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1. Introduction

An unreinforced masonry aggregate is a type of building characterized by the assembly of
multiple structures, referred to as units, that share a certain degree of connection. The aggregate
configuration emerges from the gradual addition of new walls and units to existing structures,
resulting from the continuous expansion of historic centers over time. Past and recent seismic
events in mediterranean countries, such as Italy, have highlighted their vulnerability and the
complexity of their structural response resulting from the varied layouts, construction methods,

and materials of the units that compose the aggregate (1).

Recent studies have shown how the seismic response of a unit varies when it is considered as
part of the aggregate, when compared to its isolated response. This phenomenon is commonly
denoted as the "aggregate effect" (2), (3), (4). Accurately modelling the seismic response of
these structures is inherently challenging due to various uncertainties, such as the quality of
connections between adjacent units, the accumulation of damage over time, connections

between floors and walls and the presence of irregularities (5).

The absence of specific guidelines and limited research on aggregates result in
oversimplification in the seismic modelling of these buildings, considering units as either
separated or rigidly connected (2), (4), (6). As a result, the actual impact of non-rigid
connections between units tends to be overlooked, with only a few studies addressing it. A
recent example is the experimental shake table test on a half-scale aggregate building (7), where
researchers directly investigated the effects of connections between units. The same structure
was modelled and studied in (8) by conducting a broad statistical analysis to illustrate the
sensitivity of the results concerning the modeling hypotheses of the unit-to-unit interface. The
authors in (8) chose to use the equivalent frame model approach, given the numerous analyses
performed, and utilized zero-length elements with degrading behavior to simulate a realistic
connection between units. They demonstrated that modeling units as isolated can be
conservative, but these simplified approaches likely overlook damage and failure modes.
However, many variables can influence the vulnerability of the aggregate in specific cases, and

further research is needed to establish general guidelines.

Addressing the outlined needs, the present study aims to further explore the "aggregate effect"
on individual unit response under varying degrees of interconnection. To do so, an aggregate

building composed of three similar three-story units was designed and modelled using a 3D



Finite Element method. This method considers simultaneously in-plane and out-of-plane
mechanisms and their interaction, unlike the equivalent frame method. A homogenized
approach was utilized to model masonry walls, considering 2D layered shell finite elements.
Three types of models were developed: one with rigid connections, referred to as “Fully-
Connected”; a single model for each unit, referred to as “Isolated”; and a third with an
intermediate degree of connection, referred to as the “Semi-Connected” condition, achieved by
adding a layer of degrading mortar between units. In the Semi-Connected model, a parametric
study of the mortar was performed, investigating four different types of mortar to evaluate the
impact of connection strength variation between units. The mortars associated with interface

layers were characterized based on cohesion-friction failure criteria.

The analysis for each model involved modal analysis to dynamically characterize the structure
and assess its fundamental modal shape. This shape was then utilized to define the lateral force
distribution in nonlinear static analyses, which were conducted in both the positive and negative
longitudinal directions of the buildings. Seismic vulnerability was assessed based on pushover
results using the N2 method (6). Subsequently, the results were compared with a nonlinear

dynamic analysis, which considered the L’ Aquila earthquake as the seismic input.

The analyses were carried out using STKO (Scientific ToolKit for OpenSees) (9), a framework
for OpenSees (10) which, in addition to providing an interface, allows the use of advanced built-

in materials and elements.
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2. Seismic behaviour of unreinforced masonry

aggregate buildings

Masonry buildings in aggregate configuration constitute a significant part of the existing
architectural heritage in historic centers, typical throughout Europe (Figure 1). These
constructions are the result of multiple expansion and elevation operations carried out over the
centuries without a specific urban development plan to meet the demanding housing needs of
the past. Masonry aggregates appear as a series of contiguous buildings, more or less effectively
connected, often designed solely to withstand vertical loads, without any adherence to seismic

design criteria.

Figure 1: Masonry aggregate building, Trevi, Italy.

The seismic vulnerability assessment of aggregate masonry buildings is a subject of significant
interest and relevance, especially considering the serious economic and social consequences
that have emerged following earthquakes affecting such constructions in past decades (6).
Various portions of these aggregates were constructed during different periods, resulting in
typological differences in the materials used. These differences are influenced by the
availability of resources near the respective building sites, the construction techniques utilized,

the plan-altimetric organization, and historical period.
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2.1 The current state of the art of unreinforced masonry

aggregates

The current Italian regulation, NTC18 (11), lacks a well-defined calculation method to predict
the specific behaviour of aggregate masonry buildings as a whole under seismic actions.
Instead, it allows for the direct analysis of the individual structural units (US) that compose the
aggregate, while also considering potential interferences with contiguous units. A structural
unit denotes a portion of the aggregate that maintains continuity in both elevation and plan,
characterized by a common construction process and delimited by open spaces or structurally
contiguous buildings, which are at least typologically different. It is essential for these structural

units to ensure the distribution of vertical loads from the upper floors to the foundation.

Specifically for masonry aggregate buildings, NTC18 suggests for two different analysis
procedures based on the rigidity of floors. In the case of flexible floors, each wall of the unit
could be studied separately, considering the respective vertical loads and seismic action only in
the direction parallel to the wall. If there is a good connection between walls of contiguous
units, it is at the discretion of the designer to assess an increase in seismic action. In the case of
rigid floors, a nonlinear static analysis can be carried out on the individual unit, separately

verifying each inter-story level.

In addition to studying the US as isolated, NTC18 (11) requires the consideration of the effects
of unbalanced forces on the walls of adjacent structural units, such as the thrust of arches, vaults,
or domes that are not absorbed by appropriate resistant elements. It is also necessary to verify
the degree of connection between orthogonal walls, between adjacent units, and between floors
and vertical walls. However, explicit guidelines on how to address these aspects are not

provided in the code.

An essential phase in the study of masonry aggregates is the survey and identification of
individual units within the aggregate. This phase is described in the ReLUIS project (12).
Reconstructing the history of the building and aggregation process, as well as the subsequent
modifications over time, is crucial for correctly identifying the structural system. This approach
not only holds historical validity but also has structural significance. For example,
understanding which portion of the aggregate was built later in relation to others is for assessing

the vulnerability of the single unit. In Figure 2, a sketch exemplifies this aspect, showing that
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the new construction (C) was inserted between two existing buildings (A), utilizing the existing
lateral walls and constructing only the front and back walls. Without appropriate anchoring to

the existing walls, the vulnerability of the added walls is significantly high.

U777 A .,
- LD < / f ~ 7

Figure 2: Growth mechanism of aggregates (12).

In ReLUIS, the concept of the minimum intervention unit is introduced, which is the portion of
an aggregate, consisting of one or more structural units, that if retrofitted allows the reduction
of seismic vulnerability, not only for the individual unit but also for adjacent ones. This is
considered crucial because a localized intervention aimed solely at improving the seismic
performance of one structure could potentially worsen the vulnerability of other units within

the aggregate (13).

Due to the many issues highlighted and the lack of precise guidelines, the seismic assessment
of masonry aggregates is complex. Several assessment methods have been widely discussed in
the literature, with the most relevant including empirical methods, heuristic methods, and
analytical/mechanical methods (6). Empirical methods rely on historical data and observations
from past earthquakes to assess the seismic vulnerability of masonry structures. Buildings are
grouped into vulnerability classes through statistical analyses based on damage. By solely
considering the building's location, its seismic assessment can be evaluated. This approach
enables rapid assessment and categorization of many buildings in a short amount of time.
Heuristic approaches estimate vulnerability factors primarily based on expert judgment,
considering factors such as hazard and exposure of the site, along with on-site inspections by
experts. The classification involves evaluating different damage grades and comparing various
building types. Analytical/mechanical methods require the construction of a numerical model
to investigate the behaviour of structures through simulations. Generating such models
necessitates a deep understanding of the building's geometry and material properties. This

process is time-consuming and can only be carried out for a limited number of buildings (14).
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In addition, hybrid solutions combine the three mentioned methods, generating a multi-scale

approach.

2.2 Behaviour of the masonry

Masonry is a composite material composed of assembled stone elements, typically connected
through mortar joints. Dry masonry refers to the construction method where mortar is not used
to bond the blocks. Masonry can be constructed using a wide range of materials, each of which
gives unique characteristics to the structure (Figure 3). The masonry is defined as regular or
irregular depending on whether it is or not the product of the repetition of a single representative

volume element (RVE).

Figure 3: Example of masonry on existing buildings.

Masonry exhibits a distinctly nonlinear behaviour even under low tensile states, due to its
inherent inability to resist tensile forces (15). When a force is applied to a masonry structure,
only the compressed portions can provide a reaction, while the zones in tension can easily
fracture or crack. This nonlinear behaviour implies continuous damage and a reduction in the
effective resistance area as the force increases, highlighting the nonlinear response of the
structure (Figure 4). The post-elastic behaviour of masonry introduces a level of complexity
because it exhibits softening strength degradation with increasing deformations. Masonry fails
suddenly and catastrophically once a crack initiates and propagates. This degradation makes
masonry a quasi-brittle material, which is complex to numerically define and calibrate when
studying this material using numerical method. This softening branch is characterized by a low
tensile fracture energy: the amount of energy required to propagate a crack in the material or,
in simple terms, the area under the stress-strain curve. The calibration of this property in models

is a crucial step because it allows for the correct consideration of the material's brittleness and
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the prediction of crack propagation through masonry structures under various loading

conditions.

Masonry's mechanical behaviour has significant range of variation in mechanical properties,
deriving from the heterogeneity in terms of mechanical behaviour and geometry of the materials
involved. Understanding this behaviour requires careful modelling strategies and the correct
selection of a constitutive model for the material. Masonry can be mechanically studied through

experimental tests conducted on-site or in the laboratory (16).

Masonry constitutive model

o [MPa]

-0,02 -0,01 0 0,01 0,02

Figure 4: Masonry constitute model.

The macroscopic behaviour of masonry is determined by the properties of its constituent
materials and their interaction. The properties of brick parameters can be accurately assessed
through laboratory tests. Conversely, evaluating mortar properties is challenging, and the
results often exhibit significant dispersion (17). On-site tests can compromise the properties of

the mortar and it is complex to extract undisturbed specimens for laboratory testing.

2.3 Global and local failure mechanisms of URMs

The classification of response mechanisms in unreinforced masonry buildings can be conducted
between mechanisms of the first and second modes, as defined by Antonio Giuffre (18). The
mechanisms of the first (or local) mode concern the movements associated with the behaviour
of masonry walls outside their plane. In such cases, walls are considered to be rigid bodies, and

through equilibrium conditions (rotation or sliding), the mechanisms can be assessed.
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Secondary mechanisms (or global) are named as such because they are activated only when

local mechanisms do not occur.

In global analyses, it is assumed that all elements composing the structure contribute to the
building's resistance. In such analyses, the strengths of walls in-plane are considered, assuming
a rigid connection between orthogonal walls, even though, in reality, the building may exhibit
a different degree of connection. The in-plane mechanism can be associated with three main
categories of crack patterns: shear cracking, sliding, and rocking failure (Figure 5). In the case
of shear cracking, cracks propagate diagonally along the mortar interface or pass through bricks,
depending on the relative resistance between the masonry components. In situations of low
vertical compression or very low mortar cohesion and friction properties, a horizontal mortar
layer can fail, creating a sliding plane. Vertical eccentric loading and shear can cause collapse

due to tension developed at one corner and/or crushing at the other corner (rocking failure) (19).
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Figure 5: In-plane failure mechanisms of masonry walls (20).

Nonlinear static analysis is a commonly used for conducting global analysis of unreinforced
masonry buildings. However, without local verifications, this method may overestimate the
building's strength (1). The validity of global analysis relies on ensuring the box-like behaviour
of the analysed building. An illustrative example is provided in the Figure 6, depicting a
masonry structure consisting of four walls. In global analysis, the distribution of seismic action
depends on the stiffness of the elements. However, in reality, the low degree of connection
between orthogonal walls can significantly alter the distribution of forces among them,

activating a local mechanism.
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Figure 6: (a) walls rigidly connected; (b) walls not connected (21).

To analyse the structure properly, it is necessary to combine global analysis with the analysis
of local mechanisms. In such analysis, factors such as the quality of connections between walls
and between walls and floors, the presence of concrete curbs and chains, and the existence of
thrust elements are considered. In assessing local mechanisms, it is important to consider the
presence of poor-quality masonry that could lead to disintegration and compromise the
monolithic nature of the structure. Additionally, the presence of a flexible floor diminishes the

box-like effect of the structure, amplifying the significance of local mechanisms.
Below are described the main local mechanisms (21):

e The overturning mechanism causes a wall to rotate around its base due to the absence
of proper wall-to-wall connection. It can be schematized as a wall free to rotate around
a cylindrical hinge placed at the base. This mechanism can occur at various levels of the
structure and involve one or more walls. The detachment of orthogonal walls can occur
due to flexural (Figure 7a) or shear (Figure 7b) failure. In cases of good connection
between walls, the presence of openings could facilitate crack development and lead to
a portion of the wall tilting (Figure 7c). This mechanism can be mitigated by introducing

metal ties.
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Figure 7: Overturning mechanisms (21).

e The vertical flexural mechanism generates a central cylindrical hinge, dividing the wall
into two blocks that rotate at the two extremities, behaving like hinges. It can be caused
by the presence of concrete curb at the base and at the roof level due to the thrust of
poorly connected intermediate floors (Figure 8a), or by the rigid connection of a wall
between two floor slabs and the presence of slender walls susceptible to out-of-plane

flexural deformation (Figure 8b).

Figure 8: Vertical flexural mechanisms (21) .

e The horizontal flexural mechanism occurs when the orthogonal walls are well
connected, but the facade isn’t well connected at the top (Figure 9). The roof system

tends to push, causing a portion of the wall to rotate around oblique cylindrical hinges.
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Figure 9: Horizontal flexural mechanisms (21).

e The composed overturning mechanism occurs when various local mechanisms happen
simultaneously (Figure 10). It is typical when the connection between walls is strong,
but the orthogonal walls are weak and prone to cracking. The openings in transversal

walls become favourable points of detachment.

Figure 10: Composed overturning mechanisms (21).

2.4 The “aggregate effect”

A masonry building exhibits a different response to seismic loading when it is isolated
compared to when it is part of an aggregate. The term "aggregate effect" refers to the variation
in the structural behaviour of an unreinforced masonry structure caused by the presence of
adjacent units (15). While numerous studies are available regarding the analysis and modelling

of single unreinforced masonry buildings, limited documentation exists for aggregates. This
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limitation arises from uncertainties associated with numerical model construction and the

complexity of testing large-scale buildings. (7).

In the past, there was a prevailing notion that connecting different buildings would enhance
their performance. However, this assumption is no longer universally accepted. In some cases,
the seismic vulnerability of a unit in an aggregate building may exceed that of a freestanding
one. There are studies have shown that considering a unit as part of aggregate or isolated can
lead both conservative and unconservative estimates, depending on factors such as the position
of each unit in the aggregate and geometrical properties of neighbouring units (13). For
instance, in (22) an assessment procedure was developed that could assign also negative scores
to units within aggregates, making them more vulnerable compared to the same buildings
assumed to be isolated. Factors considered in this discrimination include the presence of
adjacent buildings of different heights, position within the aggregate, presence of staggered

floors, typological differences between units, and variations in the distribution of openings.

Observations have shown that the most vulnerable buildings are often sandwiched between
shorter buildings or positioned at the corner or end of the aggregate. Units situated at the edges
of aggregates generally exhibit higher vulnerability, as their displacement is not constrained by

adjacent units, and they are subject to torsional effects generated by seismic action on the entire

aggregate (4).

An isolated unreinforced masonry unit has a similar seismic response in the transverse or
longitudinal direction, but this can change when it is part of an aggregate. In cases of aggregate
buildings with a predominant direction (e.g., for row aggregates), the aggregate effect primarily
influences the main direction, while its effect in the transverse direction can be disregarded

(15). It makes the seismic response of the building different according to the action direction.

Two fundamental aspects that can modify the aggregate effect on individual units are the type
and arrangement of floors within units and the degree of inter-unit connection. The rigidity of
floors plays a crucial role in distributing loads between longitudinal walls, while the degree of
inter-unit connection regulates the interference between units. These aspects are described in

more detail in the following paragraphs.
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2.4.1 Impact of different floor typologies

One of the peculiar characteristics of building aggregates is the staggered levels of floor slabs
between contiguous building units, which, together with issues of poor or inadequate
connections between units, can cause local collapse mechanisms. Another relevant factor to
consider in masonry building modelling is the stiffness of floors and the degree of connection
between walls and floors. The presence of rigid or flexible floors significantly affects the

distribution of inertial forces during earthquakes (23).

According to NTC 18 (11), in the case of a concrete slab with a thickness of at least 40 mm, it
is possible to assume the floor as infinitely rigid (Figure 11a). Therefore, the slab is considered
to have only three degrees of freedom: two perpendicular in-plane displacements and in-plane
rotation. However, when the slab is made of wood, it exhibits a finite stiffness and can deform

even out of its plane (Figure 11b).

Figure 11: (a) stiff diaphragm, (b) rigid diaphragm (24).

In the case of an infinitely rigid diaphragm (Figure 12a), inertial forces are distributed to walls
proportionally to their relative stiffness. To analytically evaluate the portion of inertial force
taken by each wall, the slab can be represented as a beam supported by walls acting as springs
with specific stiffness. The beam is assumed to be infinitely rigid, capable of translating and
rotating in its plane without deformation. The inertial force can be concentrated at the mass
centroid of each floor, while the resultant response of the structure is applied to the stiffness
centroid. The eccentricity between the mass and stiffness centroids generates secondary effects

that increase the demand.
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Figure 12 (a) Rigid diaphragm; (b) Flexible diaphragm.

The position of the floor barycentre is:

_ Xj=a ki [1]

The reaction of each spring can be evaluated as:

ki (xi - xz)(xG - xz) [ 2 ]
R Y e

j=1

Rl':F

Where the first term takes into consideration the translation effect, while the second term is
related to rotation. In cases where the mass and the stiffness centroids coincide, the second term

of equation [2] is null.

In the case of flexible floor (Figure 12b), the inertial forces are distributed among transverse
walls according to the masses applied on each floor. The mass corresponding to each wall can

be evaluated using the tributary area method. The reaction force of each wall in Figure 12b is:

Roo_ R I [3]
VUL 4L, 2

p o R Litl [4]
VUL +L, 2
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2.4.2 Impact of Degrees of Interconnection Between Units

In historical centres, masonry aggregate buildings often result from the assembly of structures
built in different periods without consistent planning. New units constructed near existing ones
were typically connected using weak interlocking joints or mortar. During seismic events, the
mortar interfaces are particularly vulnerable, and adjacent units can interact, causing high stress
generated by units hammering against each other. Past experience has shown that interfaces
between units play a crucial role in concentrating damage and activating failure mechanisms
(2). Figure 13 illustrates an example of the cracks that occur at the interface between units due

to a seismic event.

Figure 13: Details of the damage occurred between structural units (2).

The definition of the interconnection between adjacent units adds uncertainty to the assessment
of unreinforced masonry aggregates. Due to limited information about the interaction of
adjacent units in literature, there are no established guidelines on this topic (25). Recognizing
this gap, a joint research program named “SERA AIMS-Adjacent Interacting Masonry
Structures” (7) was initiated to investigate the impact of connections between units in masonry

aggregates.

