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Abstract

This thesis deals with the study and analysis of adjacent buildings interaction and their seismic
vulnerability assessment. In particular, it deals with the analysis of the pounding effect and the
torsional effect to which the reference building may be subject due to the presence of adjacent
buildings in case of an earthquake.
Based on the existing methodologies, the appropriate methods and models may be addressed in
assessing the seismic vulnerability of a building aggregates by reducing the computational
effort, while providing a satisfying accuracy. To consider the torsional effect of the structure
the N2 extended method proposed by Fajfar, Marušić et al. (2005) is used, while the pounding
effects are taken into account trough a load distribution along the height of the structure. These
forces are calculate with elastic linear model proposed by Maison and Kasai (1990) (1992).
A four story masonry building located in L’Aquila, Italy, has been adopted as case study to
evaluate the accuracy of the proposed methods.
The results show how the application of the proposed method involves a reduction of the
vulnerability index of the structure of approximately 40% for the case study.
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1. Introduction

The aim of this paper is to study the seismic vulnerability of buildings aggregates and to analyze
the effects of their interactions. The interactions among adjacent buildings can drastically
modify the seismic response of each single structural entity that constitutes the aggregate.
Nonlinear dynamic analyses are required to capture the inherent dynamic effects (e.g.
pounding). Moreover, due to their complexity and high computational load they are unsuitable
to be applied by practitioners. For this reason, the aim of this thesis is to develop a simplified
nonlinear static-based method capable of effectively capture the buildings aggregate effects on
the single structure. On the other hand, the proposed method allow to reduce the required
computational effort. The proposed method offers new insight into building aggregates effects
assessment and aims at overcoming the existing lacks in practical and current regulations.
In the first part of this thesis, the existing body of literature about the methods and models to
estimate the pounding and the torsional effects on building aggregates are described. In the
second part the proposed method is presented. The structure is modelled as an equivalent frame
consisting of horizontal and vertical one-dimensional elements (spandrels and piers,
respectively). These elements are connected each other through infinitely rigid elements. The
pounding effects are simulated by a load distribution along the height of the structure calculated
using the linear elastic model proposed by Maison and Kasai (1990) (1992). which introduces
a spring with a stiffness that simulates the impact stiffness of colliding structures. Then, a nonlinear static analysis (pushover) is performed using the extended N2 method Fajfar, Marušić et
al. (2005) to consider the torsional effects.
1
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Later, this method is applied to an existing masonry building located in L'Aquila, Italy. The
building has experienced moderate damage during the L’Aquila earthquake in 2009.
The results show how the application of the proposed method involves a reduction of the
vulnerability index of the structure of approximately 40% for the case study.

1.1.

Building aggregates

A building aggregate is a set of buildings built in different eras and arranged in succession
seamlessly. The different buildings are adjacent to each other and under the effect of seismic
action interact with each other.
Before the expansion of the suburbs occurred in the twentieth century there was a process of
building expansion of the historic centres that led to a gradual clogging of all the free spaces
adjacent the existing buildings. This type of historical evolution was a direct consequence of
the need for a contrast action able to balance the structure hit by the earthquake. In this way,
therefore, the creation of connections with detached cells and the reciprocal interactions
between them favored the stability of all structures. The most obvious example of this
prevention technique diffused in the past is the realization of the "archi a sbatacchio" between
two distinct cells. This technique offers the possibility of solving many problems if carried out
with the right criteria, but, at the same time, poses many others if performed in an approximate
way. Hence the importance of a study of the seismic vulnerability of a building present within
a building aggregate also considering the interactions with adjacent buildings.
Because of this evolutionary process of building, the wall boxes are not always "closed", that
is with the four perimeter walls well connected between them. In fact, in terraced construction
the housing cell at the head has only three sides built together, or only two corner if it comes
from the clogging of a courtyard. In order to realize the walls at a later moment, therefore,
usually were left on the edges of the buildings some "waiting posts", i.e. some protruding
2
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stones. Although the connection was made according appropriate design criteria, it represents
a weak constraint and therefore the walls are not well connected. It is crucial to understand the
growth mechanisms of the aggregate, in order to figure out how it evolved over time, which
cells were created first and which subsequently, and extract information on buildings
connections. For this purpose it is useful to find the available cadastral and historical
cartography of the aggregate.

Figure 1. Example of cadastral plans dating back to 1500 - 1858

It is possible to recognize inside the building aggregate the primitive cells (A), that is the
buildings built first and therefore more dated, the clogging cells (B), that is environments
isolated from the outside through the construction of a wall to connect two cells already existing
and whose walls are, usually, without connections with the original cells, and growth cells (C,
D), that is environments isolated from the outside through the construction of two or three walls
that can be connected between them but, usually, without connections with the original cells
(Donà and De Maria 2011).
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Figure 2. Growth mechanisms of aggregates (Donà and De Maria 2011).

1.2.

Behaviour of building aggregates

For an isolated building there are usually no substantial differences in behaviour in the two
main directions as the planimetric scheme is fairly homogeneous and the only element that
involves this difference in behaviour is represented by the warping of the floors. This argument,
however, is not true for aggregate buildings.
In fact, there is a substantial difference in the behaviour of the building of interest in the two
main directions for various reasons. The first reason is represented by the typical planar layout
of a terraced aggregate. It includes transverse walls (windward walls), which are generally
intact, a longitudinal spinal wall that offers the main bearing capacity while separates the
building cells, and longitudinal perimeter walls which are prepared for the openings of windows
and doors.
Therefore, we can see how the walls have a different stiffness that determines a different
response and a different behaviour in the two main directions.
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Corner wall

Spinal wall

Windward wall

Figure 3. Typical planimetric scheme of a terraced aggregate

In addition, mutual support between cells is a key issue in terraced construction. In fact, each
cell subject to the earthquake relies on the stabilizing effect of the adjacent cell. Each cell tends
to absorb the actions transmitted by the “prior” structure. Instead, the next building produce a
buttress effect on the analyzed cell.
Cell under investigation
Unstable mass

Eartquake from left

Buttress

Figure 4. Actions acting on an intermediate cell

It is possible to notice how the mechanism of tilt of the facades, which can involve both the
entire wall and only a portion of it, is one of the most probable collapse mechanisms toccuring
within an aggregate.
The extreme cells do not have adjacent structures that offers a buttress effect; therefore they are
more subjected to rotation and translation mechanisms.
The rotation mechanisms are activated by minor horizontal stresses that tend to isolate a portion
of the wedge of the wall from the remaining and that tends to rotate around a hinge produced
5

Introduction

by special conditions of constraint, such as the presence of chains or contrast elements. This
wedge

is

referred

to

by

the

term

"rotation

sector"

or

simply

"sector

A".

The translation mechanisms are activated by greater horizontal stresses and involve a wedge
("sliding sector" or simply "sector B"), which has a greater angle than the "sector A".
These mechanisms are prevented by seismic retrofit actions such as the “archi a sbatacchio”
commonly used in the past or tie rods.
Seismic stress

Seismic stress

Sector B

Sector A

Figure 5. Rotation and translation mechanisms (Donà and De Maria 2011).

Therefore, if we consider the aggregate in global terms, it is possible to conduct two half-lines
of about 45° from the extreme bases of the block inwards that enclose the portions of the wall
that may be subject to the mechanisms just described. Instead, the portion below the "critical
line" identified by the tangents to the half-lines represents the most stable portion in which the
static compression flows, diverted by the seismic action, can be transferred until the foundation
(Donà and De Maria 2011).
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Sliding sector
Rotation sector
Seismic
stress

Critical line

Figure 6. Scheme of mechanisms in global terms (Donà and De Maria 2011).

The corner cells can be thought as the header cells in both directions. In addition to the
mechanisms of tipping and sliding they are also subject to a torsional effect due to the presence
of unstable forces in both directions.
The national design regulation (8.7.1 of NTC18 (trasporti 2018)) states that for corner or header
structural units the analyses cannot be carried out neglecting the torsional effects.

Figure 7. Torsional effect on a corner cell
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1.3.

Structural Units (US)

In the analysis of aggregates, the concept of building is preferred to replace the concept of
Structural Unit (US). A Structural Unit is characterized by the following properties:
•

Continuity from sky to ground, as regards the flow of vertical loads;

•

Delimitated by open spaces or by technical joints or adjacent buildings built with
different construction and structural types;

•

Built in the same era.

Therefore it is necessary to identify the different Structural Units and highlight the structural
interactions with the adjacent buildings, including:
•

Actions (both vertical and horizontal) from adjacent US slabs or walls;

•

The thrusts of arcs and vaults from adjacent US;

•

The thrusts from contrast arches or tie rods anchored on other buildings;

•

The pounding between adjacent US;

•

The thrusts caused by offset horizons on the walls in common with the adjacent US;

•

The local effects caused by misalignments of the elevations, differences in heights or
stiffnesses between adjacent US;

•

The tilting and translation actions in the header US.

In addition to the identification of the Structural Unit prescribed by the 2019 Circular, the
"Guidelines for the analysis of masonry buildings in aggregate" issued by the ReLUIS and the
Civil Protection Department in October 2010 following the seismic event that occurred in
Abruzzo in April 2009, suggest to identify two other elements within the building aggregate:
•

The Minimum Intervention Unit (UMI);

•

The Minimum Unit of Analysis (UMA).

8
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In particular, the Minimum Intervention Unit is configured as a portion of aggregate,
consisting of one or more Structural Units, which will be subject to a single intervention, in
accordance with a correct modelling of the aspects of structural interaction. The optimal
choice of the UMI will be such as to minimize the mutual interactions under the effect of
the seismic action.
Instead, the Minimum Unit of Analysis is the portion of aggregate, generally larger than the
UMI, to require for evaluating any structural interactions, such as the thrust of vaulted
systems, the loads (vertical or horizontal) coming from slabs or walls of structural units
adjacent to the UMI and the pounding caused by adjacent buildings.

9
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2.1.

Seismic action

The design seismic actions are calculated based on the seismic hazard of the site provided by
INGV (National Institute of Geophysics and Volcanology). Seismic hazard parameters are a
function of the morphological and stratigraphic characteristics that determine the local seismic
response. The Legislation prescribes two different methods for the assessment of seismic
action:
•

By using elastic acceleration response spectra according to the seismic hazard;

•

Through the use of acceleration time histories compatible with a predefined target
spectrum that is consistent with the local seismic hazard.

The first method of analyses is widely adopted for its simplicity and effectiveness.
Four Limit States (LS) are defined: two as Serviceability LS and two as Ultimate LS. Each
Limit State is associated with a certain probability of exceedance of PVR in the reference period
of construction. In particular, the Service Limit States are:
•

Operating Limit State (SLO) with a probability of exceeding 81%: following the
earthquake the construction does not suffer significant damage and interruptions of use;

•

Damage Limit State (SLD) with a probability of exceeding 63%: as a result of the
earthquake the construction as a whole suffers damage such as not to put at risk users
and not to compromise the ability to resist and stiffness.
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Instead, the Ultimate Limit States are:
•

Life Safety Limit State (SLV) probability of exceeding 10%: as a result of the
earthquake, the construction suffers damage to the structural components associated
with a significant loss of stiffness against horizontal actions;

•

Collapse Limit State (SLC) probability of exceeding 5%: as a result of the earthquake
the construction suffers very serious damage to the structural components.

Figure 8. Limit States against seismic actions

To evaluate the seismic action the first step is to define the following parameters:
•

Nominal design life, VN, defined as the number of years in which the building is
expected to maintain specific performance levels. The minimum values of VN to be
adopted for the different types of construction are reported in Tab. 2.4.I of the NTC18.

