walls without
openings (direction y), respectively. The third mode refers
to rotational oscillation, and the fourth refers to conveying
oscillation simultaneously with rotation along the vertical axis.
For section A-A (see Figure 5), the mode shape for the frequency
of 11.09 Hz [first mode with indication (1)] and frequency of
15.5-16 Hz [third and fourth mode with the indications (3) and
(4), respectively] are presented in Figures 7A,B. in addition,
the mode shape for the frequency of 12-13Hz [third mode
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FIGURE 8 | Displacements across section B-B for the third mode (frequency
of 12-13 Hz) of models M1, M2-M1, M1-M1-M1, M1-M2-M1, and M1-L-FF.
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with the indication (3)] of the section B-B (see Figure5) is
shown in Figure 8. The analysis of building M1 as an isolated
structure leads to higher vibrations in comparison with those that
are developed in the case of aggregate masonry buildings. The
change in stiffness via the replacement of the wooden floors with
reinforced concrete slabs influences the dynamic response of the
model M1. The proposed assumption of FF on the left side face
where the adjacent structures exist can satisfactorily approach
the complex structure response (see Figures 7, 8). An iterative
process was followed to estimate the equivalent spring stiffness
of the foundation for the model with the proposed simulation
to use its response to more accurately identify other models.
More research is needed to have an even better estimation of
the stiffness and to optimize this process for it to be carried
out automatically.

In Figure9, the variation of 10 eigenfrequencies between
some of the examined models is given. The frequencies in which

only the timber beams were vibrated are not included to these
diagrams. The stiff reinforced concrete slab affects the whole
structural stiffness, especially at the higher modes (out of plane
buckling of the walls and torsion around a vertical axis) (see
Figures 9A,B). In particular, we observe that, in almost all cases
examined, the full constraint on the side of the adjacent building
leads to higher values of frequencies, especially for the upper
modes, which means that the model is stiffer than the actual
construction (simulation of both or three buildings in detail, see
Figures 9C,D). The simulation with elastic support has led to a
good approximation of the frequencies of the first modes (see
Figures 9A,B).

Dynamic Analysis Results

The non-linearity of the masonry and the material was used
for the strengthening influence on the dynamic response of the
masonry buildings. In the FE analysis of the masonry structure,
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an elastoplastic model for the masonry can be used for the
estimation of the plastic deformations, which indicate the critical
areas where damage could develop. The effectiveness of the
strengthening method and its influence on the dynamic behavior
of the strengthened structure can be estimated by the study of
the analysis results for the structural model with and without the
application of the strengthening technique.

The seismic load that was applied at the base of the models
is the North-South component of earthquake in Montenegro,
15.04.1979, from the recording to the Petrovac (see Figure 10),
with peak value equal to 9.47 cm. For practical reasons, the first
4's of recording was studied for all modes, except the analysis of
the first two examined models M1 and M2 where the first 8 s of
recording was used.

The base excitation was applied first in the z direction
(perpendicular the face with the openings) and second in the x
direction (perpendicular the face without the openings). In the
other two directions, the bases of the models were considered to
have zero movements.

From the transient dynamic analysis, the strains and especially
the plastic part, which indicates the initiation of cracks, were
calculated. From the distribution of the equivalent plastic strains,
the critical areas were located mainly at the sides that are
vertical in the direction of earthquake, around the openings,
and at the pessary at the middle of the wall with the openings.
These are also the critical areas based on the failure picture of
these kinds of structures after earthquakes around the world.
Comparing the first two examined models M1 and M2 for all
the examined load cases, the regions with plastic strains were
mainly reduced to the first floor when reinforced concrete slabs
were considered at the floor levels (see Figure 11). In addition,
the weight of the concrete slab led to the development of higher
strains. Similar conclusions were extracted by experimental

measurements which were done by Tomazevic to models in scale
with the same geometry but with different masonry material
(Tomazevic, 1987; Tomazevic et al., 1996; Paquette and Bruneau,
2006).

For the models M1-M1-M1 and M1-M2-M1 where three
aggregated masonry buildings were studied, the base excitation
was applied in the x direction (perpendicular the walls without
the openings). These models represent the case where the
middle building replacement of the timber floors with reinforced
concrete slabs is applied. The replacement of the original timber
floor or roof with a new one made with reinforced concrete
is a common practice last years and seems to have negative
effects on many old masonry structures to seismic actions
(Carocci, 2012). Experience has shown that catastrophic effects
may occur also in neighboring buildings, especially when they
have reduced strength.