Shake table testing was conducted in the National Laboratory for Civil Engineering (LNEC) on
a half-scale masonry aggregate building consisting of two units: one single-storey unit (Unit 1)
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and one two-storey unit (Unit 2) (Figure 14). To replicate real construction sequences in city
centres and prevent interlocking between units, unit 2 was constructed before the other. Unit 2
was composed of four walls, while Unit 1 had a C-shape configuration. The interconnection
between the units was established using only a mortar layer, facilitating detachment during the

test (Figure 15).
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Figure 14: Plan view (a) and model (b) of masonry aggregate tested in (7).

Figure 15: Interface between units in the masonry aggregate (7).

The seismic excitation was applied in both the x and y directions. The masonry aggregate
exhibited cracking and separation at the interface, both longitudinally and transversally. During
the more intense cycles, the adjacent walls of the two units pounded against each other, leading
to the formation of a soft-story mechanism at the second floor of Unit 2. The experimental
results, regarding both structural response and crack pattern, could only be accurately replicated

through numerical simulation if the connection between units is explicitly modeled.

24



Current approaches to dealing with masonry aggregates consider units as either fully connected
or completely isolated from each other. However, assuming aggregates as perfectly connected
fails to account for the reduction in strength and stiffness caused by weak interfaces (8), while
considering them as isolated cannot properly capture the "aggregate effect." In (22), a row
masonry aggregate was examined, revealing that modeling units as separated could lead to
either an overestimation or underestimation of its seismic vulnerability. This discrepancy
depends on the position of each unit within the aggregate. Specifically, units positioned at the
extremities of the aggregate experience higher deformation and stress compared to intermediate

units.

The objective of this research is to explore the investigation of the degree of connection between
individual masonry units and their influence. Using numerical models, units will be examined
as isolated, fully connected within the aggregate, and considering intermediate levels of
connection between units, referred to as "semi connected," which are more representative of
real-world scenarios. The goal is to evaluate how the "aggregate effect" can be influenced by
the strength of the unit-to-unit connection. Furthermore, it is of interest to assess the reliability

of conventional assessment methods in all cases.
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3. Numerical modelling of masonry structures

For centuries, masonry was the primary construction material before the era of concrete and
steel. The design of masonry structures, from their origins until the late 19th century, based on
the adherence to construction rules established over millennia of empirical experiences and
observations. When the scientific community began studying the tension and deformation in
structures, they realized that the theory of elasticity was insufficient for analyzing structures
made of heterogeneous, anisotropic composite materials with nonlinear behavior and lacking
tensile strength, such as masonry. The fundamental distinction between steel or concrete
buildings and masonry buildings lies in their structural modeling approach. Steel or concrete
buildings can typically be modeled as beam systems, whereas masonry buildings are more
accurately represented as panel systems. In frames, only the bending behavior of the resistant
elements needs to be considered, while for masonry panels, both the bending and shear behavior

must be taken into account.

Considering modern computational capabilities, the Finite Element Method (FEM) and the
Discrete Element Method (DEM) are the main model methods adopted for masonry structures
analysis. Currently, the masonry modeling methods include micro-modeling, the homogenized
masonry approach, and the equivalent frame method (26). The following discussion will go into

the features of each of these models.

3.1 FEM and DEM

From a numerical perspective, the crucial feature of masonry is its composite nature: it is
composed of stones jointed by mortar layers. Such materials can be effectively modelled using
discrete element methods (DEM) or finite element methods (FEM). Discrete element models
explicitly represent masonry units and joints. In the research (27), Lemos defines the DE models
as numerical models which study structures as assemblies of distinct blocks (or particles)
interacting along their boundaries. These models are particularly useful for assessing the
behavior of structures that can be segmented into separate bodies, such as stone blocks in

masonry buildings.

Discrete element models offer flexibility in representing elements with different geometries,

which can be modeled as either infinitely rigid or deformable according to specific stress-strain
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relationships. Each element can move independently, and the contact behavior can evolve
during the analysis as deformation progresses. Mortar joints are represented as contact surfaces
between the units, simulated using a set of contact points. Defined relationships govern how

forces are transmitted between these points based on their relative displacements.

Discrete Element Models are particularly suited for examining failure mechanisms in masonry
structures. The method allows the consideration of problem in which units are subjected to
large displacements and correctly models the strong nonlinear behavior of masonry structure,
also including the case of full separation between blocks. Its main drawback is that an accurate

modelling of the interfaces requires many contact points, which increase the computational

demand. (28)

An alternative solution is the Finite element modelling (FEM) which describes the structure as
a mosaic of continuous elements connected at the edges, with nodal displacements as
unknowns. Each element has its own material properties, from which relationships between
nodal forces and displacements can be derived. The elements are assembled and connected to
each other by nodes. By considering the external nodes and boundary conditions, the
equilibrium of the structure can be described by a system of equations, the solution of which
provides the nodal displacements. From the nodal displacements, the stress and the strain can
be evaluated for the integration points. In (26), Lourenco explains that the FEM can be applied
through three primary modeling strategies in masonry structures: detailed micro-modeling; (b)

simplified micro-modeling; (c) macro-modeling.

Additionally, hybrid solutions combining FEM and DEM exist. An example involves
employing the DEM to analyze masonry as distinct elements, each subdivided into finite
elements according to the FEM. These elements can deform using defined functions and strain
parameters. An illustrative application of this approach is presented in (20), where Pepe
conducted a study on three masonry panels with different height-to-length ratios. The walls
were modeled using DEM and a combination of DEM/FEM. Each panel was subjected to
increasing horizontal forces until failure occurred. Figure 16 illustrates the sliding mechanism

failure observed in the masonry wall with an H/L ratio of less than 1.
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(a) DEM (b) FEM/DEM

Figure 16: Collapse mechanism obtained using DEM (a) and FEM/DEM (b) (20).

3.2 Equivalent Frame Modelling

One of the most used techniques for schematizing masonry walls is the Equivalent Frame
Modelling (EFM). This approach involves breaking down walls into a set of one-dimensional
elements. According to the schematization of the equivalent frame, each wall is made up of
three macro elements: piers, spandrels, and the rigid nodes. The masonry piers are the
deformable vertical elements placed between two openings belonging to the same level of the
building, while the spandrels are the deformable horizontal elements placed between two
openings belonging to different levels. The rigid nodes are the elements that connect the piers

and spandrels. In this model, 1D elements can be treated as beams, while nodes can be
represented as rigid connections.

The deformations in the structure are influenced by the height and width of openings. According
to the Italian rule code NTC 18(11), a method for determining the height of the masonry piers
in the equivalent frame is proposed by Dolce (29) (Figure 17¢), which is commonly used in
practice. This method allows the computation of the flexible length of the element (Heff) based
on the inter-storey height (D) and the dimensions of openings. The definition of Heff'is provided

by the following equation:

1 _H-h [6]

Heff=h,+§D H'
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In the Equivalent Frame Method applied to masonry buildings, the approach assumes that
nonlinear behaviour occurs primarily within the columns and spandrels. In contrast, other parts
of the structure are simplified as rigid nodes, representing areas where significant deformations
are not expected to occur. These assumptions align with the observed damage patterns in
unreinforced masonry buildings subjected to seismic forces (30). Typically, cracks tend to
concentrate in the masonry elements situated between openings, both vertically and

horizontally.

In research there are examples of use of equivalent frame modelling used to approach complex
subjects, such as the “aggregate effect”. Angiolilli in (2) studied the different response of a
building considered as isolated or as part of an aggregate building. In the study, two existing
aggregates have been modelled, one settled in Catania and one in Visso using 3D equivalent
frame model. The buildings were analysed by performing non-linear static analysis and non-
linear dynamic analyses. To also take local mechanisms into account, an integrated process

based on floor accelerations obtained from post-processing data was used.

Equivalent frame modelling is widely used in the profession for building modelling and analysis
due to lower requirements on time and computational resources. However, despite its
widespread use, several limitations constrain the effectiveness of such methods. Current
building regulations do not provide a comprehensive approach to precisely defining the
equivalent frame in all situations, for instance, accounting for irregularities and uncertainties in
existing structures. The presence of non-vertical walls or existing cracking pattern are
neglected, even though they significantly influence the definition of the deformable parts inside
the frame (31). Geometric relationships between pillars and beams may not conform to the
frame model, or any damage could drastically alter the behaviour of the structure, yet these
factors are disregarded. Another limitation of this technique is its failure to consider the transfer
of tangential stress between piers and spandrels. Overlooking this aspect neglects a significant
source of strength and structural integrity of masonry. Furthermore, the method primarily
focuses on in-plane failures, while out-of-plane mechanisms must be verified separately using
specific approaches. Local and global mechanisms can be effectively decoupled only in case of
regular buildings with aligned openings (32). In case of irregular buildings, out-of-place

mechanism influence local failures and their interference should be considered.
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Figure 17: (a) Wall geometry, (b) schematization with infinitely rigid nodes, (c) schematization of Dolce (21).
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There are examples in the literature on how to identify an appropriate equivalent frame model
for masonry walls that can provide a realistic response even in the presence of irregularities
(33). The complexity of the existing building makes it impossible to define the model
processing in a universal way. It is of fundamental importance that any irregularities are
assessed on a case-by-case basis based on the specificity of the existing building and the validity

of the proposed FE model must be checked.

The research is enhancing the technique of the equivalent frame model, and some of the
previously described issues are being mitigated. Vanin and Penna in (34) developed an
equivalent frame model of a masonry building, which was tested on a shaking table in
EUCENTRE, Pavia (Italy) (8). The building under study is a half-scale replica of a real
aggregate located in Basel, Switzerland, as showed in Figure 18. The authors realized a three-
dimensional equivalent frame model capable of assessing both in-plane and out-of-plane
failures (Figure 19). This functionality was achieved through the utilization of a macroelement
formulated in OpenSees by Vanin (35) which represents both spandrels and piers within the
equivalent frame model. One significant advancement provided by this new tool is its ability to
overcome the assumption of perfect connection between orthogonal walls. This modeling
technique can be extended to existing historical buildings characterized by poorly connected

orthogonal walls, making them vulnerable to local mechanisms.

Figure 18: (a)Example aggregate in Basel (Switzerland), (b) Laboratory tested masonry aggregate (8).
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Figure 19: EFM of the aggregate building (34).

3.3 Micro-modelling

Micro-modelling exactly replicates the actual geometry of masonry, distinguishing between
stone elements and mortar joints, that can be modelled using continuous materials with different
mechanical behaviours (36). This type of modelling can be executed in a detailed or simplified
manner. In the former case, the mortar-stone unit interaction can be directly considered by
modelling the mortar joints with or without interface surfaces (Figure 20a). In the latter case,
the interface is indirectly modelled by extending the stone elements to the midline of the mortar
joints and introducing interface surfaces to which constitutive relationships are assigned (28)
(Figure 20b).

Stone Mortar Stone Interface
element layer element surface

(a) L O#tm (b)

Figure 20: a) Detailed micro-modelling; b) simplified micro-modelling.

Appropriate resistance criteria must be associated depending on the modelling approach used.

A micro-modelling strategy for masonry may involve assuming indefinite linear elastic
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behaviour for stone elements and concentrating nonlinearity in mortar joints and interface
surfaces. This necessitates considering all possible types of masonry failure through interface
surfaces, introducing a discontinuity in the displacement field. The concept of finite interface
elements in masonry construction was first introduced by Page in 1978 (37), and more recently,
Lourenco and Rotz (36) proposed a simplified micro-modelling approach based on nonlinear
finite interface elements capable of describing both the mechanical behaviour of mortar joints
and penetration failure in the mid-section of generic stone elements. It is important for the
numerical model to accurately represent the various failure mechanisms in masonry structures.
In Figure 21, the five main failure mechanisms of masonry are showed: (a) and (b) are related

to mortar, (c) to stones, while (d) and (e) are a combination of the previous failure mechanisms.

Micro-modelling techniques lead to the development of discontinuous models that, while
providing more realistic results, also significantly increase computational request compared to
continuous models (38). This is due to the need for a refined mesh to accurately represent small
elements such as mortar layers. Analysing damage development and strength degradation
requires the use of robust integration algorithms to ensure convergence. Highly sophisticated
micro-modelling approaches are generally employed for simulating experimental tests or for
scientific applications on structures of particular importance. In such cases, the necessary

analyses involve a considerable computational load.
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Figure 21: Failure mechanisms of masonry (16).

To assess the accuracy of micro-modeling results in relation to reality, a significant example by
Petracca in (39) is noteworthy, as it involves a comparison of model outcomes with

experimental data. This case was specifically chosen for its implementation in STKO,
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contributing to increased confidence in the software's efficacy. Petracca replicated a masonry
building experiment under static cyclic conditions based on (40), utilizing micro-modeling to
show the complex failure mechanism. In the study both units and mortar joints have been
modelled as continuum elements. An advanced damage model was implemented to reproduce
the nonlinear behavior of masonry. As illustrated in the Figure 22, a distinctly favorable
correspondence between the model and experimental results is apparent. The analysis was also
very efficient from a numerical point of view thanks to a new constitutive model based on
continuous damage in combination with the implicit-explicit mixed integration algorithm,
explained in the chapter relating to OpenSees. The case study mesh has 177,000 elements,
60,000 nodes (6 DOFs per node), totalling 360,000 equations. Analysed with OpenSeesMP on
a high-performance computer, the computation-heavy model was processed in under 3 hours,

partitioned into 24 sub-domains.
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Figure 22: (a) Experimentally obtained Crack pattern (b) Model results Crack pattern (41).

3.4 Macro-modelling: homogenized masonry approach

Macro-modelling enables a numerical representation of masonry as a homogeneous continuum,
with units, mortar joints, and their interfaces modelled as a unified material (Figure 23). This
modelling technique demonstrates its effectiveness, drastically reducing both the number of
unknowns in the elastoplastic equilibrium of the structure and the number of parameters
required to describe the materials’ behaviour. Unlike micro-modelling, where small elements

like thin mortar layers need to be modelled, this technique allows for a larger mesh size. This
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means that even for large models, such as representation of masonry aggregates,

computationally feasible solutions can be obtained without reducing accuracy (28).

homogenized
material

Figure 23: Homogenized masonry.

The crucial process in achieving a robust macro-model is the homogenization (Figure 24),
which defines the material by deriving constitutive relations that describe average stress and
strain behaviors based on the properties of individual components (26). Homogenization
techniques represent a significant advancement in masonry modelling because they allow the
use of standard material models developed for isotropic materials (3). This method can be
applied to both regular and irregular masonry, where it is possible to extract a Representative
Volume Element (RVE) that globally represents the behaviour of the entire building's
characteristics. By studying the RVE, the properties of the homogenized masonry material can

be extracted.
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Figure 24: Homogenization technique (42).

Estimating homogenized continuum material properties can be done through either laboratory

tests or numerical calibration simulations. In the laboratory, properties are determined based on
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compressive strength data obtained from in-plane diagonal compression tests conducted on a
portion of the masonry wall under investigation (42). Currently, there's significant focus on
combining micro- and macro-modeling techniques using homogenization. The representative
volume element (RVE) can also be analysed mechanically by simulating its response
numerically (43). Micro-modelling techniques allow for modelling the RVE in all its
components, providing a calibration of the masonry material similar to what is achieved through
time-consuming laboratory experiments. However, the practical application of such numerical
homogenization is limited due to the numerous parameters involved in evaluating individual
units and mortar properties. The research community is actively working to overcome this
limitation. For instance, in (44) it was proposed a homogenization strategy that can be done
starting from available inspection results. In the study, the RVE was studied using a discrete
element model and calibrated with inspection results. Applying the Drucker-Prager criteria to
the RVE models, the brick masonry was homogenized. Their proposed method facilitates the
characterization of masonry without necessitating any destructive testing, by relying on models

that get an optimal balance between simplicity, time efficiency, and the accuracy of outputs.

The primary limitation of the homogenization technique is its inability to directly account for
masonry's anisotropic properties. Within a structure, certain areas may exhibit a specific
arrangement of components that make them more vulnerable to local effects, such as sliding
mechanisms. Consequently, this can lead to the oversight of local phenomena. Furthermore,
conventional constitutive models typically do not account for the variation of material
properties with the "scale effect". Quasi-brittle materials such as masonry show changes in
tensile strength and structural brittleness depending on the size scale. Therefore, it is crucial to
consider the "size effect" during the homogenization process to ensure alignment between the

model simulations and reality (45).

An interesting study in the literature is conducted by Lourenco (42), where the author compares
the effectiveness of a homogenized masonry wall model with experimental results. This study
also compares the results with previous research in which the author modeled the same wall
using a micromechanical approach (46). The tests were performed on a masonry wall having a
width/height ratio of one (990 x 1000 mm). The wall was initially subjected to a vertical
precompression and then a horizontal load was monotonically increased under displacement

control until failure (Figure 25).
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Figure 25: Experimental crack pattern of the tested wall (42).

In the study, masonry properties were assessed using the proposed micro-mechanical
homogenization technique. Despite using a coarse mesh, the finite element method with the
homogenization technique showed correspondence with the results derived from the more

detailed micromodel and experimental results (Figure 26).
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Figure 26: Comparison between experimental results, interface model and homogenization model: (a)
horizontal force vs. displacement; (b) vertical force vs. displacement (42).

Another relevant use of this technique is the work carried out by Tarque in (19), who calibrated
and modeled the behavior in the plane of the brick wall. The author adopted both macro-
modeling and simplified micro-modeling strategies to perform pushover analysis. Both

approaches show good agreement with the envelope of the experimental test.
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Figure 27: Pushover curves: experimental results and numerical modelling (19).

Additionally, in (19) a parametric study was conducted to observe the impact of the variation
in the strength and fracture energy in the response of the model. Results showed that
compressive strength or compressive fracture energy did not change the behavior significantly

(Figure 28), while the change in tensile strength or tensile fracture energy had a relevant impact

on the response (Figure 29).
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Figure 28: Parametrical study. a) influence of the compressive strength, b) influence of the tensile strength (19).
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Figure 29: Parametrical study: a) influence of the compressive fracture energy; b) influence of the tensile
fracture energy (19).
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3.5 Modelling interconnections between units.

The assumptions made in modelling the interaction between units have a considerable impact
on the predicted seismic response of units within an aggregate (7). However, literature lacks
numerous examples of explicit modelling of unit interconnections within aggregates. In this

paragraph two examples are examined.

Formisano and Massimilla in (25) proposed a simplified modelling approach to assess the
seismic performance of a unit within an aggregate without analysing the entire aggregate. Their
study focused on an aggregate consisting of three identical units modelled using an Equivalent
Frame Model. Initially, they evaluated the seismic response of the entire aggregate assuming
the units fully connected. Then, they modelled the units as separate entities, introducing
appropriate boundary conditions in the form of elastoplastic links to account for the influence
of adjacent units. These elastoplastic links were positioned at the floor levels, corresponding to

the transverse interface walls (Figure 30).

Figure 30: Equivalent Frame Model of the external unit (25).
The authors proposed a procedure to assess the strength and stiffness of the elastoplastic links
to model the unit directly as isolated while still considering the "aggregate effect". In the case
study presented, the pushover curves of the modelled single unit with nonlinear links closely

approximated the response of the same unit within the aggregate (Figure 31).
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Figure 31: Pushover curves of (a) the intermediate unit and (b) external unit (25).

A highly advanced study concerning the explicit modelling of interfaces between units was
conducted by Tomic in (8). This study concentrated on modelling the interaction between
individual units, replicating the shake-table test performed on the half-scale two-unit masonry
aggregate at the National Laboratory for Civil Engineering (LNEC) (7). In this research, the
aggregate was modelled using a three-dimensional equivalent frame model (Figure 32). Each
pier and spandrel within the aggregate was represented as macro-elements capable of capturing

both in-plane and out-of-plane failures. All elements were developed and implemented in

OpenSees.