•

Coefficient of use, CU, defined according to the class of use of the construction and that
depends on the function that carries out the building and the consequences that would
result from its interruption. The value of the coefficient of use CU is defined, to varying
of the class of use, like shown in Tab. 2.4.II of the NTC18:
11
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•

Reference period of seismic action, VR, obtained by multiplying the nominal life VN of
the construction by the coefficient of use CU.

VR = VN  CU

(2.1)

Once these parameters have been defined, the following parameters can be determined and
identified:
•

Probability of exceedance of ground acceleration, PVR, as defined above;

•

Seismic return period, TR, defined as the mean time between occurrence of two seismic
events equal to or greater than an assigned intensity value. This parameter is a function
of the VR reference period and the probability of PVR exceedance through the following
formula:

TR = −VR / ln(1 − PVR ) = −CU VN / ln(1 − PVR )
•

(2.2)

Soil category, based on stratigraphic description and values of shear wave propagation
rate VS. The Legislation defines 5 categories of subsoil, as reported in Tab. 3.2.II of
NTC18, to which corresponds a stratigraphic amplification coefficient, SS, which takes
into account the amplification of the signal linked to the stratigraphy of the soil. The
values of this coefficient as a function of the soil category are defined in Tab. 3.2.IV of
NTC18;

12
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•

Topographical condition distinct in 4 categories, as reported in Tab. 3.2.III of NTC18,
to which corresponds a topographical amplification coefficient, ST, which takes into
account the amplification of the signal related to the topography of the ground. The
values of this coefficient as a function of the soil category are defined in Tab. 3.2.V of
NTC18;

13
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•

Amplification coefficient, S, defined as the product between the stratigraphic
amplification coefficient SS and the topographical amplification coefficient ST.

S = SS  ST

(2.3)

At this point must be defined the following parameters that define the basic seismic hazard:
•

Maximum horizontal site acceleration, ag;

•

Maximum value of spectrum amplification factor in horizontal acceleration, F0;

•

Reference value for determining the start period of the section at constant velocity of
the spectrum in horizontal acceleration, TC*.

These parameters are provided by INGV at a grid of 10751 points defined by the coordinates
of latitude and longitude that covers the entire national territory. The ag, F0 and TC* parameters
are also listed for all grid points in Annexes A and B of D.M. 14/01/2008.
Once these parameters are obtained, it is possible to determine the spectral form to be used in
seismic combination calculations. In fact, the Legislation provides the formulas necessary to
determine the elastic response spectrum in acceleration according to the parameters described
above. This spectrum provides, depending on the period of vibration, the maximum
acceleration response of the generic elementary dynamic system, that is the simple
oscillator. For the construction of this spectrum the Legislation defines three periods of
vibration:
•

TB: start of the section with constant acceleration;

•

TC: start of steady-speed section;

•

TD: start of the constant displacement section;

14
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Figure 9. Example of an elastic response spectrum in acceleration

To switch from the elastic response spectrum to the design spectrum that takes into account the
inelastic dissipative capacities of the structure, spectrum ordinates will be reduced by using the
behaviour factor, q.

2.2.

Current Standards for building aggregates

In 2018, the new Technical Legislations for Construction (NTC18) come into force, which in
Chapter 8 deal with the subject of existing buildings and establish the general criteria for safety
assessment and design, the execution and testing of interventions on existing buildings. These
interventions are divided into three categories:
•

Repair or local operations: operations involving individual structural elements and
which do not reduce pre-existing safety conditions;

•

Improvement interventions: interventions to increase the pre-existing structural safety
without necessarily reaching the safety levels set by Legislation;

•

Adjustment interventions: interventions to increase the pre-existing structural safety,
reaching the levels of structural safety set by Legislation.
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The safety assessment is defined in sub-chapter 8.3 as a quantitative procedure to determine the
extent of the actions that the structure is able to support with the minimum level of safety
required. This assessment shall be made in relation to that required for a new building. For this
reason the NTC18 introduce a new parameter, called vulnerability index ζE, defined as the
relationship between the maximum seismic action bearable by the structure and the maximum
seismic action that would be used in the design of a new construction on the same soil and with
the same characteristics. This value may be determined as follows:

E =

Sa
Sd

(2.4)

In which Sa represents the ground spectral acceleration of the existing structure at the reference
period, while Sd represents the design ground spectral acceleration for a new construction with
the same characteristics and on the same site as the existing building. The vulnerability index
can also be determined with the following formula:

E =


Fcollapse

Fmax

(2.5)

Where F*collapse represents the maximum tolerable base shear of the existing building, while
F*max represents the maximum seismic force required to design a new construction.
The reference model for analyses is defined in sub-chapter 8.5. The definition of reference
models describing the behaviour of the building is one of the most complex phases of the entire
analysis procedure. Indeed, considering the wide variety of existing constructions, it is not
possible to indicate effective modelling procedures.
The first essential step for a correct modelling turns out to be the historical-critical analysis of
the construction and a correct operation of geometric-structural relief. In fact, knowledge of the
history of a building is indispensable both for the assessment of safety, both for the definition
of interventions and the prediction of their effectiveness, while the relief has to identify the
16
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resistant organism of the construction also considering the quality and the state of conservation
of the materials and the constituent elements. If the building is inserted inside a building
aggregate it is advisable not to dwell exclusively on the single Structural Unit (US), but to verify
the constructive characteristics that can influence the seismic behaviour of the entire aggregate.
In particular, it is essential to verify:
•

The historical and constructive evolution of the entire building aggregate;

•

The main events that have influenced the morphological aspects of the urban fabric;

•

The structural typology of the Structural Unit and the adjacent buildings;

•

Possible alteration of the wall boxes and effective connections of facade walls between
adjacent buildings and perimeter walls with those orthogonal;

•

The alignment of perimeter walls and interior spinal walls;

•

The shape and position of openings in walls: their axiality, symmetry and repetition;

•

The misalignments and tapering of the walls, the walls laid "in false" on the floors below
and the differences in altitude between adjacent floors;

•

The presence of effective contrast devices such as tie rods or "archi a sbatacchio".

In addition to a correct historical and geometric-constructive knowledge of the building
aggregate and of the specific structural unit, of fundamental importance is an adequate
knowledge of the characteristics of the materials and their degradation acquired through
documentation available, in situ visual checks and experimental investigations. This topic will
be dealt with more specifically in Sub-Chapter 2.4. Masonry.
The sub-chapter 8.7 of NTC18 contains information about the verification methods and about
the characteristics of the main interventions to be applied to existing buildings, depending on
the specific construction types. These indications are also useful for assessing the safety of
buildings on actual state.
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Both local and global mechanisms can be manifested in existing masonry constructions. The
local mechanisms affect individual wall panels or larger portions of the building and engage
the wall panels mainly outside their medium plan. They are disadvantaged by the absence or
lack of effectiveness of the connections, both between walls and horizons, and at intersections
between walls. However, the global mechanisms are those that affect the entire building and
engage the wall panels mainly in their medium plan.
The safety of the construction shall be assessed against both types of mechanism.
Limit analysis methods may be used for seismic analysis of local mechanisms. With such
methods it is possible to evaluate the seismic capacity in terms of both resistance and
displacement.
The overall seismic analysis shall consider, as far as possible, the real structural system, with
particular attention to the stiffness and resistance of the horizons and the effectiveness of the
connections of the structural elements with the horizons and with each other. In particular, due
to the rigidity of the slabs, three possible situations can be referred to:
•

Slabs which can be modelled as infinitely rigid;

•

Slabs with finite stiffness (able to constrain walls and to distribute seismic stresses);

•

Slabs with negligible stiffness (inadequate to redistribute horizontal actions between
walls).

In the case of slabs infinitely rigid and well connected to the walls, the horizontal actions can
be divided according to the strength, stiffness and the position of the various walls.
In the case of slabs of negligible stiffness each wall can be checked for actions that compete
directly for areas of influence of the slabs bound to them.
In the case of slabs with finished stiffness, the response can be obtained by inserting into the
construction model the mechanical characteristics of each slab.
18
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In the analysis of a building that are part of a building aggregate, possible interactions that
derive from adjacent buildings shall be taken into account. The verification of a US that presents
infinitely rigid slabs or with significant stiffness can be carried out by non-linear static analysis,
with checks in terms of both forces and displacements. In the case of corner or header US, the
analysis cannot be carried out neglecting torsional effects. However, the verification of a US
that presents slabs with negligible stiffness can be done by analysing the individual walls of the
US because each wall is subject to vertical loads of competence and the corresponding actions
of the earthquake in the direction parallel to the wall.

2.3.

Methods of analysis

The aim of seismic analysis is to determine the demand to be compared with the capacity of the
structure. Demand means the magnitude of the stresses, deformations and displacements of
structural elements caused by seismic action to be compared with the capacity of the structure
in terms of strength, ductility and displacement.
The analytical methods are linear and non-linear, depending on the characteristics of the
structure and the behaviour model adopted. In particular, it shall:
•

Linear Analysis: Linear analysis involves the use of linear elastic laws for materials and
can be used to calculate seismic demand in the case of both non-dissipative and
dissipative structural behaviour. In both cases the seismic demand is calculated by
reference to the design spectrum. In order to model the dissipative capacity of the
structure a behaviour factor q will be adopted, which depends on the structural typology,
its degree of hyperstaticity and the design criteria adopted and takes into account the
dissipative capacities of the material. Where geometric non-linearities cannot be
neglected, they may be taken into account by amplifying the effects of seismic action
by applying an appropriate amplification factor;
19

Legislation and seismic analysis

•

Nonlinear Analysis: Nonlinear analysis can be used for both non-dissipative behaviour
structural systems and dissipative behaviour structural systems and takes into account
non-linearities of material and geometry. In addition, it may be used for these purposes
and in the following cases:
-

To identify the distribution of inelastic demand in buildings designed with the
behaviour factor q;

-

Evaluate the over-resistance ratios αu/α1;

-

As a design method for new buildings as an alternative to linear analysis methods;

-

As a method for evaluating the capacity of existing buildings.

The methods are also classified in relation to the fact that equilibrium is treated statically or
dynamically. In particular:
•

Dynamic Analysis: in this type of analysis equilibrium is treated dynamically. An
example is the modal analysis that calculates the modes of vibration of a structural
system or numerical integration methods that solve instant by instant the equations of
motion;

•

Static Analysis: in this type of analysis the equilibrium is treated statically. Assigned a
system of distributed or concentrated static loads it is possible to obtein the
displacements and stresses.

The four types of analysis described above can be combined in order to obtain 4 different
methods of analysis:
•

Linear Static Analysis;

•

Linear Dynamic Analysis;

•

Nonlinear Static Analysis;

•

Nonlinear Dynamic Analysis.
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2.3.1. Linear Static Analysis
Linear Static Analysis consists in the application of static forces equivalent to the inertia forces
induced by seismic action. It can be carried out for regular constructions in height and with
period of the main vibrating mode (T1) not exceeding 2.5TC or TD. For the calculation of the
principal T1 period, the following formula may be used as a first approximation:
T1 = C1  H

3

4

(2.6)

Where:
•

H = height of the construction from the foundation plane;

•

C1 = 0.05 for masonry constructions.

Alternatively, for civil or industrial constructions not exceeding 40m in height and whose mass
is evenly distributed along the height, T1 may be estimated using the following formula:
T1 = 2 d

(2.7)

Where d is the elastic lateral displacement of the highest point of the building due to the
combination of loads G1 + G2 +  j  2 j Qkj applied in the horizontal direction.
Therefore, with this method the seismic action is represented as a system of static forces applied
in proximity to the individual decks where the masses of the building are admitted
concentrated. The magnitude of these forces is obtained from the ordinate of the design
spectrum corresponding to the T1 period and their distribution on the structure follows the form
of the main mode of vibration in the direction under consideration, estimated approximately.
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Figure 10. Distribution of equivalent static forces

Therefore, Linear Static Analysis essentially consists of a simplified Linear Dynamic Analysis
in which:
•

Instead of carrying out the dynamic analysis of the construction, a fundamental mode is
assumed with a T1 period calculated in an approximate way and linearly increasing
displacements with the height of the foundation plane;

•

The effects of seismic action, represented by the design response spectrum, shall be
calculated for the fundamental mode considered;

•

No combination of effects is performed because other modes of vibration are not
considered.