In cases where intervention was applied only to the middle
building (model M1-M2-M1), the dynamic response was
changed (see Figure 9D). The displacements of these two modes
are shown in Figures 12A,B. Comparison of the equivalent
plastic strains, which were developed in the first 4s of the
analysis is given in Figures 12C,D. The possible failures were
presented in areas where expected in relation to the experience
of real structures with quite similar geometric characteristics.
The increase in the stiffness between the interventions led to the
increase in the failures.

As already mentioned, the analysis of a masonry building as
an isolated structure lead to an overestimation of the dynamic
response, an unrealistic picture of the developed stress, and the
assessment of the areas with failures. This is also confirmed in
Figure 13 where the displacement across the sections A-A and
C-C for the last step of dynamic analysis is shown. With dot lines,
the results of two different cases of the proposed FF are given.
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The best estimate of stiffness leads to a more accurate approach
to actual dynamic response of the aggregated buildings.

CONCLUSION

The aggregated buildings are the typical structural system for
monastic and agricultural compounds and old town centers
where the masonry buildings have been built in continuity.
This connection influences the dynamic behavior of each
building, and the restrictions that are developed in between the
adjacent structures must be taken into account in the static and
dynamic analysis. The interaction of structures which belong
to a complex is documented by many researchers, and the
results have been shown in the picture of faults in masonry
structures after earthquakes. Various methods of simulation
for adjacent structures have been proposed, which are often
based on the use of simplified simulation methods of structures,
e.g., macroelements, equivalent frames, etc. At the same time,
monumental and traditional constructions, due to the fact that
they often show different building phases, a variety of materials
and structural elements, and structural failures simplifying
simulation methods are difficult to use in the analysis. For
example, buildings with openings of varying sizes and shapes in
diffuse locations, arched and vaulted structures for the ground
floor, connection problems to the walls, existence of different
types of horizontal diaphragms, etc. can be modeled with
accuracy by the FE method and 3D simulation.

In the present work, a general method for simulating the
restrictions that are developed between aggregated masonry
buildings is proposed and which could be applied independently
of the geometric characteristics of adjacent structures due
to unavailability of any data or the inability to access the
neighboring buildings. It is based on the application of elastic
supports on the face or faces where adjacent buildings exist.
The final identification of the model, as well as the adjustment
of the proposed elastic supports, was done in comparison
with the dynamic characteristics of the complex to which the
building under consideration belongs. This can be extended
in real cases where the model identification will be done in
comparison with experimental measurements of the dynamic
characteristics. Considering the stiffness of the elastic supports
proposed on the basis of the dynamic features, we transfer all the
information related to the stiffness of adjacent buildings as well
as their existing pathology (therefore not only the geometrical
characteristics but also the existing strength of the materials and
the structural peculiarities).

First results of this research are presented in the paper via two
different case studies. In the first case, a two-vaulted structure,

Barbieri, G., Biolzi, L., Bocciarelli M., Fregonese, L., and Frigeri,
A. (2013). Assessing the seismic vulnerability of a historical
building. Eng.  Struct. 57, 523-535. doi: 10.1016/j.engstruct.2013.
09.045

which is part of an old monastery, was studied, and rod elements
were used to model the side restrictions. The replacement of
the old timber floors with reinforced concrete slabs, widely used
as restoration techniques, affect the mass and the stiffness of
the structure and lead to dynamic behavior changes. For this
reason, in the second case, a two-story masonry building with
timber floors was studied both as an isolated structure and in
connection with other two-story masonry buildings with the
same geometric and material data distinguished by timber floors
or reinforced concrete slabs. Various arrangements of the two
above types of buildings were studied, and an elastic foundation
was proposed as simulation method for the support of the
adjacent structure. The natural frequencies of the real building
complex were estimated by FE model of all the aggregated
structures and were then used for the dynamic identification
of the simplified model. From the results, it was noticed that
the examined intervention technique on the two-floor masonry
building leads to changes of the dynamic behavior of the structure
as an isolated structure or as an aggregated masonry building.
This was especially true when the examined building belonged
to a complex and was influenced by the application of this
intervention onto an adjacent building. This means that the
decision of the applied intervention technique must be taken
after the study of its influence on the neighboring structures.
From the results, it can be concluded that the consideration of
rigid restriction increases the dynamic eingenfrequencies, which
means that the model simulates a structure with higher stiffness
in comparison with the model of the real condition. This is
critical to the decision of the intervention technique application.
A flexible support could better simulate the real interaction;
therefore, it is important to find the way to model this condition.

Future work must be done to estimate the coeflicient stiffness
of the elastic foundation that was proposed and was used instead
of the adjacent building and be done automatically. In addition,
the application of the presented research to real aggregated
masonry structures must be carried out where the experimental
estimation of the dynamic characteristics would be available for
the dynamic identification of the FE models.
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