Figure 32: Equivalent Frame Model of the aggregate (8).

In order to effectively model the complex nonlinear behaviour that may occur at the interfaces
between units, zero-length elements were introduced. These elements were associated with an

non-dimensional material (nD), named as CohesionFriction3d, characterized by a Mohr-
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Coulomb law in shear (in the y and z directions) and acting as a stiff axial spring in the x

direction with limited tensile strength (Figure 33).

The input parameters of this nDmaterial include the uniaxial material model, fracture energy,
cohesion, and friction coefficient of the interface. This newly developed material can evaluate
the shear capacity as a function of the normal force across the interface and can also consider

degrading cohesion over time.
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Figure 33: constitutive CohesionFriction3D model for unit-to-unit connections (8).

The authors also explored three additional approaches for modelling the connection between
the two units: using three separated 1D zero-length elements for each direction, assuming the
units as either fully connected, or isolated. The research demonstrates that the most detailed
representation with the nD interface showed less conservative results compared to other models
in terms of fragility curves (Figure 34). In conclusion, while modelling the units as either fully
connected or separated may lead to conservative predictions, these approaches may not

accurately predict the appropriate failure mechanism.
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Figure 34: Comparison of seismic fragility curves for the four aggregate modelling approaches presented in (8).
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4. Analysis and verification methods

The chapter discusses the analysis methods employed in this research, including modal
analysis, nonlinear static analysis (pushover), nonlinear dynamic analysis and a quantitative
seismic assessment utilizing the N2 method. Modal analysis evaluated the dynamic properties
of the structures and the obtained fundamental mode of vibration was used as horizontal load
profile for pushovers. Nonlinear static analyses were conducted to evaluate the longitudinal
base reactions of the building respect to the displacement of a significant point, and the results
were used to assess the seismic vulnerability of the structures according the N2 method. The
pushover curves were compared with nonlinear dynamic analyses, which were conducted with

the 2009 L'Aquila earthquake as dynamic input.

4.1 Modal analysis and response spectra

Modal analysis is the process of evaluating the dynamic characteristics of a structural system
in terms of natural frequencies w, mode shapes and the amount of mobilized mass that can be

associate to each mode of vibration (47).

The natural frequencies of a structural system are the frequencies at which the structure will
tend to oscillate freely after an initial disturbance. In response to a specific natural frequency,
the structure moves according to a pattern that is proportional to its mode shape. The dynamic
characteristics of the structure are a function of its mass, stiffness, and damping properties.
Modal analysis allows to describe an n-degree-of-freedom system as the superposition of N
individual one-degree of freedom system, each of them characterized by its distinct natural
frequency and mode shape (Figure 35). In the case of continuous systems, there will be an

infinite number of natural frequencies, each corresponding to a unique mode shape (48).
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Figure 35: Modal decomposition of a n-degree of freedom system (47).

42



The dynamic response of a system is the linear combination of its vibration modes. The dynamic
equilibrium condition for a multi-degree-of-freedom system subjected to a seismic input,

written in matrix form, is formally analogous to that of the simple oscillator:
[MI{X} + [CI{X} + K{X} = {F} [7]

In the case where the system is damped, the system of differential equations can be decoupled
into n equations each containing a single unknown function. This is possible by switching from

geometric (x;) to modal coordinates (p;):
Pi + 2w;p; + wip; = —Til, [8]

In equation [ 8 ], {; is the damping ratio, w; the natural frequency (inverse of the period T;), p;
is the modal coordinate and I; is the modal participation factor. I; indicates the contribution of

the individual modes to the overall motion of the structure.

dI'm 1 [9]
Fi=¢)T—
i mo;

The decomposition of the seismic response into the contribution of individual modes is the
foundation of modal analysis. The lowest frequency denoted as w;, is known as the fundamental
frequency. The fundamental period T; of the structure can be defined based on the fundamental

frequency as:
Tl S 277:/0)1 [10]

As the mode number increases, the participating mass gradually decreases. The fundamental
mode is characterized by mobilizing the largest amount of mass. According to the Italian
building code NTC2018 (11), only vibration modes with a total participating mass of at least

85% or modes with participating mass exceeding 5% individually are considered.

The solution of the equations of motion [7] provides the time history of displacements for each
vibration mode. For practical purposes, designers are interested in the maximum stresses
experienced by the structure during earthquakes, rather than the entire time history of the
response (49). To achieve this, the designer utilizes the elastic response spectrum. This
spectrum provides a graphical representation of the peak value of a response quantity as a
function of the natural vibration period of the system T},. The plotted response quantity can be

pseudo-acceleration, pseudo-velocity, or pseudo-displacement.
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For a one-degree-of-freedom system, the maximum seismic action F, can be computed as a

static force proportional to the maximum displacement u,,,,:
F, = m w? U, [11]

Where w? u,,,, represents the pseudo-acceleration. Since free vibration motion depends only
on frequency w and damping ratio {, systems with equal values in these parameters exhibit the
same maximum acceleration when subjected to identical seismic input. Consequently, the
elastic spectrum corresponding to a specific seismic action can be constructed by evaluating the

maximum seismic response for systems characterized by different periods.

The elastic spectra, considered by building regulations, are related to multiple earthquakes that
could affect the structure. These spectra are developed by enveloping response spectra from
various seismic events that are representative of the seismic characteristics of the region and
local ground conditions. The technical code spectra (Figure 36), which are derived from a
regularization of the previously described spectra, are described by functions of the period that

are valid within a certain interval.
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Figure 36: Technical code elastic spectrum (50).
Figure 36 illustrates an example of a technical code elastic spectrum. Tg, T, and Tp represent
the periods that divide the domain of the functions describing the spectrum. S, (or PGA) is the
peak ground acceleration, corresponding to the acceleration experienced by an infinitely stiff

system.

In the elastic spectrum, it is assumed that the structure responds to seismic action while

maintaining elastic behaviour. However, considering the nonlinear behaviour of the structure
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can reduce the required strength to withstand seismic events (51). The inelastic constant-
ductility spectra are derived from elastic spectra and account for the effects of structural and
material nonlinearity (Figure 37). It is possible to consider the dissipation of structures due to
their non-linear behaviour, considering the reduction factor q:

[12]

Fe
q=—=
Fy

Where F, is the structure strength requested to the infinitely elastic system and F, the yielding

strength of the structure. If the system shows a certain ductility g, the inelastic response spectra

can be defined as:

Sae(T) [13]
q(u, T)

Sai (ll,, T) =

The rule codes EC(52) and NTC (11) adopted the formulation of q given by (50):

G=@-Dit1  T<T) [14]

Cc

q=u (T=T.)

Where p is the ductility demand, defined as the ratio between the displacement demand and the

yielding displacement.
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Figure 37: Inelastic constant ductility spectra.
Modal analysis was used to define the fundamental mode and the lateral force distribution
applied during non-linear static analysis. The natural frequencies of the structure were used to
estimate the viscous damping applied during dynamic analyses. While the response spectra

were used in the seismic vulnerability assessment.

45



4.2 Nonlinear static analysis (pushover)

Nonlinear static analysis involves incrementally applying either a displacement or horizontal
load and evaluating the structural response (53). This type of analysis is commonly referred to
as pushover analysis. The pushover outputs are evaluated as force-displacement curves, which
correlate the base reaction force of the structure with the displacement of a significant point. In
displacement-controlled pushover analysis, the horizontal load applied to the structure is
incrementally increased until a specific displacement target is achieved at a significant point.
The applied horizontal load at each step is defined as P; = A; Py, where 4; is the load factor of
the i-th step and P, is the horizontal load distribution. In load-controlled pushover analysis, an
imposed displacement is gradually incremented at each i-th step, where the displacement D; =

A;D,y, with D, representing the initial displacement and A; denoting the increment factor.

The response of a multi-degree-of-freedom (MDOF) structure is simplified to that of an
equivalent single-degree-of-freedom (SDOF) structure with perfectly plastic elastic behaviour.
This procedure is explained in the paragraph related to seismic assessment. There are various
versions of pushover analysis in the literature (21): unimodal method, multimodal method, non-
adaptive method, and adaptive method. In unimodal methods, the transformation from a MDOF
system to a SDOF system considers only one vibration mode of the structure, generally the
fundamental mode. For multimodal methods, the transformation accounts for multiple vibration
modes. The eigenvectors used in unimodal and multimodal methods can either remain constant
with the increase in horizontal forces (in the case of non-adaptive methods) or vary according
to the current elastic characteristics of the system (in the case of adaptive methods). In non-
adaptive methods, the eigenvectors are calculated at the beginning of the analysis and remain
constant throughout the incremental loading path, even when, due to plasticization, the
conditions of the structure are significantly different from the initial ones. Conversely, in
adaptive methods, the eigenvectors are recalculated whenever there is a change in the static
scheme of the structure (for example, following the plasticization of elements). Adaptive
methods have the disadvantage of being much slower since the eigenvectors must be
recalculated whenever there is a change in the static scheme of the structure. In this study, the
non-adaptive unimodal pushover was used as it is the method required by NTC2018 (11) for

the calculation of existing masonry buildings.

The most significant aspect of pushover analysis is that it is a nonlinear analysis: the stiffness

matrix is a function of displacement and changes at each step of load application, necessitating
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the update of the stiffness matrix during the analysis. Literature presents various numerical
methods based on iterative procedures, which can account for stiffness changes, such as the
forward Euler method, the modified Newton-Raphson method, or the Arch Length method,
listed in order of increasing complexity (54). These algorithms achieve a solution by adopting
an approximation that assumes linear behaviour between two very small (assumed

infinitesimally) steps.

The modified Newton-Raphson algorithm (Figure 38) is preferred for its efficiency in updating
the solution at each increment, aiming to closely approximate the exact solution based on a
defined error measure known as the residual load (R). The residual load is the difference
between the external load applied and the effective internal resistance mobilized by the structure

due to the displacement achieved at the end of the step (55).

This algorithm achieves the solution at the new step a + 1 obtained through an iterative
process, which starts from the result obtained in the previous step a. Although R is a nonlinear
function of the displacement u, it is possible to linearize the relationship between R and the

displacement increment du, using the Taylor expansion:

dR“ 15
R+l = Ra 4 0 du®l + h.o.t. [15]

Ra+1

As we are looking for = 0 and we can neglect higher order terms (h.o.t.), we get:

du®t! = K& R“ [16]

Considering that it can be demonstrated that:

dR [17]
— =K1
du T

u(®)*t! = u(t)® + du®t?! [18]
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Although the symbolic notation for K71 was used, the reversal of K7 is not performed due to

its numerical expense. Instead, the linear set of equations is solved using a suitable efficient

method, such as the conjugate gradient or Gauss-Jordan method.
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Figure 38: Newton-Raphson method illustrated (55).
The basic Newton Raphson method maintains the same stiffens K for the entire loading phase

without recalculating it at each iteration of the residual. The same solution is obtained but with
a greater number of iterations.

The modified Newton-Raphson method is not able to correctly identify the equilibrium if the
phenomenon involves buckling or softening of materials (Figure 39). To solve this problem, it

is possible to use a more advanced computational technique, such as the arc length method.
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Figure 39: Newton-Raphson methods is not suitable for problems involving softening, buckling (55),
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4.2.1 Horizontal load distribution

The capacity curve of a structure is not determined in a unique manner but depends on a series
of factors, primarily the choice of the control point and the load profile used to increase the
horizontal loads. Thus, selecting an appropriate load profile to accurately represent the seismic
response is crucial. According to section 7.3.4.2 of the D.M. 17/01/2018 (11), there must be at
least two load profiles: one proportional to static forces and one proportional to masses (Figure

40).

In the first case, the increase in loads occurs proportionally to the eigenvector of the first modal
shape and remains constant until the structure collapses. In this case, the first mode of vibration
is determined through modal dynamic analysis ®7 = (®;, ®,,®3, ...) and the force on each

node is calculated using the following expression:
Fi=am; ®; [19]

This method can only be adopted if the first mode of vibration includes at least a modal mass
participation of 75% of the entire mass of the structure. If this requirement is not met, it would
be necessary to proceed with a multimodal load profile, which is obtained by combining
multiple modal shapes according to the Square Root of the Sum of the Squares (SRSS)

distribution.

The load distribution proportional to masses assumes that the force Fi at each floor is equal to
its mass mi. This method is also known as "uniform" because typically, the masses of each floor
of a building are equal. This approach ensures a straightforward and often conservative
estimation of the force distribution, reflecting a scenario where seismic inertia affects each level
of the structure uniformly. This method is particularly useful for initial seismic assessments or
when detailed modal information is not available, providing a simplified effective means to

approximate the seismic demand on a structure.

Typically, the capacity curve associated with a uniform distribution is characterized by a larger
shear force at the base and a smaller displacement capacity compared to the curve related to a
modal distribution (49). This occurs because the center of mass for the uniform distribution is
located at a lower level compared to that of the modal distribution, resulting in a smaller

overturning moment at the base. The current NTC18 regulations for seismic assessment
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established the need to use both the uniform and the modal horizontal profile, assuming that the

real solution will be in between, as depicted in Figure 40.

A

Figure 40: Capacity curves under uniform and modal horizontal load profiles, the real solution in between. (21).

4.3 Non-linear dynamic analysis

Nonlinear dynamic analysis represents a sophisticated approach to evaluate structural
performance under seismic loads, capturing the complex interactions between inertia, damping,
and stiffness that evolve in the structure during an earthquake. This method offers a rigorous

solution by solving the motion equation step by step:
MU+ CU+ Fp(U) = —MR%, [20]

In [20], M is the mass matrix, C is the damping matrix, F is the internal forces vector, U, U,
and U represent the displacements, velocity, and acceleration respectively, and R is the vector
related to the influence of the earthquake, proportional to the masses and to the ground
acceleration. The analysis is performed respect a certain time history (accelerogram) assigned
at the base of the structure (15). The computational demand of solving equation [20] at each
step is high. The current computational capabilities of computers facilitate this operation
through numerical integration techniques without significant difficulty. However, various
modelling problems, as well as synthesis and interpretation of results, still limit the direct
implementation of nonlinear dynamic analysis in standard engineering applications (15).
Indeed, this methodology is the only approach that provides a reliable estimate of the seismic

performance of complex structures under high-intensity design earthquakes (56), overcoming
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the assumptions made in other seismic analysis. It directly solves the problem by assessing

internal stresses from earthquake generated displacements.

The complexity of nonlinear dynamic analysis lies in accurately modelling the seismic input,
defining the hysteretic behaviour of elements correctly and limiting the geometric uncertainties
that affect seismic capacity, and demand. Seismic input can be modelled using real, artificial,
or simulated signals (11). The method can be applied effectively when seismic masses are
associated with the model components. All elements of interest must exhibit nonlinear
behaviour and the ability to dissipate energy through damage. Additionally, the system can
dissipate energy through dissipative forces generated within the structure due to relative motion
between its components. Damping can be determined based on the model's masses and/or
stiffness. The Rayleigh method will be discussed in the following paragraph to evaluate the

system's viscous damping.

4.3.1 Damping: the Rayleigh method

In nonlinear modelling, materials are characterized by employing nonlinear constitutive
models, which inherently account for a portion of the energy dissipation absorbed by structures
during seismic events. However, other critical sources of seismic energy dissipation, such as
friction between structural components and crack openings, also play significant roles. These
mechanisms can be effectively incorporated into simulations by utilizing the Rayleigh damping

model (Figure 41).

The Rayleigh method, when applied to masonry structure nonlinear dynamic analysis, involves

expressing damping as a linear combination of mass and stiffness matrices:
c=aym+ ak [21]

The first term represents the mass proportionality of the damping and the second the stiffness

proportionality. The generalized damping of each mode can be evaluated as:
Cl' = CloMl' + alezMj [22]

While the damping ratio of each mode can be computed as:
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Figure 41: Rayleigh damping (51).
The coefficients a, and a; can be determined from specific damping ratios that belong to two

different modes i and j:

%o = ((,l)i + (l)]
2 [25]
1=¢
w; + (U]

4.4 Verification methods

The Eurocode 8 (52) and the Italian NTC 2018 (11) allow for seismic performance assessments
of buildings using the N2 method (47, 54). This method enables the evaluation of seismic
vulnerability through pushover analysis, even for structures with multiple degrees of freedom.
The procedure involves determining the seismic capacity and demand of the building and

comparing them in terms of required displacement or ductility.

52



4.4.1 Capacity assessment

From the nonlinear static analysis, the capacity curve of a Multi-Degree-of-Freedom (MDOF)
system is provided. The method assumes that the structure's response is dominated by a single
mode of vibration, and that the shape of this mode remains constant throughout the analysis.
To obtain the equivalent Single-Degree-of-Freedom (SDOF) capacity curves, it is sufficient to
divide both the base reaction and the control node displacement by the modal participation
factor I of the fundamental mode (Figure 42Figure 42: Equivalent SDOF capacity curve.),

evaluated from a modal analysis using equation [ 9 ]:

Fpy [26]
F, ==
bu I':'l
. Oy [27]
di = T

Where F, and d,, represent the base reaction and displacement achieved at failure, respectively.
From the capacity curves, the failure of the structure can conventionally be assumed when the
base reaction has a reduction of 15% compared to the maximum value achieved. Conventional
failure may be anticipated by real failure in case of a local or global mechanism. d;; represents

the maximum displacement associated with Fy,,.
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Figure 42: Equivalent SDOF capacity curve.

The obtained capacity curve is further simplified by approximating it with a bilateral elastic-
perfectly plastic curve (Figure 43). The bilinearization is conducted ensuring that the areas

under the two curves are equal, and an intersection point occurs at 60% of the Fp,, value. This
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bilinearization allows the determination of the yielding condition ( F;, d3,), which correspond

to the transition from the elastic to the plastic branch.

AF*
Fou" SDOF
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>0.85 Fy,,*
» d*
d,” d”
Figure 43: Bilinear equivalent capacity curve.
The ductility capacity of the system is evaluated as:
dy [28]

.uc:d_;

It is possible to dynamically identify the structure by assuming the stiffness, mass, and period

of the structure as:

K = F [29]
dj

m=¢I MI [30]

- m* [31]

4.4.2 Seismic demand evaluation

Once the period of the structure is known, it becomes possible to evaluate the corresponding
maximum pseudo acceleration that the structure could experience if it maintains elastic

behaviour (Figure 44). This assessment is conducted using the elastic response spectrum, which
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must be defined in accordance with the specific seismic characteristics of the region and local

ground conditions.

Se(T*)

T*
Figure 44: Elastic Spectrum.

The force Fg required to the elastic system and the corresponding pseudo displacement dy can

be evaluated as:

F; =5,(T*) m* [32]
\ A 33
dj = S.(T) 7 3

The reduction factor of the system can be evaluated as:

*

F: [34]
g = £

ky

The ductility demand is assumed as:

. T, 35
{w=m—nﬁ+1 (T<T) )
Ma=q" (T =Tc)
While the displacement demand is estimated as:
d; T, 36
Qo =2 =D +1] <) -
Amax = demax (T=T)
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4.4.3 Assessment criteria

The seismic assessment can be evaluated comparing the capacity and the demand in terms of

displacement [38] and/or ductility [37].
Ha < Ue [37]
dimax < dy [38]

In the NTC 2018 and EN 1998, verifications regarding seismic actions quantify the level of
safety of the construction through the vulnerability index ¢z, which is the ratio between the
maximum seismic action that the structure can withstand and the maximum seismic action that

would be used in the design of a new construction.