2.3.2. Linear Dynamic Analysis
Linear Dynamic Analysis consists:
•

In determining the vibration modes of the construction (modal analysis);

•

In calculating the effects of seismic action, represented by the design response spectrum,
for each of the vibration modes identified;

•

In the combination of these effects.

The modal analysis consists of solving the equations of the motion of the linear structure in the
steady state condition.
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Only the modes of vibration with significant participating mass, i.e. all modes with a
participating mass exceeding 5% and a number of modes with a total participating mass
exceeding 85% are considered.
The effects of the selected modes are combined by the CQC rule (Complete Quadratic
Combination) or the SRSS rule (Square Roof of Sum of Squares).

Figure 11. Example of modes of vibration

2.3.3. Nonlinear Static Analysis
The Nonlinear Static Analysis, also called Pushover Analysis, aims at obtaining the capacity
curve of the structure, expressed by the function Fb-dc, where Fb is the base shear and dc is the
displacement of a control point which for buildings is usually represented by the mass centre
of the last horizontal. To obtain the capacity curve, vertical loads and a distribution of horizontal
loads applied in the center of the mass at all building levels are assumed. This distribution of
forces is monotonically increasing until collapse.

Figure 12. Distribution of lateral forces in Pushover Analysis
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At least two distributions of inertia forces should be considered, one falling within the main
distributions (Group 1) and the other in the secondary distributions (Group 2). The most
frequently used load distributions in technical practice are as follows:
•

From Group 1: a distribution of forces similar to that obtained by modal analysis with
response spectrum;

•

From Group 2: a uniform distribution of inertia forces along the height of the
construction.

For each considered LS, the comparison between the capacity curve and the demand for
displacement allows to determine the level of performance achieved. For this purpose, the real
structural system is associated with a structural system equivalent to a single degree of freedom,
that is, a simple oscillator with elasto-plastic behavior. In this way the capacity curve can be
adjusted so as to obtain an elastic-perfectly plastic curve by adopting the principle of energy
equivalence.

Figure 13. Equivalent bilinear system and diagram

Based on the seismic demand (design spectrum) and the building capacity (capacity curve), it
is possible to define the Performance Point that determines the level of performance achieved.

Figure 14. Performance Point (PP)
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For the evaluation of the Performance Point (PP) it is possible to follow one of the following
methods:
•

Method A, based on the evaluation of inelastic demand through the principle of equal
displacement or equal energy;

•

Method B, based on the estimation of the inelastic demand through an equivalent
viscous damping model.

2.3.4. Nonlinear Dynamic Analysis
Nonlinear Dynamic Analysis consists in the calculation of the seismic response of the structure
by integration of the equations of motion using a non-linear model of the structure and subjected
to temporal histories of the soil motion, i.e. accelerograms spectrum-compatible with the elastic
response spectrum. It aims to assess the dynamic behaviour of the structure in the non-linear
field, allowing the comparison between the ductility required and ductility available to the SLC
and the related verifications, and to verify the integrity of structural elements against possible
fragile behaviours.
To perform this type of analysis it is necessary to use non-linear models able to reproduce the
post-elastic behaviour of the structural elements in order to correctly represent the dissipative
capacity for hysteresis.
Usually the response of the accelerogram oscillator is calculated by applying the Newmark
numerical integration method.
In addition, the results of the Nonlinear Dynamic Analysis must be compared with the results
of a modal analysis with a design response spectrum in order to control the differences in terms
of global stresses at the base of the structure.
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This is certainly the most complete procedure but at the same time it is also the most complex
type of analysis.

2.4.

Masonry

Masonry was the main building material in the world until at least 1920 and the existing
masonry buildings represent a consistent building heritage and often are characterized by
historical-architectural values.
Masonry is a material composed of two elements: blocks and mortar. As for the blocks, there
are numerous types because they can vary in shape, size and in origin. In fact, they can be
artificial, such as brick blocks, or natural made from stone material, such as rocks and
stones. Instead, the mortar has the function of joining these blocks and redistributing the
load. They have different characteristics depending on the components which form it, such as
the type of sand or lime used in the dough.

Figure 15. Example of construction of a masonry

These two materials with different characteristics work together by mediating their properties
and make masonry a material with good characteristics to be applied in constructions. In
particular, it has a good compressive strength and a low or negligible tensile strength. This is
due to the different behaviour of the constituent elements. In fact, the results of an experimental
monoaxial tensile-compression test of a brick masonry show that:
•

Both components have a very low tensile strength compared to compression;
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•

Bricks have higher modulus of elasticity than mortar;

•

The mortar has a wider field of deformation than the brick: therefore, it has a ductile
breaking behaviour, unlike the brick that has fragile breaking behaviour.

These results are shown in the following graph:

Mortar
Masonry

Mortar

Block

Masonry
Block

Figure 16. Graph stress-strain of the masonry and its constituent materials

Although masonry is an inhomogeneous material due to the presence of blocks and mortar, the
material is assumed as homogeneous continuous macroscopically equivalent to the composite
material.

2.4.1. Mechanical characterization
Chapter 8 of NTC18 deals with existing buildings and, in particular, section 8.5 defines the
reference model for analyses.
In addition to a correct historical and geometric-constructive knowledge of the building
aggregate and the specific Structural Unit, of fundamental importance is an adequate knowledge
of the mechanical characteristics of materials and their degradation.
The direct measurement of the mechanical characteristics of the masonry is carried out by in
situ tests on portions of masonry or laboratory tests on undisturbed elements taken in situ. Based
on their degree of deepening, 3 test levels can be distinguished:
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•

Limited tests;

•

Extended tests;

•

Exhaustive texts.

Additional information may be obtained from non-destructive test methods or available
documentation.
Table C.8.5.I of NTC18 provides information on the possible values of the mechanical
parameters for the behaviour of the most recurrent types of masonry and relative to precise
conditions:

The mechanical characteristics can be multiplied by corrective coefficients based on some
improvements in masonry characteristics (Table C.8.5.II, NTC18):
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These coefficients may be applied in combination in multiplicative form.
In addition, these mechanical parameters are reduced by a Confidence Factor (FC) defined
according to the Knowledge Level (LC). In particular:
•

LC1: when limited investigations have been carried out on the construction details and
limited tests have been carried out on the mechanical characteristics of the
materials. This LC corresponds to an FC = 1,35;

•

LC2: when extensive investigations have been carried out on the construction details
and extensive tests have been carried out on the mechanical characteristics of the
materials. This LC corresponds to an FC = 1,2;

•

LC3: when exhaustive investigations have been carried out on the constructive details
and exhaustive tests have been carried out on the mechanical characteristics of the
materials. To this LC corresponds an FC = 1;
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The modelling and the relative analysis of a building aggregate involves a detailed study of the
effects that a single Structural Unit can cause on adjacent Units.
In particular, we remember the torsional effect that the adjacent US cause on an angle US and
the pounding effect due to the presence of adjacent US even at different heights.
Both effects have been the subject of study and research for many years and a short summary
is presented below.

3.1.

Torsional effect

Torsional effects may significantly modify the seismic response of buildings and they can cause
severe damage of structures. Indeed the presence of adjacent buildings and the inherent
geometrical irregularities amplify the torsional effects. Irregularities are classified into two
types: irregularities in plan and irregularities along the height. The first type is related to offset
between center of the mass and stiffness which result in a substantial increase in torsional
effects when the structure is subjected to lateral forces. The second involves changes in
geometric and/or structural properties along the height of the building, which generally result
in increased seismic demand in specific planes.
In the case of irregular structures, Nonlinear Static Analysis procedures may be not suitable
since they assumes force distribution along with the two principal building directions. Irregular
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structures, on the other hand, have a significant participating mass for one or more modes of
vibration. Therefore, the dynamic behaviour of these structures cannot be evaluated by
considering only one translational mode. For this reason, several extensions of Nonlinear Static
Analysis for irregular building structures have been studied.
These extensions are mainly based on two approaches: the first takes into account the
contribution of more eigenmodes; Paret, Sasaki et al. (1996) developed the so-called MultiModal Pushover (MMP) which involves performing different pushover analyses using different
lateral load distributions based on different elastic modal forms. In this way, it is possible to
obtain capacity curves for each mode and compare them with seismic demand using the CSM
method. Once the comparison is made it is possible to obtain a value, called Modal Criticality
Index (MCI), that identifies the critical vibrating mode. With a similar approach, Chopra and
Goel (2002), (2004) defined the Modal Pushover Analysis (MPA) for symmetrical and
asymmetrical structures. With this procedure several pushover analyses are performed
considering different lateral load distributions based on different modal shapes. In particular,
for asymmetrical structures it involves the application of both lateral forces and a torque at each
level of the building. Then, the results are combined through the SRSS rule (Square Roof of
Sum of Squares) or the CQC rule (Complete Quadratic Combination) to obtain an estimate of
seismic demand for inelastic systems. Subsequently, Chopra and Goel (2004) developed the
Modified MPA (MMPA) procedure, in which the contribution of higher vibrating modes is
calculated by assuming linearly elastic system. The contribution of higher modes is combined
with the inelastic response associated with the first mode. In this way, the computational effort
decreases and turns out to be a valid alternative for practical applications because it leads to a
better estimation of seismic demand. Reyes and Chopra (2011), (2011) developed a variant of
this method, called Practical Modal Pushover Analysis (PMPA), which estimates seismic
demands directly from the response (and design) spectrum. In this procedure, the structure is
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treated in a linear elastic way in the estimation of the contributions of the higher modes of
seismic demand.
The second approach is based on the first modal shape considering that the target displacement
of a single control point cannot be representative of the dynamic behaviour of irregular
buildings because torsional effects entail reductions and amplifications of the displacement
demand at the two opposite ends of the storey. Following this approach, (Moghadam and Tso
2000, Moghadam and Tso 2000) defined a method consisting in determining target
displacements, one for each resistant element, performing an elastic spectral analysis and
assuming a certain lateral load distribution. Then, a series of pushover analyses are carried out
for different resistant elements pushing these elements until the displacement at the top does
not reach the previously determined target displacement. The same approach is used in Fajfar,
Marušić et al. (2005) to extend the N2 method to irregular structures in plan. The modified N2
method is based on the combination of the results of a pushover analysis carried out on a 3D
model that aims to control the distribution of the target displacement along the height of the
structure with the results of a dynamic modal analysis that control the distribution of lateral
displacements caused by the torsional effect. In particular, the displacements obtained from the
pushover analysis are amplified by a correction coefficient determined by the ratio of the
normalized displacement obtained by modal analysis, i.e. the displacement of a specific point
in the plane divided by the displacement of the center of mass, and that obtained by the analysis
pushover. This method results to be clear and easy to achieve.
A further method has been developed by Bosco, Ghersi et al. (2012) and is based on the concept
that the distribution of the maximum dynamic displacements of the plane can be determined by
two pushovers carried out by applying the lateral forces with two eccentricities, called
"corrective eccentricities", compared to the center of mass of the plane.

32

State of art

All these methods have been evaluated and compared. In particular, Azizi-Bondarabadi,
Mendes et al. (2021) and Nakamura, Derakhshan et al. (2017) evaluate the extended N2 method
for irregular buildings in unreinforced masonry. The results show that this method is capable
of correctly simulating the seismic response of masonry structures. Bento, Bhatt et al. (2010)
and Bosco and Bento (2012) evaluate the results obtained by applying the extended N2 method
and the MPA on simple multi-storey buildings. The results show that both methods result in
more conservative results. The extended N2 method better predicts torsional effects. Instead,
Bosco, Ghersi et al. (2013) compares the results obtained from 3 methods: original N2 method,
extended N2 method and method of "corrective eccentricities". The results showed that:
a) the original N2 method is capable of predicting the response only for rigid torsional
structures;
b) the extended N2 method is always conservative and simple to be performed;
c) the "corrective eccentricities" method results close to those obtained with non-linear
dynamic analysis, but requires a greater computational effort than the extended N2
method.

3.2.

Pounding effect

Structural pounding phenomenon occurs when two or more adjacent buildings strike under the
effect of dynamic horizontal actions. The collision between the structures can generate impact
forces that can cause further local and global damage. The impact force and the number of
collisions between structures depends on multiple factors such as the mutual distance and the
fundamental period of the structures. In fact, the pounding phenomenon is amplified when
adjacent structures vibrate out of phase due to the difference in their periods.
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Figure 17. Seismic behaviour of adjacent buildings

In addition, the pounding scenarios of buildings can generally be divided into two categories:
floor-to-floor pounding, when the colliding structures have the same story height, and floor-tocolumn pounding, when the structures have different story heights. The latter category is indeed
the worst because the potential points of impact are not at the floor level, but along the height
of the vertical structural members (Cole, Dhakal et al. 2010).

Figure 18. Pounding categories (Cole, Dhakal et al. 2010).

The pounding scenarios can also be classified into 6 categories (Jeng and Tzeng 2000, Cole,
Dhakal et al. 2010). :
1. Floor-to-column pounding;
2. Pounding of heavier structures with lighter adjacent structures;
3. Pounding of higher structures with lower adjacent structures;
4. Torsional pounding;
5. Pounding of the structure at the end of terraced buildings;
6. Pounding of structures with fragile materials such as unarmed masonry.
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Figure 19. Pounding scenarios (Cole, Dhakal et al. 2010).

The assessment of the impact forces can be performed by applying two approaches: the
stereomechanical approach and the force-based approach (or also known as the penalty
approach). The stereomechanical approach exploits the law of the conservation of momentum
and energy and relates the impact velocities with the coefficient of restitution according to the
following expressions (Goldsmith 2001):

v1 = v1 − (1 + e)

m2v1 − m2v2
m1 + m2

(3.1)

m1v1 − m1v2
m1 + m2

(3.2)

v2 = v2 + (1 + e)

Where e represents the coefficient of restitution and simulates the dissipation of energy during
the impact. In fact, it represents the level of plasticity and the loss of energy during the impact
and is between 0 and 1; 0 means that the impact is completely plastic, while 1 means that the
impact is completely plastic. This coefficient of restitution may be calculated in accordance
with the following relationship:

e=

v2 − v1
v1 − v2

(3.3)

Anagnostopoulos and Spiliopoulos (1992) estimated the coefficient of restitution between 0.5
and 0.75. In many studies general coefficient of restitution equal to 0.65 was chosen for concrete
structures (Anagnostopoulos 1988, Anagnostopoulos and Spiliopoulos 1992, Jankowski 2005,
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Jankowski 2008, Mahmoud and Jankowski 2011). Jankowski (2010) showed how the value of
the coefficient of restitution depends on the relative pre-impact speed and the material used. In
any case, a constant value of 0.69 may be used.
This stereomechanical approach is very rarely used because it does not consider the impact
period and does not directly assess the impact force during contact.
As an alternative, the approach based on the assessment of contact forces involves the use of
interposed elements between colliding bodies. Maison and Kasai (1990) (1992) created a linear
elastic model that introduces a spring with a stiffness that simulates the impact stiffness of the
colliding structures. This spring is activated only when contact between structures occurs:

Figure 20. Linear elastic model

k (t )  (t )  0
F (t ) = 
 (t )  0
0
 (t ) = u1 (t ) − u2 (t ) − d

(3.4)

Where u1(t) and u2(t) are the displacements of the two structures and d is the initial distance
between the structures. Instead, k is the stiffness of the spring and is assumed equal to the
stiffness of the impacting element according to the following basic formula:

k=

EA
L

(3.5)

Where E, A and L are respectively the elastic modulus, the area and the length of the impacting
element.
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Cole, Dhakal et al. (2011) defined a new formula based on the duration of the tc impact:

 m1m2    

 
m1 + m2  tc 

k=

− ln e
1− 
2
  + (ln e) 2


2






(3.6)

2

Xu, Xu et al. (2016) developed a further formula according to the fundamental periods of the
two collident structures:

m2
k=
k1e
m1 + m2
k=

2(ln e )

m1
k2 e
m1 + m2



arcsin

2(ln e )



arcsin


 2 + (ln e )2

T1  T2
(3.7)


2

 + (ln e )

2

T1  T2

In addition, Jankowski (2005) used predefined spring stiffness values depending on the type of
structure and material. In particular, for buildings with steel-to-steel impact it used k = 2,07 107
N/m, while for buildings with concrete-to-concrete impact it used k = 9,35 107 N/m.
In order to consider the plastic behaviour and energy dissipation during the collision,
Anagnostopoulos (1988) adopted a Kelvin-Voigt model where the damping coefficient was
estimated as reported by the following equation:

Figure 21. Linear viscoelastic model (Kelvin-Voigt model)
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k (t ) + c (t )  (t )  0
F (t ) = 
 (t )  0
0
c = 2 k

m1m2
m1 + m2

 =−

ln e

(3.8)

 + (ln e) 2
2

Where  (t ) is the relative velocity between the two colliding elements, c is the impact damping
coefficient and ξ is the impact damping ratio.
However, this model considers uniform energy dissipation in the pre-contact and post-contact
phase. For this reason tensile actions are considered. To overcome this situation, modifications
to the model were made in order to omit these tensile forces. In particular, Ye, Li et al. (2009)
proposed the so-called Modified Kelvin Model (MK), Pant, Wijeyewickrema et al. (2010)
adopted the so-called Modified Kelvin-Voigt Model (MVK) and Mahmoud and Jankowski
(2011) modified the model accordingly.
A further model consisting in the introduction of a spring with non-uniform stiffness was
proposed by Davis (1992) based on the following Hertz model:

Figure 22. Hertz model

  1,5 (t )  (t )  0
F (t ) = 
 (t )  0
0
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Where β is the impact stiffness parameter. Jankowski (2005) used default values of this
parameter depending on the type of structure and material. In particular, for buildings with
steel-to-steel impact it used β = 4,66 109 N/m1,5, while for buildings with concrete-to-concrete
impact it used β = 1,13 109 N/m1,5.
This model does not consider the plastic behaviour and energy dissipation during the
collision. For this reason, Muthukumar and DesRoches (2006) proposed an Hertz-based model
in order to also consider the de-spatter energy dissipated during contact. This model, also
known as the Hertzdamp model, introduces a non-linear damper in combination with the nonuniform stiffness spring:

Figure 23. Hertzdamp model

  1,5 (t ) + C (t ) (t )  (t )  0
F (t ) = 
 (t )  0
0
1,5
C (t ) =  (t )

=

(3.10)

3 (1 − e )
5e(v1 − v2 )
2

Where C(t) is the impact damping parameter.
This model was later modified by Ye, Li et al. (2009) defining a new value for the impact
damping ratio.
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A nonlinear viscoelastic model was developed by Jankowski (2005). In this model a non-linear
spring following the Hertz law and a non-linear damper are applied to simulate the energy
dissipation process:

Figure 24. Nonlinear viscoelastic model

  1,5 (t ) + c (t ) (t )  (t )  0;  (t )  0

F (t ) =   1,5 (t )
 (t )  0;  (t )  0
0
 (t )  0

c (t ) = 2   (t )

 =

m1m2
m1 + m2

(3.11)

9 5
1 − e2
2 e(e(9 − 16) + 16)

Where  and c (t ) are respectively the impact stiffness parameter and the impact damping
parameter. In addition, Jankowski (2005) used default values of the impact stiffness parameter
depending on the type of structure and the material. In particular, for buildings with steel-tosteel impact it used  = 1,03 1010 N m1,5 , while for buildings with concrete-to-concrete impact
it used  = 2,75 109 N m1,5 .
Finally, Khatiwada, Chouw et al. (2011) proposed a viscous elastoplastic model that takes into
account elastoplastic behaviour:
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  1,5 (t ) + c (t ) (t )  1,5 (t ) + c (t ) (t )  FE ;  (t )  0

 1,5 (t ) + c (t ) (t )  FE ;  (t )  0
F
F (t ) =  E 1,5
 1,5 (t )  FE ;  (t )  0
  (t )
F
 1,5 (t )  FE ;  (t )  0
 E
c (t ) = 2   (t )

 =

m1m2
m1 + m2

(3.12)

9 5
1 − e2
2 e(e(9 − 16) + 16)

Where FE is the yield strength of the structural element at the point of contact.
In addition, Polycarpou, Papaloizou et al. (2014) proposed a model for 3D MDOF systems to
also take into account friction forces, structural eccentricity, irregularity in plan but also the
effective impact area.

3.3.

Estimation of maximum displacement

Approximated methods for estimating maximum displacements are commonly used for
building vulnerability assessment.
The assessment of maximum displacements using approximated methods allows to easily
evaluate the impact force due to the pounding effects, while reduce the computational workload.
The methods used to estimate the maximum displacement response in MDOF system are
classified into 3 groups (Yaghmaei-Sabegh, Neekmanesh et al. 2017):
1. Methods based on equivalent SDOF systems, such as RA00 and LM10;
2. Methods based on displacement amplification factors, such as ASCE 41-06 and M99;
3. Methods based on equivalent linearization, such as BWML08 and YNL14.
The RA00 method proposed by Requena and Ayala (2000) is a variation of the CSM method,
but differs from the latter in determining the Performance Point. In fact, a non-linear static
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analysis is used in this method to determine the capacity curve of the structure. Subsequently,
the original structure represented by an MDOF system is transformed into an equivalent SDOF
system. The SDOF system is subject to one or more seismic excitations, while the maximum
displacement is estimated by assess the Performance Point of the SDOF system. This
displacement is then converted into the corresponding maximum top displacement of the
MDOF system according to the following relationship:

utop = S d PF1

(3.13)

Where uroof is the maximum top displacement of the structure, S d is the spectral displacemnt
corresponding to the fundamental mode of the structure and PF1 is the first-mode modal
participation factor.
A further method based on equivalent SDOF systems is the LM10 method proposed by Lin and
Miranda (2010). This method is similar to RA00 because it uses the displacement response of
an elastoplastic equivalent SDOF system to estimate the maximum top displacement of the
structure. The modal analysis is conducted to obtain the fundamental period and the related
modal participation factor. Then, the pushover analysis is performed to obtain the bilinear
capacity curve. The yield strength of the structure Vy and the yield strength of the elastoplastic
SDOF system Vy,SDOF are evaluated by dividing the yield strength of the structure by the modal
mass coefficient of the first mode. Thus, the inelastic displacement is calculated while the value
of the maximum inelastic top displacement is computed as below:

utop = PF1 i

(3.14)

Where PF1 is the first modal participation factor and  i is the inelastic displacement of the
equivalent SDOF system.
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The ASCE 41-06 (Displacement Coefficient Method DCM) is based on displacement
amplification factors. In this method the target top displacement, utop, can be obtained from the
following expression:

utop ,t

 Te2 
= C0C1C2 Sa  2  g
 4 

(3.15)