— PGAC — &Z,max [39]
PGAd d;,max

SE

Where d;max and g* are the maximum elastic displacement and reduction factor associated

with the spectrum of the earthquake inducing the limit state of the structure

. d, q* . [40]
de,max = = T (T <T.)
@ - e+

d:,max = dy (T* = Tc)

- T . [41]

Q=@ —-D+1 (T"<T)

c
4" = Uc (T*"=T,)
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S. Numerical modelling of aggregate buildings

in Opensees using STKO

5.1 Introduction to OpenSees

OpenSees is a robust software framework predominantly written in C++, designed to simulate
applications in earthquake engineering using finite element methods. Developed by the Pacific
Earthquake Engineering Research Center (PEER) in 1997, it is an open-source architecture,
based on a collaborative community in which each user can create custom materials and
elements. The framework is used for its speed, stability, and efficiency in handling large

nonlinear models with multiple methods (10).

To use OpenSees features, users must compile code written in the Tcl (Tool Command
Language) programming language, a dynamic language based on string operations. While
becoming familiar with Tcl can be a challenge at first, it quickly turns into a powerful tool that
offers flexibility in model development and rapid execution of complex analyzes without

requiring mastery of complex computational procedures.

The structure of OpenSees is solid and simple. A model generator integrates components such
as elements, nodes, constraints, and load models into the domain. This allows users to define
geometry, assign materials to elements, specify mechanical characteristics, assign loads or
constraints, and conduct both static and dynamic analyses. This iterative process, while easy to
manage, allows for the creation of complex models. During analysis, the model undergoes
transitions between states over time intervals, all of which can be recorded for later
examination. The user needs to script the structural model and define the desired output of the

results.

OpenSees requires naming and explicitly considering degrees of freedom for all nodes, a task
that becomes increasingly challenging when dealing with large models with numerous nodes.
Modeling directly in 2D or 3D with OpenSees can be overly laborious and tedious. A more
practical and efficient approach to utilizing the OpenSees framework is via STKO (Scientific
Tool Kit for OpenSees) (9). STKO simplifies the modeling process, offering a user-friendly

interface and automated functionalities that alleviate the complex aspects of model creation and
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manipulation. STKO provides both a pre- and post-processor for OpenSees analysis. The user,
without writing any script, can define the geometry, elements, materials, specify the loading
conditions or constraints and set the analysis parameters. A user-friendly graphical interface
allows for quick construction of geometry in the CAD environment and addition of components
via an intuitive menu. The software automatically generates TCL codes that can be analyzed in

OpenSees.

The team at ASDEA, the developers of STKO, has enriched the framework with additional
materials and elements, improving the computation capabilities. Additionally, STKO simplifies
post-processing of OpenSees outputs and offers the flexibility of working with Python instead

of Tcl, which is generally more known and powerful (58).

STKO's fundamental modeling workflow (Figure 45) follows the following steps: geometry,
element properties, physical properties, conditions (loads and constraints), definitions,

interactions, and analysis steps. Each of the main steps will be introduced.

Document
_t\_ Workplanes
. I_ Local Axes
-:,.fj Selection Sets
[\_ Geometries
L= Interactions
Definitions
> Physical Properties
¢ Element Properties
&7 Conditions
< Analysis Steps

R N . . . T

Figure 45: The STKO work tree.

Definition of the geometry

STKO facilitates the use of various categories of geometries: nodes, faces, and volumes. These
geometries can be intuitively generated in a CAD environment. Each category serves a unique
purpose within the structural model. Nodes represent discrete points in space, while faces define

two-dimensional surfaces, and volumes model three-dimensional regions.
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OpenSees treats these three categories of geometry as distinct entities, but it is possible to
establish connections between them through merging or interactions. The "merge" command is
a functionality that allows users to combine multiple structural entities into a unified one.
Interactions are tools used to connect nodes of different geometrical entities, specifying the type
and degree of connection, associating specific conditions. When creating an interaction, it is
necessary to define master and slave nodes, with slave nodes directly influenced by master

nodes.

The geometric components can be organized into selection sets, a highly useful feature for
automatically identifying by software when needed. Additionally, each component can be
linked to a local reference system, distinct from the global one, providing a valuable resource

for scenarios involving local settings.

Physical and element properties

To each geometrical entity must be associated element and physical properties. The element
property describes how the component should behave computationally. On the other hand,
material properties govern the constitutive behavior of the structural elements, describing how
material responds to various stress conditions. The software facilitates direct customization of
material properties and provides a direct visualization of the stress-strain relationship within a
material test application. This feature enables the user to evaluate the direct impact of parameter

changes.

Both sets of properties are essential for accurately representing the structural behavior and
performance in finite element analysis conducted using STKO. An extensive library of element
and physical properties is available in the software. Some of these properties are directly
derived from OpenSees, while others are developed by the ASDEA team. It is crucial to ensure

coherence between the material and the type of element.

Conditions

The conditions involve the association of boundary constraints, loads and masses applied to the

structural model. Boundary conditions define how the structure is constrained at its boundaries,
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specifying the type of constraints on the degrees of freedom (DOFs) of nodes in the model.
Loading conditions describe the external forces, displacements, or other effects that act on the
structure such as prestressing and temperature variation. OpenSees distinguishes masses from
the self-weight of elements, so both must be explicitly associated with the model. Masses are

crucial for defining inertial actions in dynamic analysis.

In OpenSees, loads and masses are directly applied to nodes by specifying specific conditions.
However, STKO has introduced a feature enabling the application of forces or masses on edges
or faces, which are then lumped among nodes by the software. This functionality is crucial for

avoiding the necessity of adjusting loads each time the mesh size is changed.

Analysis Steps

In the "analysis steps" section, the software is guided on how to set up the entire analysis
process. Initially, the parameters that the software needs to record during the analysis are
specified using a Recorder. Then, the conditions intended to be applied to the model are
introduced. Once this setup is complete, the analyses to be performed can be defined. OpenSees

offers a diverse library of available analyses and allows users to adjust their setup as required.

Additionally, STKO allows for the definition of Monitors, which can display the progression

of specific parameters during the numerical simulation.

5.2 Numerical modelling approach

This chapter describes the modeling strategies adopted to effectively replicate the behavior of

masonry buildings using the Finite Element modeling method.

5.2.1 Masonry structure modelling approach

In this research, the masonry structure was studied by performing a three-dimensional model

using shell elements and employing the homogenized masonry approach for modeling.

Layered-shell elements were utilized to discretize masonry walls, as they effectively capture
both bending and shear behavior (59). This is in strong contrast to 1D elements, which

exclusively address flexural behavior and neglect shear effects, a limitation that is acceptable
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for steel or reinforced concrete beams but unsuitable for stocky elements such as masonry
panels, where the combination of shear and flexural behavior is predominant. Shell elements
have multiple integration points in the direction of the shell thickness, allowing both in-plane
and out-of-plane mechanisms to be considered. Compared to three-dimensional elements, these

elements offer faster computations benefitting from a three-dimensional response (60).

It was decided to model the masonry structures with macro-elements based on the homogenized
masonry approach. The homogenized masonry properties were introduced according to
suggested values present in a previous study (see section 7.3), which were evaluated through
calibration with respect to cyclic experimental tests. Since the goal was to model a large-scale
aggregate building, micro-modelling was not feasible due to the excessive computational time
required (26). Homogenized masonry was considered the best-suited option because it has been
demonstrated to capture the critical behaviour of masonry while maintaining an optimal balance
between simplicity, time efficiency, and the accuracy of results (28). Modelling the building
with equivalent frames could not account for the implications of in-plane and out-of-plane
failure mechanisms (32). Even with advanced strategies allowing for frame modelling including
out-of-plane failures (35), defining a frame that accurately represents the structure could be

challenging (31) .

Layered shell

The layered shell command in STKO creates the section of the multilayer shell element. Itis a
specialized type of section utilized to repeat composite structures by dividing them into separate
layers (Figure 46). This approach allows for the accurate representation of complex composite
materials and structures, taking into account the unique properties of each layer. The layered
shell provides the flexibility to specify the number of layers, their thicknesses, and the types of

materials associated with each layer.
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Figure 46: Layered Shell section(61).

From a numerical point of view, the Layered shell considers the axial deformation and curvature
of the intermediate layer, subsequently evaluates the deformation of the other layers based on
the assumption of section planarity hypothesis. The constitutive law selected for each layer
leads to the evaluation of stresses at the integration points, and numerical integration is used to

evaluate the internal actions.

ASDShellQ4

To the masonry geometries, the ASDShellQ4 was associated: a versatile 4-node thick shell
element designed to adeptly integrate membrane, bending, and out-of-plane shear behaviors
(54). Its ability to support three-dimensional constitutive models allows the macro-element to
capture both in-plane and out-of-plane failure modes. This element shows insensitivity to

geometric distortion thanks to an advanced numerical membrane behavior.

The kinematics of this element can be assumed to be linear when there are no significant
displacements or rotations expected relative to the overall building size and number of

integration points perpendicular to the shell plane can be customized by the user (59).

This element was selected to model both masonry walls and mortar interfaces, offering accurate
description of complex behaviours like non-linear stress-strain relationships, cracking, and

collapse mechanisms.
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ASDConcrete3D

The ASDConcrete3D constitutive model was employed as the physical property for
homogenized masonry walls, while DamageTC3D was used for mortar layer interfaces between
units of the aggregate. These materials are computationally efficient thanks to the implemented

IM-PLEX and autoregularization algorithms.

ASDConcrete3D is a NDmaterial object which represents the stress-strain relationship at gauss-
points of a continuum element. It is a very recently developed material that has the useful feature
of withstanding multiple failure mechanisms. Based on sophisticated plastic-damage
mechanics, it can describe quasi-brittle material behavior, including nonlinear stress-strain
behaviors, cracking, and crushing. While specifically designed for concrete, it also can be used

to describe masonry (9).

The material's computational efficiency and stability are enhanced by the implemented /MPL-
EX integration scheme and secant constitutive tensor approach (39), crucial for analysing large-
scale models under diverse load conditions. By using the principles of continuum damage
mechanics, the constitutive model allows for the direct extraction of the stress tensor from the
total strain tensor, eliminating the need for internal iterations at the constitutive level. This
crucial feature not only ensures robustness in the analysis but also facilitates an efficient
process, making it particularly suitable for large-scale models. The material allows the
definition of two damage indices, d+ and d-, which separately consider failure criteria for

tension and compression.

STKO offers flexibility in customizing the material properties, allowing users to control
between 1 and 9 parameters. Additionally, a user-defined option enables direct definition of the

stress-strain relationship by placing custom vectors.

Given the relevance of this physical property in the research, a theoretical description of how
this material computationally works has been described, considering the indications given by

the software manual (62).

The state of stress and deformation of the last step (a,,, €,,) are assumed to be known and the
objective is to evaluate the update of the stress tensor & when a new level of deformation € is
achieved. As a trial value, it is initially assumed that the material is working in the elastic

regime, and by considering the stiffness tensor C,, the new state of stress is defined as:
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6 =0,+Cy(e—€y) [42]

By utilizing the positive principal stresses (o;) and their corresponding principal directions

(p;), the stress tensor can be divided into its positive and negative components.

3 [43]
6t = Z(fﬁ)l’i X p;

i=1

6-=6—-6" [44]

From the trial effective stress tensor, two scalar values are defined: one related to tensile (1)

and one to compressive (1) behavior using the damage surfaces.

1 . - 1 [45]
Tt = f(6) = H(Gmax) lm (all + \/37]2 + ﬁ(&max)) _l

¢

1 _ _ [46]
T~ = f(&_) = [m (0(11 + \/37]24' V(_&max>>l

Where:

e [ is the first invariant of &
e J, is the second invariant of the deviator of &
® O,y 1S the maximum principal stress.

4 23
c a=2p=2y=3,¢=10

By considering the equivalent plastic strain from the previous step (X, ), the stress scalars T°

and 1 can be transformed into their trial total-strain counterparts:

- T+ [47]
X— = f + Xpin
Plasticity and damage cannot be recovered so it is required to update the strain:
. il xE _Aar ¥ if ¥ > xf o
Xt =<n+At (n + At)
xit ,otherwise
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To account for damage irreversibility, the model defines a damage threshold using the variables
r*and r~, which represent the largest highest values attained by the equivalent stresses, T+ and

77, throughout the loading history for each time step.
r*(t) = max(maxt¥(s); ft)) s €[0,t] [49]

r~(t) = max(maxt~(s); f,0)) s € [0,t] [50]

The plastic damage and cracking variables (dpi and der) are derived from the hardening-

softening law and new effective and nominal stress are evaluated as:

gt = (1-d})e* [51]

6~ =(1-dy)s" 32
G=5*+6" [53]
o=(01-dt)et + (1 —d;)e" [54]

In Figure 47, evaluation of the stress procedure is illustrated: before the elastic predictor is

evaluated and then reduced by plasticity and damage in the uniaxial scenario.

Figure 47: schematic representation of the elastic predictor followed by the plastic and damage correctors in a
representative uniaxial case (62) .

DamageTC3D

DamageTC3D is the predecessor of the ASDConcrete3D (9). As well ASDConcrete3D, the
speed and stability of DamageTC3D is thanks to IMPL-EX algorithm. The material also has an
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autoregularization feature which allows an independence of the mesh size on the damage

distribution.

The differences between them are related to the incapacity of DamageTC3D to withstand
multiple failure mechanism. For instance, when a component fails in tension, the resistance is
reduced in all directions, resulting in null compression resistance as well. This kind of
mechanism describes very well the degraded mortar behavior present in existing structures (21).
When the mortar achieves a failure of any kind shows a sort of disintegration and its resistance

is drastically reduced for all the directions.

IMPL-EX algorithm

The IMPL-EX algorithm combines the advantages of both explicit and implicit algorithms and
to provide robustness to the analysis even in the presence of strong nonlinearities (63). It divides
the calculation in two different calculation phases: first, the data is extrapolated explicitly, and

then it is corrected implicitly.

During the global implicit stage, the trial stress tensor is computed for each element. In standard
algorithms, the damage variables r* and r~ are nonlinear functions of the trial effective stress
tensor, leading to a non-linearity of the global problem. In the /IMPL-EX algorithm, these
damage variables are estimated from the previous time step using linear functions with the

equation:

At [55]
+ _ .+ n+l o + +
i1 =T + AT (rn_ - rn—l)

n

The linear dependence of variables with respect to the strain allows for a more robust and rapid

analysis, which can also be used for large models.

The IMPL-EX algorithm enhances computational efficiency in analysis, but it may produce
results that are not always consistent with the desired outcomes. The explicit component of the
algorithm converges towards a certain equilibrium path, which is not always guaranteed to be
the exact solution. The error introduced by this approach can be minimized by incrementing the
number of steps of the analysis. Therefore, it is essential for the user to always control the

outputs and verify their reliability (39).
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Autoregularization tool

The autoregularization facilitates a mesh-size independent response (39). Due to material
heterogeneity, structures have imperfections which behave as accumulation stress points and
starting damage regions. For instance, if two elements (e; and e,) are considered equal in
geometry and material, and stress is equally increased on them, one of them may have larger
imperfections and will reach failure earlier. However, the numerical model cannot determine
which element will fail because imperfections are not considered. Furthermore, if e; fails and
exhibits softening behavior, the non-failed e, will unload to maintain equilibrium, reaching the
same stress value as e;. This implies that the fracture energy showed by e, (red area) will be

much lower of e;(green area), as shown in Figure 48.
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v

Figure 48. Energy dissipated by e, and e;.

The bigger the size of the elements, the more energy they will dissipate even if the fracture
energy material (Gt and Ge) is the same. So, it is intuitive that by changing the mesh these
phenomena can drastically impact the material behavior. Using the autoregularization, the input
fracture energy is divided by the element’s characteristic length. So, it solved the model-reality

mismatch that would cause a totally different result.

The evaluation of the tensile fracture energy is a fundamental aspect for modeling structures

characterized by brittle materials with low tensile resistance such as mortar or masonry.
According to the FIB Model Code (64) the tensile fracture energy can be calculated as:
G, = 0.073f%18 [N/mm] [56]

Where f_,, is the compressive tensile strength of the masonry in MPa.
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The determination of compressive fracture energy is performed using the guidelines outlined
in (65).
G, = 250G, [N/mm] [57]

It's important to note that the two proposed formula [56] and [57] are originally related to
concrete. Therefore, during masonry calibration, it is necessary to check its accuracy and
suitability for masonry materials. The formulation provided by the rule code offers a reliable

starting point.

5.2.2 Modelling of the slab

The floors of the masonry building can be modelled as either flexible or rigid, and this
distinction significantly influences the distribution of inertial forces during earthquakes as
discussed in Chapter 02. Flexible floors pose challenges in modelling realistic connections
between floors and vertical walls, as well as determining how horizontal loads distribute
throughout the structure. Conversely, rigid floors simplify the modelling process. In this case,
horizontal loads can be applied directly to the central node of the floor, which is rigidly

connected to other nodes within the floor.

In the present study, the slabs are considered infinitely rigid. Modelling a rigid diaphragm
involves establishing an interaction between all nodes of the floor and associating it with a
RigidDiaphragm condition. This condition imposes a rigid connection between all the floor

nodes with respect to the floor's barycentre.

Interactions and Rigid diaphragm

An interaction is a constraint that establish a relative relationship between DOFs of different
nodes. Interactions serve as tools to connect nodes and elements within the structural model.
When creating an interaction, it is necessary to define the master and slave nodes. Slave nodes
are elements whose behavior is directly influenced by master nodes. To be effective, an
interaction must be associated with a multipoint constraint (10). These types of constraints find
application in various modeling scenarios, including Equal Degrees of Freedom (EqualDOF),

rigid diaphragm, and rigid connection.
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In the case of EqualDOF;, it is possible to define which DOFs of the slave nodes are exactly
like those of the master node. With a rigid link, the selected degrees of freedom (DOFs) in the
designated nodes are constrained to move as a rigid body. Rigid link and EqualDOF show the

same behavior if the master and slave nodes are at zero distance.

A rigid diaphragm constrains specific degrees of freedom of the slave nodes to move as if they
are on a rigid plane with the node constrained, typically the center of gravity of the floor (Figure
49). A rigid diaphragm imposes a zero axial strain condition on the element connecting the
restrained nodes and allows nodes to only translate along the x and y axes and to rotate about

the z axis.

Interactions can also serve to connect various types of elements. This method proves
advantageous when a more detailed mesh is necessary for a particular segment of the model,
avoiding the necessity to refine the entire mesh uniformly and prevent an increasing
computational demand. STKO assumes the same global mesh for all elements of the same type.
The portion that requires a different mesh must be separated from the others with the assigned

a global mesh. If necessary, the parts can then be reconnected using EqualDOF.

\
fill!

Figure 49: Rigid diaphragm example.

5.2.3 Modelling of the floor beams

The floor beams are modelled using elastic one-dimensional elements. The force-based
numerical approach is implemented using the ForceBeamColumn element in OpenSees (10).

To the beam elements are associate a linear elastic constitutive model.
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To connect the beams to walls, an embedded node-to-element condition is modelled. In this
approach, masonry panels are considered as master elements, while the beam's extreme nodes
act as slave nodes. This interaction accounts for the connection between the beams and walls,

allowing for a more accurate representation of the structural behaviour.

Fiber section:

In fiber section elements, the cross section of the beam can be discretized into fibers. At each
fiber, a specific constitutive law can be associated to identify where fiber stresses reach the
plastic limit. This method is particularly suitable for slender, flexure-dominated structures, as
fiber elements primarily focus on capturing flexural behavior and may not fully account for

shear failures (10).