Where C0 is a modification factor that relates the spectral displacement and the top
displacement of the building, C1 is a modification factor that relates the maximum expected
inelastic displacements to the displacements calculated from a linear elastic analysis, C2 is a
modification factor that represents the effect of hysterical behaviour on the maximum
displacement response, S a is the response spectral acceleration, calculated considering the
fundamental period, and Te is the fundamental period of the building.
A further method was proposed by Miranda (1999) and is named as M99. This method is based
on the elastic spectrum and use a set of corrective factors that depend on the number of stories,
the distribution of lateral forces, and the proportion between flexural and shear deformations. In
this method the multi-storey building is modeled as an equivalent continuous structure based
on the combination of a flexible cantilevered beam and a sheared cantilevered beam. The
maximum top displacement is obtained from the following equation:

utop = 1 3 S d

(3.16)

Where S d is the spectral displacement calculated considering the fundamental period, 1 is an
approximate participation factor representing the ratio of the maximum top displacement to the
spectral displacement, while  3 is the inelastic displacement ratio defined as the ratio of the
maximum inelastic displacement and the maximum elastic displacement. Values of the
aforementioned coefficients are given by the following equations:
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N

1 =



j



2
j

j =1
N

j =1

(3.17)

Where  j is the assumed shape value at the jth floor level.
If a uniform story height, uniform mass distribution and triangular displacement form are
assumed, this amplification factor can be calculated as follows:
N

1 =

 j

  N 
j =1

 j

 
j =1  N 
N

2

=

3N
2N +1

(3.18)

Where N is the number of story.
The coefficient  3 is calculated as below:

u  1 
3 = i = 1 +  − 1 exp ( −12T  −0,8 ) 
ue    


−1

(3.19)

Where  is the displacement ductility ratio.
This method allows the calculation of lateral displacements along the height through the
following formula:
2

Wmax H 4 
z
z
z
− az
 z 
H
u( z) =
C
sinh

+
C
cosh

+
C
e
+
C
+
C
+
C

 (3.20)
1
2
3
4
5
6


EI (1 − e− a ) 
H
H
H
H


Where Wmax is the intensity of the distributed load on the top, H is the total height, a is a
dimensionless parameter that represents the shape of the lateral load and C1 - C6 are constants
that depend on the constraint conditions.
The last group of approximated methods for estimating maximum displacements are methods
based on equivalent linearization. Among the others, the BWML08 method proposed by
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Browning, Warden et al. (2008) deals with the approximation of the maximum non-linear top
displacements using the elastic response spectrum obtained considering an equivalent damping
and an effective period:
utop = PF1S d (Teff ,10%)

(3.21)

Where PF1 is the first modal participation factor and S d (Teff ,10%) is the spectral displacement
considering an effective period depending on the area in which the building is located and a
damping ratio of 10%.
The YNL14 method proposed by Yaghmaei‐Sabegh, Neekmanesh et al. (2014) is very similar
to the BWML08 method, but considers an effective period depending not only on the area, but
also on the location of the earthquake compared to the building site, and a damping ratio of 9%:

utop = PF1S d (Teff ,9%)

(3.22)

All these approximated methods have been evaluated and compared by Yaghmaei-Sabegh,
Neekmanesh et al. (2017).
In particular, 27 concrete models with different geometric properties were used to evaluate these
methods. Obviously different modal analyses have been carried out in order to determine the
dynamic characteristics of the structures, such as the fundamental period and the first modal
participation factor. By comparing the results obtained using these methods with those obtained
from non-linear dynamic analyses, it is possible to note that the average relative error is greater
than 31% for the methods within the Group 1 and the Group 2. and less than 25,5% for the
methods within the Group 3. However, the choice of the approximated method depends also on
the available information about the reference structure. Although in all methods it is necessary
to perform the modal analysis to obtain information on the dynamic behaviour of the structure,
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some methods require the use of parameters that are obtained from pushover analysis.
Furthermore, Group 2 and 3 require only the elastic response spectrum.
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4. Case study

The case study adopted to assess the accuracy of the proposed methods is an existing masonry
building located within the historic center of L'Aquila, Italy. It is within a building aggregate
and it represents the end of the two sides of the aggregate. For this reason, it is subject to
pounding

and

torsional

effects

due

to

the

presence

of

adjacent

buildings.

Figure 25. Case study

4.1.

Territorial organization

As previously mentioned, the building is located in the historic center of L'Aquila, Italy,
precisely at the corner of Via G. Verdi and Via Tempera, and falls within the "A" area of the
PRG called "Centro Storico". A few meters away there is the important crossroads called
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"Quattro Cantoni" corresponding to the intersection of the two main directions on which the
urban development of the city has been grafted. Due to its centrality, the area has always played
an important role in urban planning. For this reason the area has been subject to significant
changes over time.

Figure 26. Extract of cadastral plan

Figure 27. Extract of PRG

The building is located in an area of sub-flat morphology, located at an altitude of about 730 m
a.s.l. The stratigraphy of the soil is characterized by a first layer of soil and the presence of
clayey silt up to 12,50 m. Below this level there are calcareous breccias of 1-3 cm diameter in
a limo-clayey matrix. So, the subsoil category is C and the topographic category is T1.
In addition, the area has been home to numerous destructive earthquakes. Among these we
remember the most recent earthquake of L'Aquila in 2009. The following is also added:
•

the sequence of 1703 and the earthquake of the Marsica (1915);
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•

some earthquakes that hit the L'Aquila area, destructive (1315, 1461 and 1762) or
otherwise quite strong (1958);

•

the event of 1639, which damaged the basin of Amatrice;

•

the events of 1950 and 1951 in the area north of the Gran Sasso;

•

the events of 1706 and 1933 in the Maiella area.

Figure 28. History of earthquakes in L'Aquila area

The area of interest is part of the “Carta delle microzone omogenee in prospettiva sismica”
(MOPS) in a stable area susceptible to local amplification. Therefore, it is an area in which
amplifications of seismic motion are expected, as an effect of the local litho-stratigraphic and
morphological order.

Figure 29. Extract of MOPS
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4.2.

Historical-critical analysis

As can be seen from the previous images, the aggregate in question is part of a much larger
block circumscribed by the following roads: Via G. Verdi, Via Tempera, Via San Bernardino
and Via San Giovanni da Capestrano. The aforementioned block is characterized by a set of
heterogeneous buildings by type, by structure and also by the time of construction. This
heterogeneity is due to interventions carried out in different eras, consisting of new buildings
to replace previous building organisms, or from new construction to saturation of interstitial
empty spaces between the existing building. Inside the block the portion for which there is a
certain structural homogeneity is evidently the part overlooking Via Tempera and part of Via
Verdi and Via San Bernardino. This part is certainly the oldest part of the block and is
structurally separated from the remaining part of the most recently built by means of technical
joints.
Below is presented the material available that has allowed to elaborate a probable reconstruction
of the constructive history of the aggregate.
The oldest representation available (Carta dell'Antonelli 1622, engraved by Lauro) shows the
presence of buildings of considerable importance, such as the Basilica di San Bernardino da
Siena (2), the “Ospedale Maggiore” (3) and the “Seminario” (4). The latter included the entire
block under consideration. From this paper it is possible to hypothesize that the buildings on
Via Tempera can all be built on a wall of a similar closed place. This hypothesis is supported
by the fact that the canton between Via Tempera and Via Verdi is very late (mid-19th century),
built only to compensate for the subsequent modifications of the corner building. In addition, it
is possible to note that there is a small church at the intersection of Via Tempera and Via San
Bernardino.

50

Case study

Figure 30. "Carta dell'Antonelli", 1622

In the plan of Vandi of 1753 after the disastrous earthquake of 1703,it is noted that the built on
Via Tempera is not continuous, but presents a central void. The “Seminario” probably destroyed
by the earthquake is no longer visible. In addition, it should be noted that the building at the
corner of Via Verdi and Via Tempera (case study) presents the old alignment to the palace on
the other side of Via Tempera, called “Palazzo Galeota”.

Figure 31. Vandi, 1753
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The central void on Via Tempera is also present on the “Piano di Catalani”, 1829. Instead, from
the “Rilievo dell’Esercito Italiano” of 1888 it is possible to notice how this void is filled, making
the built on Via Tempera continuous. For this reason, we can date the construction of this
intermediate building between 1829 and 1888. It should also be noted that in the same period
of time the buildings on Via Verdi have been set back losing all the premises that gave on the
ancient alignment, preserving only the cellars that are still visible and almost inexplicably
located below Via Verdi.

Figure 32. Relief of Italian Army

In the 1932 intervention of Eng. Valentini also the facade of “Palazzo Galeota” is set back to
align with the buildings of Via Verdi. The building of the aggregate on Via Verdi was
substantially what appears today, except for the portion of the building placed on the left side.
This portion was demolished in the '70s to build the current reinforced concrete construction.
Below are the volumes corresponding to the phases and constructive assumptions of the
aggregate:
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Figure 33. Construction phases of the aggregate
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4.3.

Description of Structural Unit

The Structural Unit is divided into two buildings (Building A and Building B):
•

Building A: located at the corner of Via G. Verdi and Via Tempera. The property has a
mainly residential destination and is divided into n.2 housing units, n.2 professional
studios and n.1 commercial activities. The period of construction of the building in its
present shape can be traced back to the second half of 1800. It is divided into n.2 floors
above ground and attic and a basement. Structurally the building is characterized by a
vertical supporting structure in disordered stone. It should be noted that the distribution
of the load-bearing walls is such as to determine a great seismic vulnerability. In fact,
the load-bearing walls are distributed on the perimeter of the building while inside there
are no transverse or longitudinal walls. Different types of horizontal structures can be
identified. For the first deck are used ceilings in vaulted bricks and beams. For the
remaining floors and the roofing are used slabs in beams and tiles. In addition, the roof
is marked by a fairly recent intervention on the supporting structure with the insertion
of steel trusses and the construction of a curb in c.a. All the intermediate floors are
characterized by flexibility in the plan and the absence of perimeter curb or the use of
chains and tie rods. In addition, due to the lack of intermediate walls, the horizons have
a remarkable light because they rest on the perimeter walls;

•

Building B: located in Via Tempera. The property has a predominantly residential
destination with the exception of some commercial premises on the ground floor. The
period of construction of the building can be traced back to the second half of 1800, but
there is an elevation of about n.2 floors that can be traced back to the early years of
1900. In addition, it should be noted that the building has been the subject of various
interventions that can be classified as internal works even in more recent times. To these
interventions is added an intervention carried out at the beginning of 1990 to restructure
the last plan and the coverage. The planimetric conformation is quite regular; it has a
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rectangular matrix plant characterized by an expansion on the inner side of the high
court n.2 floors. Structurally the building is characterized by a vertical load-bearing
structure that has two types of masonry equipment: for the first three levels is used a
messy stone masonry, while for the last two floors a solid brick masonry is used. Also
with regard to the horizontal load-bearing structures there are different types. In
particular, there are stone vaults plastered with ribs and lunettes, stone barrel vaults,
slabs and steel beams and slabs with supporting structure in wood and reinforced screed.
The roof is made with simple warping wooden structure of the type not pushing with
brick tiles. The flexibility in the horizontal structure plane is aggravated by the absence
of intermediate perimeter kerbs and elements to ensure adequate box behaviour such as
chains or tie rods.

4.4.

Geometrical relief

Below is an extract of the geometric relief of the Structural Unit:
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Figure 34. Geometric relief - Floor plans
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Figure 35. Geometrical relief - Prospectus

Figure 36. Geometrical relief - Section
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4.5.

Technical-constructive relief

Below is an extract of the technical-constructive relief of the Structural Unit identifying the
different structural types for vertical and horizontal structures:

Figure 37. Technical-constructive relief - Abacus
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Figure 38. Technical-constructive relief - Floor plans
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4.6.