These elements are suitable for capturing nonlinear behaviour and automatically detect the
plastic limit for each fiber section. In Figure 50, an applicative example of a fiber section

element is illustrated to model a reinforced concrete beam.

Gauss noda B
Section b

Figure 50: Fiber section element (66).

Non-linearity can be introduced with 1-D elements through either lumped or distributed
plasticity (Figure 51). With lumped plasticity, plastic deformation is concentrated at specific
points. While this method is computationally efficient, designers need to identify potential
plastic hinge locations. This solution is more suitable for steel or reinforced concrete frames

where plasticity positions are easily predictable (67).
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Distributed plasticity is a more practical approach because the software can automatically
handle plastic hinge development and consider axial force-bending moment interactions,
despite a larger computation honor. While distributed plasticity can be considered using
continuum finite element models, it is not practical for civil engineering practice due to the
exaggerated computation demand (65). A way to obtain a sufficiently fast analysis is to have

distributed plasticity with fiber section elements.

Two main types of elements can be used for this modeling approach: displacement-based
elements (DBE) and force-based elements (FBE). DBEs are formulated in displacement fields,
imposing a linear curvature distribution to approximate the nonlinear response. FBEs, starting

from internal forces, solve equilibrium equations to determine deformation trends (68).
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Figure 51: Lumped and distributed plasticity (69).

In the STKO software, the force-based approach is implemented by means of the
ForceBeamColumn element (9). Although computationally more expensive respect DBEs,
FBE generally improves global and local response without mesh refinement (70). The
ForceBeamColumn element utilizes a simple linear transformation to translate beam properties

from local to global coordinates, which makes the computation lighter.
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Connection beams-vertical walls

The connection between beam floor and vertical walls can be modelled through an interaction
node-to-element, assuming masonry faces as master elements and beam ends as slave nodes.
To this interaction is assigned ASDEmbeddedNodeElement condition, which is used to consider

directly the degree of connection between the two components.

The ASDEmbeddedNodeElement establishes a connection between one constrained node and
multiple retained nodes. In OpenSees, a Multi-Point constraint typically accommodates only
one retained node. Therefore, this constraint was implemented as an Element (10). It enforces
the constraint using the Penalty approach. This method adds large penalty parameters to the
stiffness matrix to enforce constraints without altering the system size, making it suitable for
any constraint type. The penalty parameters should be chosen to be effective but not too large
to avoid instability. Typically, the penalty is set based on the typical stiffness magnitude of the

model, increased by a factor of 8.

5.2.4 Modelling of the connection between orthogonal walls

The connection between orthogonal walls in masonry buildings can be modelled in two ways:
either as being infinitely rigidly connected by merging the walls, or by introducing zero-length

elements to accommodate a non-rigid connection.

When the walls are merged, they behave as a single element. Alternatively, different degrees
of connection between orthogonal walls can be achieved by introducing interactions at the
contact points of their extremities and associating them with zero-length elements. Adjusting
the parameters of these zero-length elements directly affects the degree of connection between

the walls.

Zero length element:

The ZeroLength element doesn’t have any physical dimensions and it is used to link nodes at
identical positions. As shown in the Figure 52, this element governs the interaction between
restrained and constrained nodes, functioning similarly to a string (71). In STKO, multiple

variations of zero-length elements are available, each with distinct properties. The ZeroLength

72



can be coupled with an nDmaterial property, which directly defines the force-deformation

relation between nodes.

It is suitable for both 2D and 3D models, and it can determine which degrees of freedom are
influenced by the introduction of the element. Additionally, it can be applied for the connection

of different geometries.

restrained node

\
constrained node

Figure 52: Zero length element structure (71).

5.2.5 Modelling of openings in masonry walls

Openings in masonry buildings have a lintel at the top. Lintels have the essential function of
resisting the traction and bending action generated by the downward weight of the bricks placed
above. Furthermore, lintels are very useful in serving to distribute the load of the wall above
towards the sides of the opening, thus helping to support the weight of the structure above and

increasing the resistance of the spandrels (15).

The lintel material properties are defined using ASDConcrete3D. Directly merging both
masonry wall and lintel drastically increases the resistance of the spandrel. To avoid this
overestimation, it is introduced a thin layer of mortar between the lintel and the wall (Figure

53), modelled with ASDConcrete3D.
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Figure 53. Lintel geometry

5.2.6 Modelling of connection between units of the URM
aggregate.

As introduced in chapter 3 of this work, the interfaces between units of an aggregate exhibit a
complex behavior which depends on the tangential and normal forces developed. A possible
way to accurately capture this behavior is by connecting adjacent walls considering the

cohesion-friction law (7).

Traditionally, this is achieved by introducing zero-length elements to describe the interface (8).
This study proposes an alternative approach consisting of modeling the connection as a mortar
layer. This method allows for the use of any constitutive model to simulate the connection’s
behavior under tension and compression to account for both friction and cohesion, while
reducing the convergence issues that zero-length elements may arise. Advantages and

disadvantages of both approaches are explained below.

Connection between units modelled with ZeroLength elements.

There are three main types of zero-length elements available in STKO to describe cohesive-

friction behavior: ZeroLengthContact3D, ZeroLengthContactASDimplex, and ZeroLength.

The ZeroLengthContact3D element can describe both cohesion and friction making it ideal for
modeling Mohr-Coulomb behavior at interfaces. However, it exhibits considerable instability,
working effectively only for small-scale models, and limits the use of shell elements, which are
fundamental for the adopted approach. This element uses as input the friction coefficient an the

cohesion as a constant, neglecting the possible degradation (71).

On the other hand, utilizing a ZeroLengthContactASDimplex element simplifies and accelerates

model execution, even in complex models. It offers the flexibility to assume an arbitrary
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orientation in space and can handle models with curved surface contacts or distributed contacts

along edges and surfaces. Despite these advantages, it does not consider cohesion.

To have cohesion-friction behavior, a hybrid approach can be adopted, using two zero-length
elements simultaneously at the interfaces: a ZeroLengthContactASDimplex element manages
friction, while a general ZeroLength element, associated with elastoplastic material properties,
acts as an equivalent for cohesion. While this method offers computational efficiency, it does
have a limitation: the nDmaterial associated with the zero-length element cannot differentiate
between compression and tension behavior. As a result, this method is suitable only for
scenarios where loads are applied monotonically in a single direction, and where it's known in
advance whether the interface will be under compression or tensile stress. This limitation makes
it unsuitable for dynamic or cyclic analyses, where loads are applied from different directions,

and the interface must respond to both compression and tension.

Connection between units modelled with the introduction of an interface

layer of mortar.

Introducing a layer of mortar between units not only simplifies the modelling process but also
allows for a representation of interconnection described by a cohesion-friction law, which
varies between compression and tensile actions while also considering degradation. This mortar
layer is modelled using shell elements, maintaining the same thickness as the masonry walls it
connects. To account for the mortar's limited ability to resist multiple direction failures, it is
associated with the material model DamageTC3D, and its behaviour is then characterized with

a friction-cohesion law.

This approach eliminates the computational challenges that could arise from using zero-length
elements and allows direct consideration of any constitutive model available in OpenSees,

facilitating significant modifications to material behaviour.

Considering that the interface layer is very thin, and to ensure reasonable results while
maintaining low computational costs, a separate mesh is created for the masonry wall and the
mortar interface. Since STKO assumes a uniform mesh for all elements of the same geometrical
entity, masonry walls and mortar layers are modelled with different geometrical entities (9),

with a smaller mesh size applied to the interface compared to the one used for masonry walls.
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The connection between the mortar layer and the masonry wall is established by introducing an
EquaDOF interaction, which constrains all internal degrees of freedom except rotation around
the axis perpendicular to the wall. Master nodes are designated as edges with the largest mesh

size, while slave nodes are edges with the smallest size (Figure 54).
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Figure 54: EqualDOF interaction between mortar layer and masonry wall.

The proposed solution preserves the connection between mortar and masonry walls while

significantly reducing computational demands compared to using a single global mesh.

5.2.7 Modelling Choices Summary

The modelling strategy for the aggregate building employed a homogenized masonry approach,
utilizing layered 2D shell elements. Specifically, ASDShellQ4 was chosen as the 2D-shell
element to represent the masonry walls, coupled with ASDConcrete3D. A thin layer of mortar
was introduced between the lintel and the wall to accurately describe their behaviour and
prevent over-resistance. All components, including the mortar layer, were modelled as shell

elements alongside ASDConcrete3D.

The orthogonal walls of each unit were merged to establish rigid connections. Slabs were
modelled as rigid diaphragms, with the barycentre of each floor serving as the master node.
ForceBeamColumn elements were utilized for modelling floor beams, exhibiting perfectly

elastic behaviour.

To address non-rigid interfaces between units, a mortar layer was introduced between the
longitudinal walls of adjacent units, modelled as ASDShellQ4 with DamageTC3D. The

connection of the mortar with the walls was facilitated by introducing an EqualDOF condition.
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The behaviour of the mortar was characterized using a friction-cohesion model, the details of

which will be expanded upon in Chapter 06.

In the Figure 55, the adopted modeling choices are depicted.

Mortar outline: Lintel Mortar layer
o \ 2D Shell Layered elements 2D Shell Layered elements
=ﬁ T
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Figure 55: Modelling choices summary.
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6. Characterization of the mortar connection

This section presents an investigation into the interface between units of an aggregate. The
interface has been modelled by introducing a thin mortar layer, represented as a shell element
with DamageTC3D as its material property. The properties of the introduced material were
related to cohesion and friction, which are commonly used to determine the failure condition

according to the Mohr-Coulomb law.

To characterize the mortars, a numerical model was constructed with a mortar layer sandwiched
between two highly rigid blocks. The system was subjected to vertical stress, while horizontal
forces were applied to the upper block. This setup facilitated the evaluation of the maximum
tangential resistance of the mortar relative to the applied vertical load. Tests were conducted
using four different types of mortar and at various levels of vertical stress, ensuring a

comprehensive understanding of its performance under diverse axial load conditions.

6.1 Mohr-Coulomb law

The Mohr-Coulomb law is a failure criterion that describes the relationship between shear
strength and normal stress applied to a certain body. Originally applied in soil mechanics, it has
been extended to describe the behaviour of joined solids, such as masonry bricks and mortar.

(72).

According to the Mohr-Coulomb Law, the shear stress (7) along a potential failure plane within
a material is a linear function of the normal stress (o;,) acting on that plane, as described by the

equation:
T =C + o, tan(¢) [38]

Where 7 is the shear stress, g,, is the normal stress, C the shear strength of the material in the
absence of normal stress, ¢ is the angle of internal friction. In [58], tan(¢) can be denoted as p,

which describes the material's resistance to shearing when under compression.

In analogy with soil mechanics, C can be defined as cohesion, representing the intercept on the
shear stress axis, while p describes the slope of the failure envelope on a Mohr's diagram (Figure

56).

78



Figure 56: Mohr-Coulomb failure criteria.

6.2 Material properties of the different mortars considered

In this study, four types of mortars were utilized. The mortar’s properties have been evaluated

based on its compressive strength (f;,,). Considering that the assumed compressive strength of
the masonry is f;,, = 6.2 MPa (further elaborated in chapter 6.3), mortars with lower

compressive resistance were selected. Each type of mortar was assigned a specific name, which
was used consistently throughout the document. Table 1 presents the properties of the four

mortars considered.

Table 1: Properties of the considered mortar types.

Mortar denomintion mi m3 my 1113
Fep [MPa] 1.00 3.06 4.59 6.12
feo [MPa] 0.70 2.14 3.21 4.28
fer [MPa] 0.10 0.31 0.46 0.61
Em [MPa] 100 306 459 612
Ems [MPa] 50 153 230 306

& [-] 0.02 0.02 0.02 0.02
fin [MPa] 0.04 0.11 0.16 0.21
G¢ [N/mm] 0.07 0.09 0.10 0.10
G¢ [N/mm] 18.25 22.32 24.01 25.29

v [-] 0.15 0.15 0.15 0.15
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The properties of the mortars were evaluated in relationship with their compressive strength

fep- The elastic Young’s moduli of the mortars were evaluated according to the empirical

equation proposed by Kaushik et al. (73):
En =100 f, [39]
The secant elastic moduli at the peak strengths of the mortars E;, are evaluated as:
E;, =05E, [60]
From E, it was evaluated the peak strains &, , that is:

fep [61]

&p = E—S
m

By (73), the tensile strengths of the mortars f;,, are evaluated as:

fem = 0.035 f,, [62]

The fracture energy in tension G, and in compression G, were evaluated according the Fib

Model Code (64):
G, = 0.073 f0-18 [63]
G, = 250 G, [64]

The compressive elastic limits f, and the compressive residual strengths f,,. of the mortars

were assumed as:
feo = 0,70 fcp [65]

for = 0.10 £, [66]

6.3 Model definition

The characterization of the various types of mortar was conducted through numerical
simulations in STKO. A model was created consisting of three shell elements with identical

dimensions, stacked on top of each other and merged (Figure 57). The shells, modelled with
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ASDShellQ4, were characterized by a base size of 200 mm and a height of 30 mm. Furthermore,

each shell was composed of 5 layers, each measuring 40 mm in thickness.

3cm

(1) Rigid block
3cm

() Mortar
3cm

20cm

Figure 57: Mortar characterization model.
To the two external shell elements, a rigid-elastic material was associated with each layer,
described in STKO using the Elasticlsoltropic material with properties outlined in Table 2. The
internal layer of mortar behaviour was described by the DamageTC3D, as well it is done in the

interfaces between the units of the aggregate (chapter 7).

Table 2: Elastic material properties.

E [MPa] | 210000
v [-] 0.1

The bottom block was fixed at the base, while an EqualDOF condition was applied to the top
part of the upper stiff block to restrict relative vertical displacement of the nodes, simulating
perfect distribution of the vertical load on the element. On the upper block, a vertical EdgeForce
and a horizontal force were applied, causing the block to move in the positive x-direction

(Figure 58). The test was conducted under displacement control, with a horizontal displacement
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target of 0.5 mm. The node located at the right extremity of the upper edge was utilized as the

control node. The longitudinal reaction was recorded at the base of the lower block.

YVVVYYVG,

Figure 58: Mortar characterization test set-up.

It should be noted that STKO does not integrate the action across the thickness of shell
elements. Therefore, the applied EdgeForces must be multiplied by the thickness of the shell
elements, in this case 200 mm. It was assumed that, since the two external shell elements have
negligible deformability compared to the central mortar shell, the entire reaction at the base can
be attributed to the behaviour of the mortar. The tangential stress 7 of the mortar is defined

dividing the base reaction for the base area.

The test has been repeated for the four mortar types (mi, ms, ms and me) considering different
level of normal stress g,, application. The designated levels of normal stress are illustrated in
Table 3. A smaller range of normal stress was adopted for mi case since it is unlikely that its

compression strength is reached.

Table 3: Levels of normal stress applied to different types of mortar.

Mortar on [MPa]
mi 0.0 0.1 0.2 0.3 0.4 0.5
m3, m4, Me 0.0 0.2 0.4 0.6 0.8 1

The tangential stress of the mortar was plotted against the displacement of the control node for

each case. In Figure 59 the results obtained for the four mortar types are collected.
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Figure 59: Results of Mortar Test.
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The shear strength of mortars increases if a higher normal stress is applied to the mortar layer.

As the vertical stress increases, the material's behavior becomes increasingly brittle. A mortar

with higher mechanical properties, such as m¢ compared to mi, enhances the maximum shear

strength of the material but it results in a more brittle behavior.

6.4 Mortar characterization.

Utilizing data from previous analyses, for each type of mortar under consideration, the

maximum tangential stress exhibited by the mortar was plotted against the corresponding
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vertical pressure applied during the respective test (Figure 60). The linear regression describes

the failure domain of the mortar in a Mohr-Coulomb diagram.
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Figure 60: Mortar Failure Conditions.
Based on the results presented in Figure 60, the types of mortars can be characterized according
to the Mohr-Coulomb law, with their cohesion (C) and friction (i) properties. The cohesion (C)
represents the intercept on the shear stress axis, while the friction (u) corresponds to the slope

of the envelop line (72). The summarized results are collected in Table 4.

Table 4: Friction and cohesion characterization of the mortars.

Mortar ul-] C [MPa]
mi 0.311 0.065
m3 0.361 0.167
m4 0.409 0.231
me 0.448 0.292
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Table 4 indicates that as the resistance properties of the mortar increase, both cohesion and
friction also increase. This rise in both cohesion and friction can be linked to the higher
compressive strength of the material, which derived in higher tensile strength and fracture
energy based on the formulation proposed. Both cohesion and friction angle increase directly
proportionally to tensile strength of the material. Mortar mi exhibits the lowest mechanical
properties, as evidenced by its lower values of friction angle and cohesion compared to other
types of mortar. Conversely, mortar me¢ demonstrates superior mechanical properties, with the
highest levels of friction and cohesion. Meanwhile, mortars m3 and ms occupy intermediate

positions, with m3 exhibiting lower parameters than ma4.

The mortar characterized in this chapter serves as the material for the intermediate layer
between the longitudinal walls of adjacent units, effectively simulating a non-rigid connection
of units within the aggregate. Through a parametric analysis, utilizing the four distinct types of
mortar, the study focuses on evaluating varying degrees of connection among the aggregate

units.
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7. Description of the aggregate case study

The primary objective of this study is to investigate the "aggregate effect" within masonry
buildings by examining the various types of connections between the units and their impact on
overall structural behaviour. The "aggregate effect" is a very complex subject because there are
a multitude of parameters that can influence a building's performance (2). To maintain focus on
the core task of this work, it was decided to work on an URM aggregate composed of 3 units
geometrically similar. This decision was done to avoid the influence that dissimilar geometries

and materials can have in the global response.

The units composing the aggregate were examined with different levels of interconnection:
infinitely rigidly connected, isolated, and with an intermediate level of connection. The
intermediate solution, referred to as "semi-connected," was implemented by introducing a thin
layer of 3 cm between the longitudinal walls of adjacent units. At the interface layer, the four
types of mortars introduced in Chapter 6 were considered in the parametric study: mi, m3, m4,

and ms

7.1 Geometry

The building is composed by 3 units, having each one 3 storeys. Each unit has a size of 8§ m x
12.6 m x 11.2 m in respectively longitudinal, transverse, and vertical direction. Figure 61

depicts the geometry of the front and back wall of the aggregate.

0 0:0Q0o0Qg wel O 1 O ¢ O
000000 = 0 00
el [1 [10[1 (101 [T : :

Unit 1 Unit 2 Unit 3 (a) Unit 1 Unit 2 Unit 3 (b)

Figure 61: Reference aggregate’s geometry: (a) Front wall; (b) Back wall.

By looking the building from the Figure 62, the units have been named as “unit 1” the unit on
the left, “unit 2” the central one and “unit 3” the one on the right. The X-axis corresponds to

the longitudinal direction of the building, which is aligned with the longer side. The Y-axis
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represents the transversal direction, perpendicular to the longitudinal direction. Finally, the Z-

axis denotes the vertical direction, pointing upwards from the ground.

N\ g

Figure 62: Units in the aggregate.

In the longitudinal direction, the aggregate has 3 walls which have been called "front wall",
"central wall" and "back wall" (Figure 63,Figure 64, Figure 65). The back wall has openings
placed symmetrically while the others do not. The front wall is the one with the greatest number

of openings.

Figure 63: Front wall.

Figure 64: Middle wall.
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L

Figure 65: Back wall.

In the transverse direction, the external walls of the aggregate and the internal wall of each unit
have openings, while the interface walls between each unit are completely closed, as shown in

Figure 66.

u(a) “(b) .(c)

Figure 66. a) External walls; b) internal walls; ¢) UI-U2 and U2-U3 shared walls.

The floor beams were arranged in accordance with the orientation of the floor slab showed in

Figure 67.

Unit 1 Unit 2 Unit 3

Figure 67: orientation of slabs.
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Between the front and intermediate walls, the beams were placed longitudinally at each floor
and were assumed to be embedded into each transverse wall. Only on the third floor, between
the back and middle walls, the beams are arranged transversely. In this space, at the first and
second floor the presence of the room staircase is assumed. All external and internal walls
between the units have a thickness of 50 cm on the first 2 floors and 40 cm on the highest one,
while the other walls have a thickness of 35 cm on the first floor and 30 cm on the other two

floors. Additional details on the dimensions of the building are provided in the appendix A.

7.2 Numerical models

Three different numerical models have been realized to consider the different degree of

connection between the units of the aggregate.

The scenario where units are connected infinitely rigidly is referred to as "Fully-Connected,"
often abbreviated as "FC" in charts. In this configuration, the three units are merged, with
adjacent units sharing the same wall at their interface (Figure 68a). This model is characterized
by a rigid diaphragm, which constrains all the nodes of the three merged units at the level of

each floor (Figure 68b).

)
Llal LBl

(a) (b)

.
by

A

Figure 68: (a) Fully-Connected aggregate (b) Rigid diaphragm.
The units have also been modelled separately to analyse their behaviour as isolated from other
units. Each unit features four external walls and a rigid diaphragm at each floor (Figure 69).
Specifically, in the Fully-Connected case, there is only one interface wall between the units,

while in the isolated case this wall is considered for both adjacent units.
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(a) (b) (©

Figure 69: isolated units: (a) unit 1; (b) unit 2, (c) unit 3.
To assess the non-rigid connection between units, a distinct model was constructed. The three
units were individually modelled as the isolated case but interconnected by introducing a mortar
layer at their interfaces (Figure 70a). This model was termed "Semi-Connected" and was
frequently abbreviated as "SC" in charts. For each floor, there are individual rigid diaphragms
dedicated to each unit (Figure 70b). The mortar layer, with a thickness of 3 mm, was applied
only between the longitudinal walls of the adjacent units. To account for varying degrees of
non-rigid connection between units, four different types of mortar were used at the interface

layers, whose properties have been explored in Chapter 6.
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Figure 70: Semi-Connected aggregate.

In this case, between the units there are no connecting longitudinal beams. The connection is
done exclusevely by the mortar layers. The layer of mortar, which was characterized by a finer
mesh compared to the masonry walls, was connected to the units using an Equal/DOF
interaction. The decision to avoid associating both the EqualDOF and the RigidDiaphragm to
the same nodes was made due to the limitation of the default constraint handler of the modal

analysis, which is unable to consider more than one interaction simultaneously.
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7.3 Masonry material properties calibration

The masonry material properties utilized in this work were derived from the calibration
performed in the study "Seismic response of different masonry building aggregate
configurations by a refined FE Model” (74). The study investigated the beneficial impact of the
aggregate effect in URM units by creating a model in STKO based on the homogenized
masonry technique. Masonry calibration was conducted numerically to replicate experimental

tests performed on an existing masonry building analysed at the University of Pavia (75).

The experiment was conducted on a two-story rectangular masonry building, as depicted in the
Figure 71, with dimensions of 6.4 meters in height, 6 meters in length, and 4.4 meters in width.

Each wall of the building had a thickness of 250 mm.

— Floor beams - Beam-to-wall
40 m Floor beams Rigid link beam-to- connection region
4 DQQ (elastic) node connections
R ; -
5 WALL — Wall disconnection y

V\
Lateral loading
system of forces

N1

Window Wall

Door Wall
(shifted view)

v 2
Y=

(a) (b)

Figure 71: (a) Experimental cyclic test; (b) 3D numerical model (74).

The Door Wall was connected to the Window Wall through transversal floor beams made of steel,
designed to simulate a realistic flexible floor. The building was analyzed under a series of cyclic
test runs using a uniform load profile derived from previous dynamic tests on a twin building. The

results of the test are reported in figure 72.
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Figure 72: Results from experimental test: a) Door Wall; b) Window Wall (75).
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The authors of (74) replicated the masonry building in STKO, constructing a 3D model that utilizes
a homogenized masonry approach through layered 2D shell elements. The masonry walls were
modeled using the ASDShellQ4 element and the ASDConcrete3D constitutive model, consistent
with this study.

The numerical test consisted in conducting two pushover analyses using a displacement control:
one pushing the front wall and another on pushing the back wall. The calibration process,
particularly concerning the tensile strength and fracture energy, was a complex procedure, as it
required meticulous control over crack propagation. Figure 73 shows the comparison between the

envelope of the experimental cyclic test and the results obtained from the pushover analyses for

both walls.
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Figure 73: Experimental and numerical curves: (a) Door Wall; (b) Window Wall (74).

The parameters obtained from the calibration of the masonry, which are presented in Table 5. The
material parameters of the present study are taken from the suggested in (74), as the current

modelling approach is consistent with the study. These parameters are reported in Table 5.

Table 5: masonry physical properties calibration from study (74).

ft fcp Gt GC E v
[MPa] [MPa] /m?] [J/m?] [MPa] [-]
0.15 6.2 70 14000 1490 0.2

Figure 74 displays the constitutive model of masonry.
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Masonry constitutive model
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Figure 74: Masonry constitutive model used in this study.

7.4 Material properties

In this research, the same parameters of masonry shown in Table 5 were assumed. The assumed
material properties of the masonry can be associated with the classes of "Squared block

masonry" outlined in Table C8.5.1 of the circular of the NTC (76).

Table 6: Masonry categories according to Tab C8.5.1 of NTC2018 (76).

Tabella C8.5.1 -Valori di riferiniento dei parametri meccanici della muratura, da wsarsi nei criteri di resistenza di seguito specificati (comportamento a temipi
brevi), e peso specifico medio per diverse tipologie di muratura. I valori si riferiscono a: f = resistenza media a compressione, %y = resistenza media a taglio in
assenza di tensioni normali (con riferimento alla formula riportata, a proposito dei modelli di capaciti, nel §C8.7.1.3), fvo = resistenza media a taglio in assenza
di tensioni normali (con riferimento alla formula riportata, a proposite dei modelli di capacita, nel §C8.7.1.3), E = valore medio del modulo di elasticita normale,
G = valore medio del modulo di elasticita tangenziale, w = peso specifico medio.

f % fyy E G w
Tipologia di muratura (N/mm2) (N/mm?) (N/mm?) (N/mm?) (N/mm?) | (kN/m3)
min-max min-max min-max min-max
:\qurat'urr:ft in pietrame disordinata (ciottoli, pietre erratiche e 1,0-2,0 0,018-0,032 - 690-1050 230-350 19
irregolari) -
Muratura a conci sbozzati, con paramenti di spessore _ -
. 4 2,0 0,035-0,051 1020-1440 340-480 20
disomogeneo (*) -
Muratura in pietre a spacco con buona tessitura 2,6-38 0,056-0,074 1500-1980 S00-660 21
Muratura irregolare di pietra tenera (tufo, calcarenite, ecc.,) 1,4-2,2 0,028-0,042 ) H00-1260 300-420
13 + 16(**)
Muratura a conci regolari di pietra tenera (tufo, calcarenite, _
- 2,0-3,2 0,04-0,08 0,10-0,19 1200-1620 400-500
ecc.,) (*%)
Muratura a blocchi lapidei squadrati 58-82 0,09-0,12 0,18-0,28 2400-3300 800-1100 22
Muratura in mattoni pieni e malta di calce (***) 2,6-43 0,05-0,13 0,13-0,27 1200-1800 400-600 18
Muratura in mattoni semipieni con malta cementizia
5,0-8,0 0,08-0,17 0,20-0,36 3500-5600 875-1400 15
(es,: doppio UNI foratura =40%)

(*) Nella muratura a conci shozzati i valori di resistenza tabellati si possono incrementare se si riscontra la sistematica presenza di zeppe profonde in pietra che
migliorano i contatti e aumentano I'ammorsamento tra gli elementi lapidei; in assenza di valutazioni piti precise, si utilizzi un coefficiente pari a 1,2.

(**) Data la varieta litologica della pietra tenera, il peso specifico ¢ molto variabile ma pud essere facilmente stimato con prove dirette. Nel caso di muratura a conci
regolari di pietra tenera, in presenza di una caratterizzazione diretta della resistenza a compressione degli elementi costituenti, la resistenza a compressione fpud

essere valutata attraverso le indicazioni del § 11.10 delle NTC.
(***) Nella muratura a mattoni pieni ¢ opportuno ridurre i valori tabellati nel caso di giunti con spessore superiore a 13 mm; in assenza di valutazioni pil precise, si

utilizzi un coefficiente riduttivo pari a 0,7 per le resistenze e 0,8 per i moduli elastici.
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As described in chapter 6, four different typologies of interface mortar in between the units
were considered, whose properties were described in Table 1. The four mortars have been

modelled with DamageTC3D.

The floor beams were assumed to be made of wood with dimensions of 40 cm x 20 cm. They
were considered to exhibit elastic behaviour, and their properties are provided in Table 7.
Additionally, Table 8 describes the embedded condition settings of the connections between

walls and beams.

Table 7. Wood physical properties.

E [MPa] 10000
G [MPa] 300

Table 8: Embedded settings

Penalty factor 5e+07

Constrain rotations Yes

Lintel material properties were chosen assuming a unique solid brick, as generally observed for

historical constructions (15). Material properties are reported in Table 9.

Table 9: Lintel physical properties.

fe fep Gy Gc E v
[MPa] [MPa] [J/m?] [J/m?] [MPa] [-]
1.6 16 120 30000 9600 0.2

In the study, the mortar surrounding lintels was defined differently from the mortar used as an
interface between units. Specifically, the mortar around the lintel needed to behave purely
elastically under compression and have no strength under tension to capture the sliding of the
lintel. To achieve this specific behaviour, a customized constitutive model was introduced using

the user-defined settings available for the ASDConcrete3D model, described in Table 10.
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Table 10. User-defined mortar parameters.

E [MPa] 1490
Elasticity
v [-] 0.2
T. [0; 6.71141-1077; 1]
Tension Ts [0;0,001; 0,001]
Tq [1;1;1]
Ce [0;1]
Compression (0N [0;1490]
Ca [1;1]

Figure 75 displays the constitutive model of the mortar used as interface for lintels.

Mortar constitutive model

G,, [MPa]
w
|

-15 T T I
-0,01 -0,005 0 0,005 0,01

&, [-]

Figure 75: Mortar constitutive model.

7.5 Loads, masses and conditions

Vertical loads were considered by accounting for the weight and applied loads on floor slabs,
stairs, and walls. Loads were applied to the beams as EdgeForce and to the walls as FaceForce.

STKO automatically converted these distributed forces into nodal loads.

The load definitions were selected to align with typical loads for buildings of this type. Each
floor beam was loaded by an EdgeForce of 2.5 kN /m. The self-weight of masonry walls was
computed as the specific weight of y,,, = 17 kN /m3 multiplied by the thickness of the walls.
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In stair areas, although the stairs were not modelled, an extra load of 4 kN/m? due to stair
usage, along with the weight of the stairs themselves, was included. These loads were applied

as EdgeForces at the edges of transversal walls, both at the beginning and end of the staircase.

All vertical loads were also considered as masses for dynamic analysis. Since OpenSees
distinguishes between masses and loads, self-weight loads of elements were applied
independently of the mass (10). Masses were applied as FaceMass for the walls and EdgeMass
for the edges.

The base of all the walls of the aggregate has been completely fixed: all degrees of freedom of

both rotation and displacement have been constrained using the fix condition in STKO.

7.6 Analysis settings

In this section, the analyses carried out are explained, focusing on the computational settings.
Three analyses were conducted: modal analysis, non-linear static analysis, and dynamic

analysis. Each analysis was carried out separately, following a preliminary vertical analysis.

Vertical analysis

In the vertical analysis, vertical loads and self-weight loads are applied. Loads were applied
linearly for each step. The vertical analysis approach was consistent in all model analyses and
was performed in all simulations as the first analysis. The following describes the differences

between the methods used for single-processor and multiprocessor setups.

In OpenSees, all degrees of freedom are numbered, and the DOF Numberer renumbers them
to ensure sparsity in the global stiffness matrix, reducing computational costs (10). For single
processor analysis, the reverse Cuthill-McKee (RCM) algorithm was used, while for parallel

analysis, the parallel reverse Cuthill-McKee algorithm.

The system solver, necessary for solving the differential equations, converts them into a linear
system of equations. UmfPack is used for uniprocessor analysis, while Mumps is employed for
parallel processors. Because of the complexity of the problem and the need to handle nonlinear

equation systems, the Krylov-Newton method was adopted.
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To ensure result reliability, a convergence test was performed using the norm displacement
increment test with a tolerance of 0.0001. A Load Control integrator with a time series
definition was used to regulate load increments over time. A linear time series definition was
associated with the vertical analysis, incrementing the load factor linearly at each time step.

The time step required in OpenSees is provided by STKO as:
timestep(dt) = duration/numiIncr [67]

Where duration is related to the total analysis and num/incr is the number of increments required.
In static analysis using Load Control with a linear time series, the timestep can indeed be

considered as the load multiplier (9).

After the first vertical analysis, a wipedanlysis deletes all numerical configuration obtained

from previous analyses.

Modal analysis

In the modal analysis, the examination focused on the first 10 eigenmodes of each model,
evaluating the respective vibration frequency, mode trend, and participation mass factors. A

custom code facilitated the direct extraction of floor mass and the fundamental vibration mode.

For modal analysis in STKO, the analysis restricted to a single-processor setup. This

requirement implies vertical analysis also cannot use multiprocessing.

The genBandArpack solver employed for eigen analysis doesn’t offer any customization for the
constraint and numbering options and the default options must be adopted. This restriction can
affect the validity of model, necessitating to check for any computational issues. For instance,
the default constraint handler couldn’t model RigidDiaphragm and EqualDOF conditions

applied to same nodes.

Pushover analysis

The Pushover analysis benefited from parallel processing to significantly reduce computation

time. The analysis was conducted under displacement control, with a target displacement of 35
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mm. An adaptive time step improved analysis convergence, automatically reducing the step if

the convergency isn’t achieved.

The application of Pushover analyses varied depending on the type of model under study. For
isolated units, the control node was assumed to be the barycentre of the third floor, while for
Fully-Connected units, it was the barycentre of the central unit on the third floor. In both cases,
this control node is the master node of the rigid diaphragm which connects all other points on

the floor.

In the case of semi-connected units, there are three rigid diaphragms on the third floor, one for
each unit. This case was critical due to the possibility of mortar failure and subsequent
detachment of units. In this scenario, placing the control node at the barycentre of certain unit
during analysis can lead to convergence issues with the other two units. For instance, during a
positive pushover with the control node applied to the barycentre of the aggregate, which
coincides with the second unit, unit 2 pushes toward unit 3 and pulls unit 1 through the mortar
connection. Among the three units, Unit 3 experiences greater displacement and is the first to
reach failure. Once unit 3 fails, unit 2 can continue to move only if unit 3 deforms further.
However, Unit 3's deformation may become unsustainable and cause convergence issues. This
behaviour is inherent to the pushover analysis. As soon as units become disconnected, since the
control node is geometrically connected to the central unit, two things occur: 1) the leeward unit
(for a positive pushover, unit 3) will have a reduced stiffness due to the higher damage induced
by the aggregate effect and therefore the displacement reached will be much higher; and ii) the
windward unit (for a positive pushover, unit 1) will unload. In terms of displacement, this means
that the leeward unit will have a greater displacement than the control node for a same time step
and, therefore, the reaction measured in that unit is not representative, exhibiting an “apparent”
ductility. Therefore, considering only unit 2 barycentre as the control node would not be
representative of the behaviour of the other two units. Moreover, this exaggerated displacement

of the unit causes severe damage, which lead to convergence issues.

To surpass the issue, it was decided to conduct additional analyses by considering as control
node the barycentre of the third floor of each unit, one at a time, as shown in Figure 76. When
studying the base reaction of a specific unit, the control node is positioned in the centre of
gravity of the third floor of that unit. This necessitated conducting three pushovers in the

positive direction and three in the negative direction for each type of mortar considered.
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Figure 76.: Control node position for each analysis.

As discussed in the chapter 4, the distribution of the horizontal loads in the nonlinear static
analysis influences the dynamic response of the building. Considering that in this work the first
mode of vibration predominantly mobilized mass in the x-direction, the modal distribution of

horizontal loads was assumed the most appropriate.

Similar to the vertical analysis, Parallel Reverse Cuthill-McKee and Mumps were used as
numberer and system solver respectively. Convergence was assessed using the Krylov-Newton
method as solution algorithm. The Norm-Increment Displacement criterion, with a tolerance of
0.0001 and a maximum of 30 iterations for Fully-Connected and isolated cases. While for the
“Semi-Connected” case, the number of iterations was occasionally increased to 100 to advance
the analysis as much as possible. The penalty method, with penalty factors of 101* | was used
as the constraint handler. Furthermore, a parallel displacement increment test was employed for

the integrator to enhance efficiency.

Non-linear dynamic analysis

The dynamic analysis is a transient analysis necessitating the application of masses to model
components to account for inertial forces. The analysis evaluates the actual inertial forces
induced by ground acceleration corresponding to a real earthquake event by solving the
equation of motion. The ground motion data utilized for this purpose was the accelerogram
(Figure 77) recorded by the L’Aquila — V. Aterno — Colle Grilli station in 2009, specifically in
the North-South direction.
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L'Aquila 2009, V. Aterno - Colle Grilli station earthquake record
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Figure 77: Earthquake record of the L ’Aquila earthquake at the Aterno-Colle Grilli station in 2009.

The TRBDF2 (Trapezoidal Rule-Backward Differentiation Formula 2) method, an
advancement over the Newmark method, was employed as the integrator to transition from one
step to the next in the analysis. Initially, TRBDF2 utilizes the trapezoidal rule to approximate
the area under the curve of the function. Subsequently, it employs the backward differentiation
formula to enhance solution accuracy by estimating derivatives at the current time step using

information from previous time steps (77).

The damping was introduced using Rayleigh method. The damping estimation was given by
considering a damping ratio of 0.03 and the range of frequencies between the first and fifth

mode.

The analyses were conducted employing an adaptive time step considering 3000 steps on a total
duration of 15 seconds, which ensured a step duration of 0.005 s (coinciding with the sampling
rate of the signal). The analysis settings were retained consistent with those established for the

nonlinear static analysis.

7.7 Mesh architecture

The model was constructed using a global mesh size of 350 mm, chosen to achieve a balance
between result accuracy and computational resources. This coarse mesh was acceptable thank
to the use of ASDConcrete3D, which is insensitive to mesh size variations. For the mortar
layers, which are very thin, a finer mesh of 15 mm was employed. The mesh was refined to 300

mm in the case of Semi-Connected models.

100



During the analysis, 8 processors were utilized for the Fully-Connected model, 14 for the Semi-
Connected models and 3 for the Isolated Units models, each handling approximately 5000
partition elements (Figure 78, Figure 79 and Figure 80).