Adjacent buildings

The following paragraph describes the buildings adjacent to the case study building in order to
study the possible interaction between them. The buildings considered are Building C and
Building D:
•

Building C: located at the corner of Via Tempera and Via S. Bernardino. The property
is divided into n.8 units of which n.3 intended for housing, n.1 for use as a laboratory
on the first floor, n.3 commercial premises on the ground floor and n.1 storage room on
the ground floor. This building has a structure and technological-constructive
characterization similar to the Structural Unit being studied. As there is no information
about the roof, it is assumed that a roof with simple warped wooden structure of the type
not pushing with brick roof tiles, such as Building B. There is a common boundary wall
between Building C and Building B. In addition, As can also be seen from the facades,
the floors of Building C are offset by half a floor compared to the floors of Building B
due to the slope of Via Tempera.

Figure 39. Facade "Via Tempera" with Building C
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•

Building D: located in Via Verdi. The building, as previously described, was
demolished during the 70s to realize the current construction in c.a. There is no technical
separation joint between Building D and Building A. Moreover, it was not possible to
obtain detailed information about the geometric relief and construction techniques, but.
from the analysis of the elevations, it is possible to notice that the floors of the two
buildings are offset by half a floor.

Figure 40. Facade "Via Verdi" with Building D
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5. Case study model

This section describes the case study modeling with the SAP2000 program.

Figure 41. 3D Model

5.1.

Equivalent frame model

Equivalent frame modeling allows the analysis of three-dimensional buildings with an
acceptable computational effort compared to non-linear FEM modeling.
The modeling of the structure adopted in this work is based on the Simplified Analysis Method
(SAM) proposed by Magenes (2000). The SAM method allows the modeling of masonry walls
as an equivalent 2D frame. The frame is composed of vertical and horizontal one-dimensional
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elements (piers and spandrels, respectively) deformable axially and shear. These elements are
connected to each other at the end by rigid offsets.

Figure 42. SAM Method

The piers are defined excluding the spandrels affected by the openings. Each element is
represented by its barycentric axis and consists of a deformable part with finite resistance and
infinitely rigid parts at the end. The deformable height of the piers is calculated according to
the theory of Dolce (1989) by the following relation:

1 ( H '− h ')
H eff = h '+ D
3
h'

Figure 43. Theory of Dolce

The deformable part of the spandrels corresponds to the free light of the opening.
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Figure 44. Example of equivalent frame

Slab modelling by assessing the appropriate degree of deformability completes the threedimensional frame. In this work the slabs have been modeled with shell elements in order to
correctly define the stiffness and thickness.
In addition, the foundations are built by means of the wall padding for at least one metre from
the ground floor. For this reason, joints were inserted at the base of the individual vertical
elements.
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Figure 45. Equivalent frame model

5.2.

Material properties

The mechanical characteristics of the materials of which they are made have been defined for
each element constituting the model.
Below is a table with the mechanical characteristics of each material:
w [kN/m3]
19
18
0
25

Material
Stone walls
Solid brick masonry
Rigid Link Material
C20/25

E [N/mm2]
870
1500
2,00E+8
30000

Table 1. Material properties

In particular, for masonry materials the mechanical characteristics have been defined through
table C8.5.I of the NTC18. It has been considered a Level of Knowledge LC1 and no
improvements in the state of fact. The mechanical characteristics are as follows:

Material
Stone
Solid brick

f [N/mm2] τ0 [N/mm2]
1
2,6

0,018
0,05

E [N/mm2]

G [N/mm2]

870
1500

290
500

Table 2. Mechanical characteristics of masonry
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5.3.

Evaluation of actions

The following paragraph describes the actions acting on the structure. The classification and
determination of these actions was made according to the indications of NTC18.

5.3.1. Load analysis
Permanent structural (G1), permanent non-structural (G2) and variable loads (Q) have been
determined for each type of slab:
•

SO1:

Description
IPE 140 Profile (i=80cm)
Brick
Filling with inconsistent material

Flooring made with terracotta tiles
Cement mortar plaster
Interior partitions

Thickness
[m]
0,1

Specific weight
[kN/m]
0,129
-

0,015
-

-

Table 3. Load analysis SO1

•

SO2:
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Specific weight [kN/m3]
8
Structural permanent load
G1
Non-structural permanent
load G2
Variable load Cat. A Q

Weight
[kN/m2]
0,161
0,756
0,8
1,72
0,8
0,3
1,2
2,3
2
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Description
IPE 120 Profile (i=80cm)
Thick brick tiles
Concrete slab filling

Concrete floor screed
Cement mortar plaster
Interior partitions

Thickness
[m]
0,06
0,06

Specific weight
[kN/m]
0,104
-

0,04
0,015
-

-

Specific weight [kN/m3]
23
Structural permanent load
G1
13
Non-structural permanent
load G2
Variable load Cat. A Q

Weight
[kN/m2]
0,13
0,39
1,38
1,9
0,52
0,3
1,2
2,02
2

Table 4. Load analysis SO2

•

SO3:

Description
Wooden beam with diameter 16 cm
(i=80cm)
Wooden plank
Lightweight screed with welded
mesh

Flooring made with terracotta tiles
Cement mortar plaster
Interior partitions

Thickness
[m]

Specific weight
[kN/m]

Specific weight [kN/m3]

Weight
[kN/m2]

-

0,2048

8

0,256

0,03

-

8

0,18

0,1

-

14

1,4

0,015
-

-

Structural permanent load
G1
Non-structural permanent
load G2
Variable load Cat. A Q

1,836
0,4
0,3
1,2
1,9
2

Table 5. Load analysis SO3

•

SO5:

Description
Solid brick

Thickness
[m]
0,12

Specific weight
[kN/m]
-
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Specific weight [kN/m3]
Structural permanent load
G1

Weight
[kN/m2]
2,16
2,16
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Filling with inconsistent material
Flooring made with terracotta tiles
Cement mortar plaster
Interior partitions

0,22
0,015
-

-

22
Non-structural permanent
load G2
Variable load Cat. A Q

6,38
0,4
0,3
1,2
3,66
2

Table 6. Load analysis SO5

•

SO6:

Description
Stone

Filling with inconsistent material
Flooring made with terracotta tiles
Cement mortar plaster
Interior partitions

Thickness
[m]
0,2

Specific weight
[kN/m]
-

0,16
0,015
-

-

Specific weight [kN/m3]
22
Structural permanent load
G1
22
Non-structural permanent
load G2
Variable load Cat. A Q

Weight
[kN/m2]
4,4
4,4
3,52
0,4
0,3
1,2
5,35
2

Table 7. Load analysis SO6

•

SO7:

Description
Wooden beam with diameter 15 cm
(i=80cm)
Wooden plank

Thermal insulation
Brick roof tiles

Thickness
[m]

Specific weight
[kN/m]

Specific weight [kN/m3]

Weight
[kN/m2]

-

0,18

8

0,225

0,03

-

8
Structural permanent load
G1
Non-structural permanent
load G2
Variable load Cat. H Q

0,18

-

-

Table 8. Load analysis SO7
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•

SO8:

Description
IPE 140 Profile (i=80cm)
Thick brick tiles
Concrete slab filling

Brick roof tiles

Thickness
[m]
0,06
0,08

Specific weight
[kN/m]
0,129
-

-

-

Specific weight [kN/m3]
23
Structural permanent load
G1
Non-structural permanent
load G2
Variable load Cat. H Q

Weight
[kN/m2]
0,16125
0,39
1,84
0,55125
0,8
0,8
0,5

Table 9. Load analysis SO8

•

SO9:

Description
IPE 100 Profile (i=80cm)
Thick brick tiles

Concrete slab filling
Cement mortar plaster
Interior partitions

Thickness
[m]
0,06

Specific weight
[kN/m]
0,081
-

0,04
0,015
-

-

Specific weight [kN/m3]
Structural permanent load
G1
22
Non-structural permanent
load G2
Variable load Cat. H Q

Weight
[kN/m2]
0,10125
0,39
0,49125
0,88
0,3
1,2
2,38
0,5

Table 10. Load analysis SO9

5.3.2. Snow action
The snow load on covers shall be assessed as follows:

qs = qsk  i  CE  Ct
Where:
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•

qsk

is the reference value of the ground snow load calculated as follows:

  as 2 
  740 2 
2
qsk = 0,51 1 + 
  = 1, 72 kN m
  = 0,51 1 + 
  481  
  481  
•

μi

is the coefficient of shape of the roof as a function of the inclination of the

roof. In the present case the inclination is less than 30°. Therefore, μi=0.8.
•

CE

is the exposure coefficient. In the present case the topography is normal and

CE=1;
•

CT

is the thermal coefficient placed cautiously equal to 1.

Therefore, the snow load is equal to:
qs = qsk  i  CE  Ct = 1, 72  0,8 1 1 = 1,37 kN m 2

5.3.3. Seismic action
The seismic action was evaluated according to the NTC18 and as described above in Ch. 2.1.
The design seismic action was calculated using the OPENSIGNAL software developed by
Cimellaro and Marasco (2014). With this software it was possible to determine the design
spectra and the values of the reference seismic parameters for the different Limit States. The
following design parameters were used:
•

Longitude:

13,4006

•

Latitude:

42,3509

•

Limit State:

SLV-SLC

SLO-SLD

•

Behaviour factor q:

1,5

1

•

Nominal design life, VN:

50

•

Coefficient of use, CU:

1

•

Soil category:

C
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•

Topographical conditions:

T1

•

Viscous damping, ξ:

5%

The following are the values of the ag, F0 and TC* parameters associated with each Limit State:
Limit State

TR [years]

ag [g]

F0

TC* [s]

SLO

30

0,079

2,395

0,273

SLD

50

0,104

2,330

0,282

SLV

475

0,261

2,365

0,347

SLC

975

0,334

2,401

0,364

Table 11. Seismic parameters for each Limit State

The following are the design spectra associated with each Limit State:

Figure 46. Design Spectrum SLO
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Figure 47. Design Spectrum SLD

Figure 48. Design Spectrum SLV
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Figure 49. Design Spectrum SLC
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Figure 50. Design Spectrum

5.4.

Combination of actions

The actions described above have been combined with each other through the following
"Seismic Combination" defined in NTC18.

E + G1 + G2 + P + 21  Qk1 + 22  Qk 2 + ...
Where E represents the seismic action for the boundary state being examined.
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The effects of seismic action are assessed taking into account the masses associated with the
following gravitational loads:

G1 + G2 +  j 2 j  Qkj

(5.4)

The values of the coefficients ψ2j are given in Table 2.5.I of NTC18:

5.5.

Hinge properties

In the pushover analysis the post-elastic behaviour of the structure was modeled through the
use of plastic hinges.
According to the indications of the Circular 21/01/2019 of the NTC18, to describe these plastic
hinges has been used a bilinear shear-displacement model, in which the resistance is calculated
as the least among those related to the different possible breaking mechanisms. The
displacement capability is assessed accordingly through a limiting angular deformation of the
element.
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Figure 51. Bilinear shear-displacement model

Where:
•

Vu is the ultimate shear equal to: Vu = min(V p ;Vt ) ;

•

δy is the yield displacement equal to:  y =

•

δy is the ultimate displacement equal to:  u = u  ( H i − H j ) ;

Vu
;
Em

These values are different for piers and spandrels . In particular, for piers the following
relationships are used:

Vp =

u ,lim

0 
1  2 0  
  l  t    1 −

H0 
2   0,85  f d 
= 0, 01


1,5  0,d 
0
 1 +
l  t 
 0,85 
b

0, d

Vt = 
 l  t   f v 0,d +    0 
 b    1 +    

  
0, 004
0, 005

u ,lim = 
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Figure 52. Pier

For spandrels the following relationships are used:

Vp =

Hp

2 
h 
  H p    1 −

B 
2   0,85  f d  h  t 


1,5  0,d 
0
 1 +
B  t 

b

 1,5  0,d
Vt = 
 B  t   f v 0,d +    0 
 b    1 +    
 




 
  Irregular texture

 Regular texture



in the presence of elements resistant to traction
0, 02
other cases
0, 0015

 u, lim = 

(5.7)

(5.8)

(5.9)

Figure 53. Spandrel

Through the use of a MATLAB script it has been possible to insert inside SAP2000 the
respective plastic hinge for every pier and spandrel evaluating these effects:
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Figure 54. Define Hinge Properties SAP2000

5.6.