ID Nodes Elements
2213 3483
2484 3456
2279 3820
2522 3507
2537 3702
2540 3843
2260 3642
2460 3679

Figure 78: Fully-Connected Model Partitioning.

n Hodes Elements
2233 3690
2228 3650
2167 3676

Figure 79: Isolated Model Partitioning.
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Color m Nodes Elements

- 0 2815 4924
_ 1 2967 4932
_ 2 3231 4960
3 3007 4848
_ 4 3262 5054
5 2778 4929
_ 6 3334 5111
7 3296 5272
8 3238 5209
_ 9 2740 4908
10 3147 5216
_ 1 3273 5381
_ 12 3183 5104
13 3062 5222

Figure 80: Semi-Connected Model Partitioning.

With a computer with average computational capabilities, it was possible to conduct most of
the analysis simulations for each case in less than an hour and a half. For dynamic analysis, a

high-performance workstation was utilized to reduce the computation time to under six hours.
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8. Analysis and verification results

The units within the aggregate were analysed using modal, nonlinear static, and nonlinear
dynamic analyses. Seismic vulnerability was evaluated with the N2 method. The analyses were
carried out considering the units as isolated, rigidly connected, and with a mortar layer at the

interface, employing mortars mi, m3, m4, and me.

8.1 Eigenvalue analysis results

Modal analysis was conducted to study the models, extracting their dynamic properties
including vibration modes, frequencies, and modal participation factors. Table 11 presents the
period and modal participation ratios in the x and y directions for the first 5 vibration modes of
the aggregate when modelled as Fully-Connected, as well as for each unit studied in isolation.

Meanwhile, Table 12 displays the corresponding data for the Semi-Connected cases.

Table 11: Dynamic properties of the Fully-Connected aggregate and units modelled as isolated.

Fully Connected Isolated units
Unit 1 Unit 2 Unit 3

Mode T MX MY | T MX MY T MX MY T MX MY
[s1 (%] [%] | [s] [%] [%] Is [%] [%] s [%] [%]

1 0.164 66.34 0.53 0.196  70.69  0.002 0.199 71.27 0.00 0.195  70.77 0.03
2 0.152 0.64 72.24 | 0.141 0.00 70.76  0.138 0.01 72.57  0.142 0.14 70.01
3 0.119 9.33 0.05 0.109 1.31 0.20 0.109 1.16 0.06 0.109 1.31 1.03
4 0.075  0.001 0.06 0.073  13.76 0.24 0.074 15.54 0.07 0.074 4.37 1.61
5 0.074 0.003  0.006 | 0.072 0.04 0.003  0.068 0.01 0.01 0.074 0.53 0.00

Table 12: Dynamic properties of the Semi-Connected aggregate.

SC- m; SC - m3 SC - my SC - mg
Mode T Mx My T Mx My T Mx My T Mx My
[s1 [%] [%] s [%] [%] [s] [%] [%] [sI [%] [%]

1 0.176  67.22 1.68 0.172  69.27  0.12 0.172 6927 0.12 0.169  69.18 0.06

2 0.140 2.93 67.96  0.139 0.24 71.00  0.139 0.24 71.00  0.139 0.15 71.10
3 0.121 5.82 1.53 0.121 6.57 0.18 0.121 6.57 0.18 0.120 6.75 0.16
4 0.0755  0.02 0.08 0.0755 0.001 0.032 0.0755 0.001 0.032 0.0755 0.001 0.030
5

0.0751  0.25 0.28 0.0751 0.008 0.007 0.0751 0.008 0.007 0.0751 0.007 0.006
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In all instances, the fundamental mode predominantly manifests in the x-direction, the second
mode in the y-direction, and the third mode around the z-axis. Table 13, Table 14 and 15 display
the first three modal shapes of the models.

Table 13: First 3 modal shapes of the Fully-Connected aggregate.

15T mode 2ND mode 3RD mode

Fully
Connected

Table 14: First 3 modal shapes of the isolated units.

15T mode 28D mode 3RD mode

)
)
%‘in’ saprt

Isolated
Unit 1

Isolated
Unit 2

Isolated
Unit 3
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Table 15: First 3 modal shapes of the Semi-Connected aggregate.

15T mode 3RD mode

Semi

Connected

Me

Semi

Connected

myy

Semi

Connected

m3

Semi

Connected

mi

The first three modes of vibration clearly appear distinctly from each other, showing the
aggregate's tendency to exhibit a box-like behavior, thanks to the presence of the rigid
diaphragm at each floor. This characteristic persists even in the semi-connected case, where

units are connected by mortar layers.

The displacements of the barycenter of the three floors were derived from the fundamental

mode of vibration. Subsequently, these displacements were employed as the trend for the
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horizontal loads applied in the pushover analyses in their respective cases. Each component of
the fundamental eigen vector was multiplied by the mass of the corresponding floor, and the

resultant force vector was normalized. This procedure is showed in Table 16, 17 and 18.

Table 16: Lateral force distribution in Fully-Connected aggregate.

Floor o; Norm. ¢; Mass [ton] Force [kKN] Norm. Force
3 3.557 1.000 348 347.67 0.996
FC 2 2.593 0.729 479 348.99 1.000
1 1.304 0.367 728 266.83 0.765

Table 17: Lateral force distribution in Isolated units.

Floor o Norm. ¢p; Mass [ton] Force [KN] Norm. Force
3 6.428 1.000 128 127.74 1.000
Unit 1 2 4.404 0.685 184 126.00 0.986
1 2.094 0.326 277 90.39 0.708
3 6.376 1.000 128 128.45 0.986
Unit 2 2 4.392 0.689 189 130.30 1.000
1 2.100 0.329 279 91.93 0.706
3 6.392 1.000 128 128.26 0.997
Unit 3 2 4.389 0.687 187 128.69 1.000
1 2.083 0.326 276 89.88 0.698
Table 18: Lateral force distribution in Semi-Connected aggregate.
Floor o Norm. ¢; Mass [ton] Force [KN] Norm. Force
3 3.392 1.000 384 384.14 0.940
SC-mg 2 2.500 0.737 555 408.72 1.000
1 1.264 0.372 824 306.87 0.751
3 3.397 1.000 384 384.14 0.940
SC-my 2 2.502 0.737 555 408.57 1.000
1 1.264 0.372 824 306.68 0.751
3 3.383 1.000 384 384.14 0.944
SC-m3 2 2.483 0.734 555 407.11 1.000
1 1.252 0.370 824 304.91 0.749
3 3.370 1.000 384 384.14 0.948
SC-m; 2 2.463 0.731 555 405.39 1.000
1 1.239 0.368 824 302.94 0.747

The force trends were used in the pushover analysis for both positive and negative directions.
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8.2 Non-linear static analysis results

8.2.1 Pushovers in positive direction

The pushover analyses were conducted using a displacement control, applying the modal
distribution of force determined in the previous paragraph 8.1. The results of the nonlinear static
analyses in the positive direction for the Fully-Connected, Semi-Connected, and isolated units
are presented in Figure 81. In all cases, the base reactions of the walls in the longitudinal

direction of each unit and of the entire aggregate were evaluated.

In the Fully Connected case, the control node was assumed to be the barycentre of the third
floor, and only one analysis was conducted in the positive direction, evaluating each unit's
reaction. Similarly, for isolated units, the control node was placed on the barycentre of the third
floor and the aggregate reaction was considered as the summation of the reactions of the
individual units. No issues were showed in achieving the target displacement of 35 mm for the

fully connected and isolated cases due to the absence of boundary conditions.

In the scenario involving Semi-Connected units, pushover loads were applied to all units, with
each floor bearing one-third of the load distributed to the barycentre of the entire aggregate. In
this case, it was not possible to detect the reaction of all the units considering a unique position
of the control node due to the issues explained in section 7.6 Analysis settings. The unit with
the control node applied on the third-floor experienced different displacement compared to the
other two units. Three analyses were performed for the positive direction, with each case
involving the control node specifically applied to the unit which the base reaction is evaluated.
The aggregate reaction was evaluated relative to the case where the control node was applied

to the third floor of the central unit.

For some curves, achieving the target displacement of 35 mm for the control node was not
possible. Convergency problems were absent in the case of fully connected or isolated units or
when studying the reaction of Unit 3 for the Semi-Connected condition, where there were no
boundary conditions. However, in the Semi-Connected case, units 1 and 2 exhibited instability
because their displacement is strongly influenced by the presence of adjacent units on the right
side. The unit pushed by the one with the control node undergoes notable deformation and may
potentially fail. Once the failure of the pushed unit is achieved, to increase the displacement of
the unit with the control node, the pushed unit must deform significantly, potentially causing

convergence problems. Therefore, the curves related to the reaction of units 2 and 1 couldn't
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achieve the target displacement of 35 mm. The analyses were advanced to achieve at least a

real or conventional failure of the unit.
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Figure 81: Pushover curves in positive direction.

From the curves evaluated for the positive direction push, it is evident that the higher the degree
of connection between units is, the greater the difference in reaction taken by each unit. In the
case of isolated units, each unit shows to have almost equivalent reactions, as evidenced by the

overlapping curves in Figure 81. For Fully Connected units, Unit 3 exhibits higher resistance,

bearing a greater load compared to Unit 1.
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The base reaction distribution between the two external units in the case of Semi-Connected
units is intermediate between the two aforementioned cases. Considering the weakest mortar
(m1), the difference in reaction between units tends to vary slightly. However, when a stronger
mortar is assumed at the interface, such as the ms case, the asymmetry of the load distribution

between the two external units becomes more significant.

It can be concluded that the degree of connection between units plays a crucial role in
determining the distribution of stress between the units. When the vertical connection between
units exists, in the case of positive push, Unit 3 is subjected to compression, while Unit 1
experiences decompression, reducing its reaction. A simplified static scheme of the problem
(Figure 82) illustrates the moment imposed at the base of the building. This results in various
vertical compensatory reactions at the base (Rim and Rsm), which further compress or
decompress each unit based on its position relative to the aggregate and the direction of the

horizontal force.

Fu q
— M
Fu
—)

W RRRNAI

R]M R3M
Figure 82: Repartition of loads related to the aggregate-effect.

The Semi-Connected curves of units 2 and 3 illustrate that increasing the resistance of the
mortar interface leads to a higher resistance. However, their trends show brittleness, with
resistance softening after reaching its peak. Notably, a higher resistance of the mortar

corresponds to a more evident softening branch.

Figure 83 illustrates the distribution of base reactions among longitudinal walls for each unit
during pushover analysis in the positive direction. The presence of rigid diaphragms facilitates
an effective distribution of reactions between these walls. As expected, forces are distributed
according to each wall stifness, causing the Front Wall (most flexible due to the presence of
openings) to bear less loads compared to the other two walls. Conversely, the back wall being
stiffer supports a greater load. In Semi-Connected cases, the back wall is particularly affected
by the aggregate effect, leading to a significant reduction in its load-bearing capacity when the

mortar interface fails.
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Figure 83: Reaction forces measured in longitudinal walls in the X(+) direction with respect to the displacement
of the barycenter of the unit.

110



These results exhibit the role of the rigid diaphragm in transversaly connecting the longitudinal
walls and securing load transference, while the mortar plays a crucial role in transfering loads

longitudinaly between units and, therefore, the development of the aggregate effect.

8.2.2 Pushovers in negative direction

Similarly to the positive directions, the nonlinear static analysis was also repeated for the
negative direction. The same considerations made for the placement of the control node for the
positive push can be applied here. The Fully Connected and isolated units case were analysed
considering as control node the barycentre of the third floor. While for Semi-Connected models,

the control node was placed on the barycentre of the third floor of the unit of interest.

For the Fully Connected case, isolated units, and Unit 1 in the Semi-Connected model, the
analyses achieved the target displacement of 35 mm. In the Semi-Connected case, units 2 and
3 exhibited instability due to the presence of an adjacent unit acting as a boundary condition on
the left side. For instance, when the control node is on Unit 2, it pushes Unit 1, subjecting it to
high deformation and potential failure. Further displacements of the control node on Unit 2 are
only possible if Unit 1 undergoes significant deformation, causing convergence problems.
Attempts were made to achieve conventional or real failure for all the curves. In some cases, it

was necessary to increase the number of iterations in each step of analysis.

Figure 84 presents the capacity curves for each case, comparing the reaction of the entire
aggregate with that of the individual units in each graph. The pushover in the negative direction
generates compression in Unit 1 and decompression in Unit 3 when the connection between
units is present. In the case of a fully connected aggregate, Unit 1 shows higher resistance
compared to the other two units, thanks to the confinement provided by the aggregate effect.
The difference in reactions between units decreases when considering a weaker degree of

connection between them. In the case of isolated units, all three units show similar resistance.

The Semi-connected cases demonstrate higher resistance when a stronger mortar is used, and
the post-peak behaviour exhibits softening, except for Unit 3, which experiences
decompression. By increasing the connection between units, the curves become more brittle

and show a more evident softening branch.
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Figure 85 illustrates the distribution of base reactions along longitudinal walls during pushover
analysis in the negative direction. Similar to the positive direction, the back wall exhibits larger
reactions and experiences greater increments due to the aggregate effect compared to the other
two walls. Conversely, the front wall demonstrates the lowest resistance, while the middle wall

exhibits an intermediate reaction level between the two. The presence of rigid diaphragms
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Figure 84: Pushover curves in the negative direction.

facilitates an effective distribution of reactions between these walls.
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Figure 85: Reaction forces measured in longitudinal walls in the X(-) direction with respect to the displacement
of the barycenter of the unit.
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8.2.3 Damage Analysis

A comprehensive analysis of the damage incurred by each unit is presented in Figure 86, 87,
88 and 89. In the case of the Fully Connected model, the damage assessment is related to the
analysis step at which the first unit experiences failure. For all other models, the crack patterns
correspond to either conventional or real failure conditions. Conventional failure refers to when
the pushover curve exhibits a 15% reduction in maximum resistance, while real failure is
characterized by specific mechanisms that prevent the structure from withstanding further
loads. The crack patterns depicted are directly associated with principal section deformations,

showing only the cracks caused by tensile fractures.

The presence of rigid diaphragms facilitates crack distribution throughout the longitudinal
walls. The front wall, exhibiting the highest number of openings, is typically the first to suffer
damage among the longitudinal walls. When damage occurs to this front wall, its stiffness
decreases, and the presence of rigid diaphragms at every floor helps redistribute the forces to

the longitudinal walls, showcasing a larger spread of the damage in all walls.

In all crack patterns, the detachment of the back wall from the base is evident. This phenomenon
is the primary cause of the resistance reduction observed in the back wall, as depicted in Figure

83 and Figure 85.

In the Fully Connected model, the perfectly rigid connections between units facilitate their
collaboration, allowing cracks to propagate across adjacent units. Positive direction pushovers
commonly lead to failure due to the activation of a second-floor mechanism. However, this
mechanism does not extend to the base, resulting in a not evident reduction in pushover curves.
While, in negative direction pushovers, damage predominantly concentrates on the first floor,

leading to the collapse of base columns.

The distinct collapse mechanisms observed in positive and negative-direction pushovers can be
attributed to the asymmetry of openings, which leads to different structural responses depending

on the direction of the applied horizontal force.
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Figure 86: Crack patterns related to the failure of the Fully Connected model in pushovers.
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Figure 87: Crack patterns related to the failure of the Isolated model in pushovers.
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Figure 88: Crack patterns related to the failure of the Semi-Connected m; and ms models in pushovers.
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Figure 89: Crack patterns related to the failure of the Semi-Connected my and ms models in pushovers.
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The crack patterns observed in the Semi-Connected models exhibit varying degrees of damage.
When employing weaker mortars such as mi1 and mz (Figure 88), a greater number and larger
sizes of cracks are evident. Conversely, with stronger mortar types like m4 and me ( Figure 89),

the patterns show fewer significant cracks that cannot be directly associated with unit failure.

The cracks related to the conventional failure achievement of Semi-Connected models cannot
solely explain the brittle behaviour exhibited by the pushover curves of these models, especially
in the case of stronger mortar interface connection. For example, in the positive pushover of
Unit 3 in the Semi-Connected aggregate with an me mortar interface, the curve displays
pronounced resistance decay after the peak. In Figure 90a, the crack pattern reached at a
displacement of the control node of dx=13.9 mm is shown, corresponding to the conventional

failure of the highlighted case.

Even though conventionally and according to the NTC, this step of the pushover should be
associated with the failure of the structure, there isn’t any specific failure mechanism that could
justify it. However, a failure mechanism becomes evident at the second floor of the Front Wall
and at the base of the Middle and Back walls when the control node reaches a displacement of

dx=25.1 mm, as shown in Figure 90b.
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Figure 90: Conventional (a) and real (b) failure of Unit 3 in Semi-Connected me.
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Additionally, it was observed that the beginning of the drop in resistance coincided with the
failure of the mortar. This disconnection is evident in Figure 91 which displays the crack
pattern at peak resistance, reached at a displacement of 10.9 mm of the control node. The
failure of the mortar can potentially be attributed to shear stress resulting from the
compression and decompression of the external units, which is caused by the redistribution of
stresses associated with the aggregate effect.
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Figure 91: Disconnection between Unit 2 and 3 in the Semi-Connected ms Crack pattern.

Given these observations, it is suggested that the decay observed in the pushovers is not caused
by structural failure but rather associated with the disconnection of units caused by the rupture
of the interface. The behaviour described for Unit 3 of the Semi-Connected me model can also
be observed in the other units of the different Semi-Connected cases to a different extent. In the
case of a less resistant interface mortar, the decrease in resistance is less pronounced due to the

lesser impact of the aggregate effect.

In positive direction pushovers, the stronger the interface mortar, the greater the compression
in Unit 3 and the decompression in Unit 1 become, leading to higher tangential stress at the
interfaces. Once the interconnecting mortar between the units fails, the horizontal redistribution
of forces is no longer feasible, and the units tend to exhibit resistance similar to that in the

isolated case.

Another example is evident in the case of negative pushover of Unit 1 in the Semi-Connected
configuration with mortar ma at the unit interface. In this scenario, the pushover curves show
that a 15% reduction in strength is obtained when the control node reaches a displacement of
dx=13.9 mm, and the corresponding crack pattern is shown in Figure 92a. However, the failure

of the structure cannot be associated with this crack pattern. The real failure of the unit occurs
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when the first-floor pillars of the front wall reach their limits, at a displacement of 19.1 mm for
the control node (Figure 92b). Even in this example, the drop in the pushover curve must be

attributed to the disconnection of units caused by the failure of mortar at the interfaces.
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Figure 92: Conventional (a) and real (b) failure of Unit 1 in Semi-Connected my.

For both the positive and negative pushovers, it can be concluded that Semi-Connected cases
tend to exhibit behavior similar to the isolated case once the mortar is damaged. The reduction
in resistance is caused by the loss of the aggregate effect due to the failure of the mortar and
not by the failure of the structure itself. This phenomenon is observed in cases where the mortar

is most resistant, as it initially provides a higher increment in structural resistance.
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8.3 Quantitative verification using the N2 method.

The curves derived from the pushover analyses were assessed using the N2 method (57) to
evaluate the seismic vulnerability of the units under investigation, taking into account varying

degrees of interconnection between units within the aggregate.

Each pushover curve, resulting for the multi-degree of freedom system, was transformed into
its equivalent Single-Degree-of-Freedom (SDOF) capacity curve. This transformation involved
scaling the base reaction by the first modal participation factor of the structure. The first modal
participation factor was determined individually for each unit, taking into account its mass and

the fundamental eigenmode obtained from modal analysis.