Modeling “Building C”

As described above, Building C has a wall in common with the case study building. Therefore,
it does not cause a hammering effect on the structure.
The common wall will be subject to the loads due to the floors of the reference building, but
also to the loads due to the floors of Building C. For this reason, the interaction between the
two buildings has been modeled with the insertion of additional masses at the height of the floor
of Building C. We remember, in fact, that the floor has an offset of about 80 cm compared to
the floor of the case study.
These additional masses were calculated by assuming the same stratigraphy of the floors of the
reference building and calculating the area of influence of the common wall.
In particular, the following masses have been calculated:
Level

Offset [m]

Area [m2]

Load [kN/m2]

Weight [kN]

Weight [kg]

Level 0

0,8

13,50

5,74

77,49

7896,23

Level 1

0,8

13,50

5,74

77,49

7896,23

Level 2

0,8

13,50

5,74

77,49

7896,23
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Level 3

0,8

13,50

3,37

45,50

4635,94

Table 12. Additional masses "Building C"

5.7.

Calculation of pounding effect

To consider the effect of the hammering between Building A and Building D was considered
the linear elastic model proposed by Maison and Kasai (1990) (1992). In particular, this model
introduces a spring with a stiffness that simulates the impact stiffness of the colliding
structures. This spring is activated only when contact between structures occurs:
k (t )  (t )  0
F (t ) = 
 (t )  0
0
 (t ) = u1 (t ) − u2 (t ) − d

(5.10)

It was necessary to determine the displacements of the two colliding buildings. The method
based on displacement amplification factors proposed by Miranda (1999) was used. For
Building D the following parameters were considered:
•

wmax = 944,16 kN

•

H = 14 m

•

α0 = 0,70

•

Load type: uniform

•

β1 = 1,342

•

β3 = 1,096

•

T = 0,543 s

In this way it has been possible to define the value of the maximum roof displacement which is
equal to:

utop = 13 Sd = 0, 058 m
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In addition, the following distribution of lateral displacements was obtained:
z [m]

u(z) [m]

3,5

0,006419

7

0,021176

10,5

0,03931

14

0,05813

Table 13. Lateral displacements "Building D"
16
14
12

z [m]

10

8
6
4
2
0
0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

u [m]

Figure 55. Lateral displacements "Building D"

The same procedure to estimate the maximum roof displacement was also carried out for
Building A although in this case more information was available to run more detailed models. It
was decided to use this method in order to define lateral displacements with the same degree of
error. Nevertheless, the basic period and the pattern of normalised height displacements were
used through modal analysis. Therefore, for Building A the following parameters were
considered:
•

β1 = 1,203

•

β3 = 1,050

•

T = 0,340 s
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In this way it has been possible to define the value of the maximum roof displacement which is
equal to:

utop = 13 Sd = 0, 020 m
In addition, the following distribution of lateral displacements was obtained:
z [m]

u(z) [m]

4,88

0,004739

8,54

0,012794

11,96

0,018993

13,41

0,020318

Table 14. Lateral displacements "Building A"
16
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12

z [m]
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8
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4
2
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0
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0,02

0,03

0,04

0,05

0,06

0,07

u [m]

Figure 56. Lateral displacements "Building A"

In order to compare the displacements of the two buildings it was necessary to determine the
displacements of Building A at the height of the displacements of Building D. This operation
was carried out through a simple linear interpolation of the described results previously. In this
way the following displacements have been obtained:
z [m]

u(z) [m]

3,5

0,003399

7

0,009405
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10,5

0,016347

14

0

Table 15. Lateral displacements "Building A"
16
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12

z [m]
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6
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4
2
0
0

0,02

0,04

0,06

0,08

u [m]

Figure 57. Lateral displacements "Building A" and "Building D"

Then it was possible to define the linear elastic model that describes the pounding effect using
a spring stiffness of k = 491907,4 kN/m. This value was determined by the following formula
proposed by Xu, Xu et al. (2016) according to the fundamental periods of the two collident
structures:

m2
k=
k1e
m1 + m2

2(ln e )

m1
k=
k2 e
m1 + m2



arcsin

2(ln e )



arcsin

In particular, the following parameters were used:
•

T1 = 0,34 s

•

T2 = 0,54 s

•

e = 0,69

•

m1 = 24809,66 kN
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 2 + (ln e )2

T1  T2


 2 + (ln e )2

T1  T2
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•

m2 = 17469 kN

•

k1 = 1048129 kN/m

Determined the value of the stiffness of impact, the maximum impact forces on the floor were
calculated considering the displacements of Building A obtained with the modal analysis and
the displacements of Building D obtained with the method of Miranda (1999).
The results are as follows:
z [m]
0
3,5
7
10,5
14

u(z)D [m] u(z)A [m]
0,0000
0,0000
0,0064
0,0032
0,0212
0,0094
0,0393
0,0161
0,0581
-

δ [m]
0,0000
-0,0032
-0,0118
-0,0232
-

F [kN]
0,00
-1563,08
-5791,67
-11415,92
-

Fnorm [-]
0,000
0,137
0,507
1,000
-

Table 16. Maximum impact forces

It is pointed out that in reality the pounding forces are dynamic forces. The approximation of
these forces in static forces with the maximum value allows to study the hammering and the
vulnerability of the building of interest in favour of security.
Within the SAP model a new Load Pattern has been created based on the distribution of
previously calculated Fnorm. Then, a pushover analysis is performed in which the initial
conditions are due to both vertical loads acting on the structure according to the equation ... that
by the effect of these horizontal forces.

5.8.

Calculation of torsional effect

The extended N2 Method proposed by Fajfar, Marušić et al. (2005) was used to consider the
torsional effect. As explained above, this method is based on combining the results of a
pushover analysis on a 3D model of the structure with the results of a linear dynamic analysis. In
fact, the pushover analysis aims to control the distribution of the target displacement along the
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height of the structure, while linear dynamic analysis controls the distribution of lateral
displacements caused by the torsional effect.
Therefore, the displacements obtained from the pushover analysis are amplified by a corrective
coefficient determined by the ratio of the normalized displacement obtained from the modal
analysis, i.e. the displacement of a specific point in the plane divided by the displacement of
the center of mass, and that obtained by the analysis pushover.
The following steps of the extended N2 method are performed:
1. Perform pushover analysis in both main directions using a 3D model. A load distribution
corresponding to an acceleration pattern proportional to the shape of the fundamental
way of vibrating in the considered direction shall be applied to the mass centres. The
target displacement (CM displacement demand at roof level) is then determined for each
of the two horizontal directions;
2. Perform linear modal analysis of the 3D model in the two horizontal directions and the
results were combined according to the SRSS combination rule;
3. Determination of the corrective factor to be applied to the pushover analysis. This factor
is determined by the ratio of the normalized roof displacement, i.e. the displacement of
a specific point in the plane divided by the displacement of the centre of mass, to that
obtained by the pushover analysis;
4. Application of the correction factor to the results obtained from the pushover analysis.
In this way, the results obtained are influenced both by the pushover analysis that does
not take into account the torsional effect and linear dynamic analysis.
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6. Results and comparisons

This section shows the results of the various analyses carried out and a comparison between
them.

6.1.

Results of modal analysis

The following modes of vibration of the structure under analysis have been calculated with the
relative frequency and period values:

Figure 58. Modal periods and frequencies

For each mode of vibration it is possible to define a participation factor, this represents the
degree of participation of the i-th vibrating mode to the vibration of the system:
88

Results and comparisons

Figure 59. Modal partecipation factors

Then, it was possible to calculate the actual modal mass for each mode of vibration:

Figure 60. Modal participating mass ratios

From this analysis it was possible to identify the fundamental modes of vibration in the two
main directions, with their respective periods.
In particular, for direction X:
•

Fundamental mode:

1

•

Period:

0,368 s

•

Effective modal mass:

73,10%
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For direction X:
•

Fundamental mode:

2

•

Period:

0,340 s

•

Effective modal mass:

55,47%

In addition, it can be noted that both fundamental modes do not have a high effective modal
mass. This is due precisely to the geometry of the structure which, being irregular, has no modes
of vibrating purely translations. In this case, therefore, the higher modes have a significant
effect on the analysis.

Figure 61. Deformed shape Mode 1
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Figure 62. Deformed shape Mode 2

6.2.

Results pushover analysis isolated building

Define the plastic hinges as described in the previous chapter and performed the modal analysis,
it has been possible to perform a pushover analysis considering a distribution of forces
corresponding to a trend of accelerations proportional to the shape of the fundamental mode in
the direction considered. This analysis was carried out in both main directions. Thus, the
Pushover_x is proportional to the 1 mode of vibrating, while the Pushover_y is proportional to
the 2 mode of vibrating. In addition, in this case no account was taken of the torsional effects
and the pounding effect. The only effect considered is the presence of Building C. This effect
has been modeled considering additional masses at the height of the floors of Building C.
Below are the capacity curves in the two main directions X and Y:
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Figure 63. Capacity curve Pushover_X

Figure 64. Capacity curve Pushover_Y

It is possible to notice that the capacity curve along the X-direction is elasto-plastic, while the
capacity curve along the Y-direction is almost exclusively elastic. This situation is due to the
torsional effect that the structure undergoes. In fact, the second mode of vibrating has a higher
92

Results and comparisons

percentage of torsional participant mass than the first mode of vibrating. The torsion having a
fragile behaviour involves an instantaneous collapse of the structure once the elastic behavior
is overcome.
For completeness, plastic hinges were analyzed during the different loading phases.
These analyses are given below with regard to the following steps:
•

Start loading;

•

End loading.

Figure 65. Hinge analysis Pushover_X
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Figure 66. Hinge analysis Pushover_Y

Subsequently, the following characteristics of the equivalent elasto-plastic SDOF system were
calculated and performance checks carried out.
In direction X:
m*

Γ

k*

T*

Sa(T*)

[kNs2/m]

[-]

[kN/m]

[s]

[g]

1216,3
Fy*
[kN]
3042,208

1,348
Fbu*
[kN]
3505,7

319917,7
0,6Fbu*
[kN]
2103,4

0,387
dy*
[m]
0,01

0,659
du*
[m]
0,016

Table 17. Characteristics of equivalent elasto-plastic SDOF_X

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0
0,000

MDOF

Base shear [kN]

•

SDOF
EL.
PERF.
PLASTIC
0,005
0,010
0,015
Displacement [m]

0,020

Figure 67. Equivalent elasto-plastic SDOF_X

94

0,025

Results and comparisons
SLD

SLV

q*
[-]

d*max
[m]

dmax
[m]

1,451

0,014

0,020

SLC

q*
[-]

d*max
[m]

dmax
[m]

q*
[-]

d*max
[m]

dmax
[m]

2,192

0,025

0,033

2,586

0,030

0,041

Table 18. Performance checks_X

•

In direction Y:
m*

Γ

k*

T*

Sa(T*)

[kNs2/m]

[-]

[kN/m]

[s]

[g]

966,2

1,272

212818,9

0,423

0,659

Fbu*

0,6Fbu*

[kN]
2371,7

[kN]
1423

*

Fy
[kN]
2372,608

*

dy
[m]
0,011

du*
[m]
0,012

Table 19. Charactiristics of equivalent elasto-plastic SDOF_Y

3500,0
3000,0

MDOF

Base shear [kN]

2500,0
2000,0
1500,0
SDOF EL.
PERF.
PLASTIC

1000,0
500,0
0,0
0,000

0,005
0,010
Displacements [m]

0,015

0,020

Figure 68. Equivalent elasto-plastic SDOF_Y

SLD

SLV

q*
[-]

d*max
[m]

dmax
[m]

1,478

0,017

0,021

SLC

q*
[-]

d*max
[m]

dmax
[m]

q*
[-]

d*max
[m]

dmax
[m]

2,233

0,028

0,036

2,634

0,034

0,043

Table 20. Performance checks_Y

6.3.

Calculation of isolated building vulnerability index

The seismic vulnerability index, as already described in Chap. 2, represents the security
assessment of the building of interest. It is defined as the relationship between the maximum
seismic action bearable by the structure and the maximum seismic action that would be used in
the design of a new construction on the same soil and with the same characteristics.
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In the case analysed, this index was calculated as the ratio of capacity to demand in terms of
displacement. In particular, the following results were obtained:
•

In direction X:
SLD

SLV

SLC

dc

dd

ζE

dc

dd

ζE

dc

dd

ζE

[mm]

[mm]

[-]

[mm]

[mm]

[-]

[mm]

[mm]

[-]

9,559

19,504

0,490

9,559

33,351

0,287

9,559

40,617

0,235

Table 21. Isolated building vulnerability index_X

•

In direction Y:
SLD

SLV

SLC

dc

dd

ζE

dc

dd

ζE

dc

dd

ζE

[mm]

[mm]

[-]

[mm]

[mm]

[-]

[mm]

[mm]

[-]

14,176

21,343

0,664

14,176

35,660

0,398

14,176

43,155

0,328

Table 22. Isolated building vulnerability index_Y

Comparing the results in the two directions it is possible to notice that the vulnerability index
in the X direction is lower than in the Y direction. This is due to the fact that the only effects
that come into play are the additional masses in direction X due to the presence of the adjacent
Building C with the wall in common with the reference building. This results in an unstable
effect only along the X-direction.
Nevertheless, from these results it is possible to note the need for local interventions or seismic
improvement to increase the vulnerability index.

6.4.

Results pushover analysis building in aggregate

The following are the results of the building’s pushover analysis in aggregate. In addition to the
effect of Building C previously considered, the pounding effect caused by Building D and the
torsional effect were also considered. In particular, as already described in Chap.5, the pounding
effect was considered by calculating a distribution of impact forces along the height of the
building. This distribution was combined with the vertical loads acting on the structure and
subsequently a pushover analysis was carried out considering this combination as initial loads.
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Instead, the torsional effect was considered by applying a correction coefficient to the results
of the modal analysis. This coefficient, as already described in Cap.5, has been calculated by
the ratio between the normalized displacement obtained from the modal analysis and the
normalized displacement obtained from the pushover analysis.
The following are the values of the normalised displacements obtained with modal analysis and
pushover analysis and the values of the corrective coefficients to be applied to the X and Y
pushover analysis:
dnorm,modal
[-]
1,215

dnorm,pushX
[-]
1

dnorm,pushY
[-]
1

Table 23. Normalised displacements

CX
[-]
1,215

CY
[-]
1,215

Table 24. Corrective coefficients torsional effects

Below are the capacity curves in the two main directions X and Y:

Figure 69. Capacity curve Pushover_X
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Figure 70. Capacity curve Pushover_Y

Also in this case, it’s possible to notice that the capacity curve along the X-direction is elastoplastic, while the capacity curve along the Y-direction is almost exclusively elastic due to the
higher torsional participant mass of the second mode of vibrating. The torsion having a fragile
behaviour involves an instantaneous collapse of the structure once the elastic behavior is
overcome.
For completeness, plastic hinges were analyzed during the different loading phases.
These analyses are given below with regard to the following steps:
•

Start loading;

•

End loading.
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Figure 71. Hinge analysis Pushover_X

Figure 72. Hinge analysis Pushover_Y

From these images and from the curves of capacity it is possible to notice that in direction X
the behaviour remains almost equal, while in direction Y there is a remarkable capacity
drop. This is due to the pounding effect which acts mainly along the Y axis.
Subsequently, the following characteristics of the equivalent elasto-plastic SDOF system were
calculated and performance checks carried out.
•

In direction X:
m*

Γ

k*

T*

Sa(T*)

[kNs2/m]

[-]

[kN/m]

[s]

[g]

1216,5

1,349

304236,5

0,397

0,659

Fbu*

0,6Fbu*

Fy

*

99

dy

*
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[kN]
2844,587

[kN]
3200

[kN]
1920

[m]
0,009

[m]
0,014

Table 25. Charactirestics of equivalent elasto-plastic SDOF_X

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0
0,000

Base shear [kN]

MDOF

SDOF
EL.
PERF.
PLASTIC
0,005
0,010
Displacement [m]

0,015

0,020

Figure 73. Equivalent elasto-plastic SDOF_X

SLD

SLV

q*
[-]

d*max
[m]

dmax
[m]

1,552

0,015

0,020

SLC

q*
[-]

d*max
[m]

dmax
[m]

q*
[-]

d*max
[m]

dmax
[m]

2,345

0,026

0,035

2,766

0,031

0,042

Table 26. Performance checks_X

•

In direction Y:
m*

Γ

k*

T*

Sa(T*)

[kNs2/m]

[-]

[kN/m]

[s]

[g]

966,2
Fy*
[kN]
1203,8

1,272
Fbu*
[kN]
1203,8

90485,6
0,6Fbu*
[kN]
722,3

0,649
dy*
[m]
0,013

0,542
du*
[m]
0,014

Table 27. Characteristics of equivalent elasto-plastic SFOF_Y
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Displacement [m]
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Figure 74. Equivalent elasto-plastic SDOF_Y

SLD

SLV

SLC

q*
[-]

d*max
[m]

dmax
[m]

q*
[-]

d*max
[m]

dmax
[m]

q*
[-]

d*max
[m]

dmax
[m]

2,010

0,027

0,034

3,539

0,047

0,060

4,270

0,057

0,072

Table 28. Performance check_Y

6.5.

Calculation of building in aggregate vulnerability index

In this case, the capacity displacement values obtained from the pushover analysis were
deamplified by the correction coefficient to consider the torsional effects.
In particular, the following results were obtained:
•

In direction X:
SLD
dc

dd

SLV
ζE

dc

dd

SLC
ζE

dc

dd

ζE

[mm]

[mm]

[-]

[mm]

[mm]

[-]

[mm]

[mm]

[-]

8,573

20,451

0,419

8,573

34,814

0,246

8,573

42,286

0,203

Table 29. Building in aggregate vulnerability index_X

•

In direction Y:
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SLD

SLV

SLC

dc

dd

ζE

dc

dd

ζE

dc

dd

ζE

[mm]

[mm]

[-]

[mm]

[mm]

[-]

[mm]

[mm]

[-]

13,926

34,007

0,410

13,926

59,709

0,233

13,926

72,257

0,193

Table 30. Building in aggregate vulnerability index_Y

In this case, comparing the results in the two directions it is possible to notice that the
vulnerability index in the Y direction is lower than in the X direction. This is due to the fact
that the pounding effect acting on the Y axis has been considered. For this reason the reason for
the Y-direction analysis is most affected by this effect, while in the X direction it is less. This
results in an unstable effect along the Y-direction on building.

6.6.

Comparisons

The following paragraph describes the comparisons of the results obtained with the pushover
analysis considering the isolated building and the building in aggregate. In addition, the results
of vulnerability indices obtained in both cases are also compared.
5000
4500

Base shear [kN]

4000
3500
3000
2500

Without pounding effects

2000

With pounding effects

1500
1000
500
0
0

0,005

0,01

0,015

0,02

0,025

Displacement [m]

Figure 75. Comparison capacity curves_X

From the comparison of the capacity curves in the X direction, it is possible to notice that the
pounding effect causes a small loss of capacity in terms of displacements. This is due to the fact
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that the pounding acts mainly along the Y axis. Therefore, along the X axis the structure is less
affected by this effect.
3500
3000

Base shear [kN]

2500
2000
with pounding effects

1500

without pounding effects
1000
500
0
0

0,005

0,01

0,015

0,02

Displacement [m]

Figure 76. Comparison capacity curves_Y

Instead, by comparing the capacity curves in the Y direction, it is possible to notice a high loss
of capacity in terms of resistance due to the pounding effect. Therefore, it can be concluded that
in this case, if the pounding effect is not taken into account, the results are overestimated.
Subsequently, a comparison was made between the vulnerability indices obtained considering
the isolated building and the building in aggregate. The reduction of these indices are as
follows:
•

In direction X:
SLD

ζE,without

ζE,with

SLV
ζE,ratio

ζE,without

ζE,with

SLC
ζE,ratio

ζE,without

ζE,with

ζE,ratio

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

0,490

0,419

0,145

0,287

0,246

0,142

0,235

0,203

0,137

Table 31. Percentage variation of vulnerability indices_X
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1,0
0,9
0,8
0,7
0,6
0,5

0,490

Without

0,419

With

0,4
0,287

0,3

0,246

0,235

0,203

0,2
0,1
0,0
SLD

SLV

SLC

Figure 77. Variation of vulnerability indices_X

•

In direction Y:
SLD

SLV

SLC

ζE,without

ζE,with

ζE,ratio

ζE,without

ζE,with

ζE,ratio

ζE,without

ζE,with

ζE,ratio

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

0,664

0,410

0,383

0,398

0,233

0,414

0,328

0,193

0,412

Table 32. Percentage variation of vulnerability indices_Y
1,0
0,9
0,8
0,7

0,664

0,6
0,5

Without
0,410

0,398

0,4

With

0,328

0,3

0,233

0,2

0,193

0,1
0,0
SLD

SLV

SLC

Figure 78. Variation of vulnerability indices_Y

It is possible to notice how the percentage variation of the results is of approximately 14% in
direction X and approximately 40% in direction Y. Obviously these two values are not equal
because in direction Y the pounding effects and the torsional effects are greater than in
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directionX. This is due to the fact that the pounding takes place mainly along the Y axis, while
the 2 mode of vibrating has a more torsional participating mass than the first. In both cases,
however, not considering the pounding effects and torsional effects would overestimate the
capacity of the structure.
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7. Conclusions

From the thesis work and the analyses carried out it has emerged that the interactions with the
adjacent buildings can drastically modify the seismic response of the single Structural Unit that
constitutes the aggregate. The simplified nonlinear static-based method proposed allows to
assess the seismic vulnerability of a building in aggregate considering the pounding effects and
the torsional effect with a reduced computational effort. In particular, the pounding effect is
simulated through a distribution of maximum static forces along the height of the
building. These static forces were calculated using the linear elastic model proposed by Maison
and Kasai (1990) (1992) which introduces a spring with a stiffness that simulates the impact
stiffness of colliding structures. Instead, the torsional effect is calculated through the modified
N2 method proposed by Fajfar, Marušić et al. (2005) which determines a corrective coefficient
to be applied to the pushover analysis that takes into account the results of the modal analysis.
Therefore, the proposed method is very simple to apply, but has some precautionary
approximations. In particular, simulating the dynamic pounding forces in maximum static
forces neglects the dynamism of this action. This results in an overestimation of the pounding
effect during the loading period because the final loading phase is directly considered.
Possible future works allow to consider further models of simulation of the pounding effect in
order to be able to consider also the plastic behaviour and the dissipation of energy during the
collision.
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Conclusions

From the analysis of the obtained results it is possible to notice how the application of the
proposed method involves a reduction of the vulnerability index of the structure of
approximately 40%.
In conclusion, it is worth noticing that perform a pushover analysis without considering the
pounding effects and torsional effects would have overestimated the capacity of the structure.
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