Table 19 displays the fundamental modal participation factor along with the properties

characterizing the equivalent SDOF system, including its period T* and mass m*.

Table 19: Parameters evaluated for the N2 method from pushovers conducted in the positive direction.

T, m* [ton]  T*[s] q* Me Ce

Unit 1 1.413 344.1 0.221 2.41 4.30 1.00

Isolated  Unit 2 1.411 350.7 0.226 2.38 4.08 0.99
Unit 3 1.410 346.9 0.218 2.25 3.88 0.98

Unit 1 1.382 364.2 0.219 2.47 3.67 0.86

SC-m; Unit 2 1.382 369.4 0.208 2.22 3.85 0.97
Unit 3 1.380 366.6 0.203 2.07 3.33 0.93

Unit 1 1.380 365.4 0.201 2.71 3.49 0.73

SC-m; Unit 2 1.380 370.6 0.188 221 4.27 0.99
Unit 3 1.378 367.9 0.191 1.98 3.24 0.92

Unit 1 1.378 366.5 0.200 2.91 3.21 0.64

SC - ma Unit 2 1.378 371.7 0.192 2.03 2.70 0.80
Unit 3 1.376 369.0 0.198 1.66 1.82 0.79

Unit 1 1.378 366.6 0.198 2.86 3.32 0.66

SC - me Unit 2 1.378 371.8 0.193 2.00 2.52 0.79
Unit 3 1.376 369.1 0.199 1.59 1.99 0.87

Unit 1 1377 321.2 0.181 2.43 6.4 1.19

CO::L'Zted Unit 2 1.377 321.2 0.173 1.38 3.95 1.44
Unit 3 1.377 321.2 0.177 1.04 2.84 1.56
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In each scenario, the masses of the different units are similar, with the central unit being slightly
heavier due to the absence of lateral openings. The period associated with the equivalent Single-
Degree-of-Freedom (SDOF) decreases when considering a more rigid connection between
units. In the isolated configuration, the period tends to be higher for each unit, reaching its

minimum in the Fully Connected configuration.

Subsequently, the curves were bilinearized, featuring two distinct parts: an initial elastic branch
followed by a perfectly plastic behaviour. Figure 93 illustrates the bilinearization of the
pushovers conducted in the positive direction for both the Fully Connected and isolated cases.

The pushover curves were truncated upon reaching failure, whether real or conventional.

3000

— X+

Ui

Isolated Unit 1 (+)

3000

M

U2

Isolated Unit 2 (+)

3000

=

Us

Isolated Unit 3 (+)

— Bilinearized — Bilinearized — Bilinearized
solated 2500 - sbor 2500 . SDOF 2500 . sDOF
solate = — = — MDOF - —

Z 2000 | MDOF Z 2000 | J Z 2000 | JMDOF
3 1500 | & 1500 3 1500
=X+ 5 & &
m 8 1000 | pTT e @ 1000 ] ST = & 1000 | ~
@ 3 a
500 | 500 | 500 |
O T T T T T 0 T T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Top displacement [mm] Top displacement [mm] Top displacement [mm]
FC Unit 1 (+) FC Unit 2 (+) FC Unit 3 (+)
3000 3000 4000
Full — Biinearized
v 2500 | oo 2500 | 3500 4
Connected _ T VDOF _ _ 3000 |
£ 2000 - £ 2000 - 2 500] L e
m_,m 8 1500 | 3 1500 | 3 2000
0 » — Bilinearized » — Bilinearized
g 1000 | — $ 1000 | - SDOF b 1500 4 - SDOF
@ @ — MDOF @ 1000 4 — MDOF
500 | 500 | 500 |
O T T T T T 0 T T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

Top displacement [mm]

Top displacement [mm]

Top displacement [mm]

Figure 93: Equivalent SDOF and Bilinearized curves for Fully Connected and Isolated cases derived from
pushovers in the positive direction.

For the positive direction pushover, the units modelled as isolated exhibit a similar trend.
However, in the fully connected condition, the units demonstrate significantly different
behaviours: Unit 3 shows higher resistance compared to Unit 1, yet its corresponding plastic
branch is less extensive, indicating a less ductile behaviour. Unit 2 displays an intermediate

behaviour between the two external units.

Figure 94 depicts the bilinearization for the Semi-Connected cases. Upon examining the trend
of curves associated with these cases, it becomes evident that with the implementation of a

stronger mortar at the interface, the curves tend to exhibit increased brittleness, resulting in
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smaller plastic branches. The more rigid connection causes an increase in resistance for the

compressed Unit 3 and the central unit, while Unit 1 experiences a reduction in resistance.
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Figure 94: Equivalent SDOF and Bilinearized curves for Semi-Connected cases derived from pushovers in the
positive direction.
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The seismic vulnerability was assessed by defining three parameters: the ductility capacity of
the system p., the reduction factor of the system g*, and the vulnerability index &g. These
parameters are presented in Table 19. The trends described above, considering the curves'
behaviour, can be revisited through the values assumed by p., which accounts for ductility, and
q", which represents strength. In the case of isolated units, the three units exhibit similar g*
and u., parameters. However, in the fully connected configuration, lower g* values are observed
compared to the isolated case, while ductility remains high. Additionally, the units tend to have
different values from each other. Considering the Semi-Connected cases, when a weaker mortar
is assumed at the interface layer, the values of ¢* e di u. tend to approach those of the isolated
case, and the difference in parameters between the units is less pronounced. However, when
increasing the connection stiffness, q decreases towards the fully connected case, while .

decreases significantly, unlike in the fully connected scenario.

The comments expressed can be summarized in the evaluation of the vulnerability index values

represented graphically in Figure 95.
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Figure 95: Vulnerability indexes comparison for pushovers in positive direction.

The vulnerability indexes associated with the Fully-Connected condition are higher for all units
compared to the isolated condition. The isolated units exhibit nearly equivalent vulnerability
index values due to their similar geometric characteristics. Unit 1 demonstrates closer
vulnerability index values between the fully connected and isolated conditions, mainly because
of the decompression resulting from the aggregate effect when subjected to positive-directional

push.
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The vulnerability indexes of Semi-Connected units are indeed lower than both fully connected
and isolated units, resulting in a majority of cases where the verification is not satisfied.
Additionally, cases with a stronger mortar at interfaces exhibit the minimum vulnerability index
values. This phenomenon can be attributed to the fact that although a stronger mortar increases
the maximum strength achieved by each unit, it also induces a more brittle curve. Consequently,
the increase in strength is insufficient to compensate for the lack of ductility, leading to a

decrease in the seismic vulnerability index.

The same analysis was conducted for the pushovers in the negative direction. Table 20 presents
the most relevant parameters evaluated for the different cases for the assessment with the N2

method.

Table 20: Parameters evaluated for the N2 method from pushovers conducted in the negative direction.

I m* [ton]  T*[s] q* Me Ce

Unit 1 1.413 344.1 0.216 2.27 3.74 0.95

Isolated  Unit 2 1.411 350.7 0.222 2.76 4.59 0.92
Unit 3 1.410 346.9 0.216 2.72 4.09 0.84

Unit 1 1.382 364.2 0.191 2.24 3.21 0.81

SC-m; Unit 2 1.382 369.4 0.201 2.44 3.04 0.73
Unit 3 1.380 366.6 0.214 2.90 3.35 0.68

Unit 1 1.383 363.5 0.185 2.05 2.91 0.82

SC - ms Unit 2 1.383 368.7 0.184 2.47 3.97 0.83
Unit 3 1.381 366.0 0.200 3.50 4.20 0.64

Unit 1 1.378 366.5 0.190 1.64 1.89 0.81

SC - mq Unit 2 1.378 371.7 0.190 1.99 2.90 0.85
Unit 3 1.376 369.0 0.197 3.32 3.71 0.61

Unit 1 1.378 366.6 0.192 1.59 2.28 0.93

SC - me Unit 2 1.378 371.8 0.189 1.88 2.50 0.82
Unit 3 1.376 369.1 0.197 3.30 3.55 0.60

Unit 1 1.377 321.2 0.180 1.06 3.30 1.70

Co::tleIZted Unit 2 1.377 321.2 0.169 1.35 4.74 1.65
Unit 3 1.377 321.2 0.176 2.75 3.68 0.70
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Similarly to the positive direction, the fundamental mode participation factor and the period T*
of the equivalent Single-Degree-of-Freedom (SDOF) decrease when there is a connection
between units and the rigidity of the connection is enhanced. Figure 96 depicts the equivalent

SDOF and bilinearized curves for the Fully connected and Isolated conditions. While Figure 97

displays the same for the Semi-Connected conditions.

«— X-

Ui
Isolated Unit 1 (-)

m (_X-

U2
Isolated Unit 2 (-)

o

Us
Isolated Unit 3 (-)

3000 3000 3000
— Bilinearized — Bilinearized — Bilinearized
2500 . SDOF 2500 . SDOF 2500 ... SDOF
Isolated _ — MDOF = — MDOF = — MDOF
g 2000 g 2000 4 g 2000
¢ 1500 | ¢ 1500 | 3 1500 ]
«X- & 5 &
% 1000 | s 2 1000 | e o $ 1000 | e
o o [=2]
500 | 500 500 |
0 T T T T T O T T T T T O T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Top displacement [mm] Top displacement [mm] Top displacement [mm]
FC Unit 1 (-) FC Unit 2 (-) FC Unit 3 (-)
" 4000 3000 3000
Fu — Bilinearized
y 3500 | 2500 | 2500 | Sll:’lgianze
Connected _ 3000 | _ _ — MDOF
g 2500 | . é 2000 /e é 2000
x- & 2000 | - 8 1500 | 8 1500 |
v — Bilinearized n — Bilinearizedg | ©
m g 15004 . <pOF 2 1000 | — oo Nl g 1000 |
& 1000 — MDOF @ — MDOF @ h
500 | 500 | 500 |
0 T T T T T O T T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30

Top displacement [mm] Top displacement [mm] Top displacement [mm]

Figure 96.: Equivalent SDOF and Bilinearized curves for Fully-Connected and Isolated cases derived from
pushovers in the negative direction.

The isolated units exhibit similar curves. In the fully connected condition, Unit 1 displays high
resistance and good ductility, while Unit 3 exhibits low resistance and significant brittleness.
This disparity is associated with the aggregate effect, which generates confinement in Unit 1
and decompression in Unit 3. Unlike in the positive direction, in this case, the decompressed
unit exhibits less resistance, with a very short plastic branch. The distinct behavior observed
when structures are subjected to positive or negative loading directions can be attributed to the

asymmetrical placement of openings in walls.

Similar observations made for the positive direction curves can be extended to the non-rigid
connection between units: when a stronger mortar is assumed at the interface layers, the
compressed unit and the central one achieve greater resistance, but the plastic branch tends to
be smaller due to increased brittleness. For Unit 3, the decompressed unit, a more rigid
connection seems to pose a problem, as it not only reduces the strength but also results in a

smaller plastic branch.
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Figure 97: Equivalent SDOF and Bilinearized curves for Semi-Connected cases derived from pushovers in the
negative direction.

Referring to Table 20, in the fully connected condition, units 1 and 2 demonstrate a lower value

of ¢* and similar value of p, compared to the isolated condition. Meanwhile, Unit 3 also

exhibits similar values of g*, attributed to the decompression effect of the aggregate. In the case

of Semi-Connected condition, reducing the strength of the mortar layer, the q*tends to decrease

and pu. increases toward the case of isolated condition. On the other hand, when a stronger
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mortar is assumed, unit 1 and 2 reduce both g*and p.. The drastic reduction of y, is in
discrepancy with the case Fully-Connected. Unit 3 maintains value of q*and p, similar to

isolated and fully connected also in the case of Semi-connected.

Figure 98 shows the vulnerability indexes trend evaluated for all the models analysed.
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Figure 98: Vulnerability indexes comparison for pushovers in negative direction.

In this scenario, only Unit 1 and Unit 2 verified when they are related to the Fully Connected
condition. Units in the isolated and Semi-Connected conditions do not satisfy seismic
verification. The indexes related to the Semi-Connected case are lower than the isolated case in

all cases.

In the negative direction, the decompression caused by the aggregate effect is so significant that
the vulnerability of Unit 3 is higher when it is rigidly connected to other units compared to
when it is isolated. Comparing positive and negative loading directions, it can be noted that
Unit 2 consistently exhibits lower vulnerability when a Fully Connected configuration is
adopted. However, the vulnerability of external units can change drastically depending on

whether the load is applied in one direction rather than the other.

Based on the assessment conducted through the N2 method, it can be concluded that the Semi-
Connected condition exhibits higher seismic vulnerability compared to the other models.
However, it's crucial to recognize that this assessment method, which considers bilinearization
into an elastic-perfectly plastic behaviour, might not be the most appropriate for cases where
the loss of resistance is not associated with the failure of the building but rather with the

disconnection between structural units. Therefore, further analyses and considerations
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regarding the behaviour and structural response were made to fully understand the implications

of the Semi-Connected condition in terms of seismic vulnerability.

8.4 Non-linear dynamic analysis results

The non-linear dynamic analysis was conducted on the structure, utilizing the ground
acceleration data recorded by the Colle Grilli station (L’Aquila) in 2009, specifically in the
building’s longitudinal direction. The aggregate was studied assuming the different degree of

connection between units proposed and compare results with previous analyses.

Figure 99 depicts the individual base reactions of each unit relative to the displacement of the
barycentre of the third floor of each unit, whereas Figure 100 illustrates the reaction of the entire
aggregate building, with the displacement assumed to be related to the node on the central unit.
In the case of isolated units, each unit was analysed independently, without considering their

collective response.

Figure 99 explicitly illustrates how the dynamic response of each unit varies based on different
degrees of connection. The connections between units not only influence their strength but also
affect the distribution of stress between them. When Unit 1 is assumed isolated, it responds
similarly to both negative and positive forces. However, by connecting Unit 1 to adjacent units
and reinforcing their connection, its resistance improves in the negative direction but diminishes
in the positive direction. This is attributed to the aggregate effect, where Unit 1 experiences
confinement under negative forces and decompression under positive forces. Conversely, Unit
3 demonstrates the opposite trend: a stronger connection results in higher resistance when
pushed in the positive direction and lower resistance in the negative direction. Meanwhile, the
central unit consistently benefits from the aggregate effect: with a reinforced interface, its
resistance increases regardless of the direction of force applied. In the charts, the envelopes of

dynamic tests exhibit correspondence with pushover curves.

Semi-connected cases demonstrate intermediate trends between isolated and fully connected
units. Increasing the degree of connection leads to greater structural resistance, with a tendency

to maintain predominantly elastic behaviour and reduce maximum displacements reached.
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Figure 99: Non-linear dynamic analysis showing the individual reactions of each unit.
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The aggregate reactions shown in the Figure 100 demonstrate that with a rigid connection
between units, such as in fully connected and semi-connected configurations with mortar ma4 or
me, the aggregate largely maintains an elastic response to seismic activity. Conversely, when a
less rigid connection between units is assumed, the dynamic input causes some elements to

exceed their elastic limit, resulting in plastic deformation.
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Figure 100: Nonlinear dynamic analysis results on aggregate building.

The dynamic analysis related to isolated units and semi-connected units with the weaker mortar
(m1) at the interface could not be completed due to the units reaching collapse. In these cases,
the failure occurred at time dt=3.8 s, after the maximum acceleration was applied (as shown in

Figure 101). However, the dynamic analysis for the other models was fully completed.

L'Aquila 2009, V. Aterno - Colle Grilli station earthquake record
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Figure 101: Acceleration record with highlighted point indicating the interruption of dynamic analysis for
Isolated units and Semi-Connected m; case.
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Figure 102, 103 and 104 illustrate damage plots resulting from dynamic analysis for the
different models, considering each unit's longitudinal walls. The damage plot shows both tensile
cracking and crushing during seismic analysis. Notably, the front wall exhibits the most damage
compared to the other two scenarios due to its higher number of openings, which increase its

flexibility and therefore its displacement demand.

Reduced damage is evident when the degree of connection between units is more rigid. In
isolated conditions, substantial damage is visible, indicating unit failure and an inability to
withstand higher stresses: the front wall pillars have collapsed. Similarly, in the case of Semi-
Connected mi1 models, a high level of damage is observed, signifying failure achievement.
However, this damage is comparatively smaller than that observed in the isolated model.
Assuming a stronger mortar at interfaces, Semi-Connected models exhibit a lower degree of
damage, gradually approaching the damage pattern of Fully Connected models, which

demonstrate the least damage among all cases.

The Fully-Connected model shows limited damage, indicating that its response to seismic input

was predominantly elastic.

Isolated Semi-Connected mi

Front Wall

Middle Wall

Back Wall

u2 u3 Ul u2
Figure 102: Damage plot from dynamic analysis for Isolated and Semi-Connected m; models.

132



SemiConnected m3 Semi-Connected m4

Front Wall

Middle Wall

Back Wall

Ul U2 U3 Ul U2 u3
Figure 103: Damage plot from dynamic analysis for Semi-Connected ms and Semi-Connected m4 models.
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Figure 104: Damage plot from dynamic analysis for Fully Connected and Semi-Connected ms models.
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The dynamic analysis reveals that the Semi-Connected models exhibit behavior that falls
between isolated and fully connected units. When the structure was modeled as isolated and
Semi-Connected with mortar mi, numerous elements achieve plastic deformation and
ultimately failed. In contrast, in other cases, the models successfully completed the dynamic
analysis, indicating that a stronger connection between units resulted in reduced structural

damage.

8.5 Results comparison and discussion

From the conducted analyses, it was found that units modelled as Fully Connected benefit from
the aggregate effect: both the compressed external unit and the central unit exhibit increased
resistance compared to the isolated case. However, the aggregate effect may have a negative
impact on the decompressed external unit, as shown in the pushover analyses, which can lead
to lower vulnerability indexes compared to the isolated case. The results of the analyses are
controversial regarding the Semi-connected case. This chapter provides explicit comments on

the observed phenomena and compares the different results.

Figure 105 displays the pushover curves in the positive direction for each unit in all models.
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Figure 105: Pushover curves in the positive direction evaluated for each unit.
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Improving the degree of contact between each unit leads to an overall increase in aggregate
resistance. This phenomenon is evident in the overall aggregate reaction and in the curves
related to Unit 2 and Unit 3. Meanwhile, Unit 1 is influenced by the decompression produced
by the aggregate effect, resulting that the higher base reaction is achieved in the case of isolated
respect other cases. Examining the curves related to the Semi-Connected condition for Unit 2
and 3, it becomes evident that enhancing the resistance of the interface mortar results in an
increasement of the unit resistance. However, this improvement is accompanied by a more

brittle failure, characterized by resistance drop after the achievement of the peak resistance.

Figure 106 displays the pushover curves in the negative direction of all models for each unit. It
can be observed that by enhancing the degree of connection between units, both the aggregate

reaction and the reaction of Unit 1 and 2 increase.
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Figure 106: Pushover curves in the negative direction evaluated for each unit.

Unit 3 experiences decompression, resulting in a reduction of its reaction. Although the
aggregate displays increased resistance globally, Unit 3 reaction diminishes when the units are
more rigidly connected. In the Semi-Connected case, after reaching the peak, the curves tend
to drop, indicating brittleness and converging towards the behaviour observed in the curves of

isolated units. In pushover analyses, for Semi-Connected cases, an increase in the stiffness of
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the connection degree results in higher resistance for both the central and compressed external
unit, but it also leads to much more fragile curves. Additional, in both directions of the analysis
aggregates showcased a tendency to return to the resistance level of the isolated case after a
decay in resistance. This decay in resistance was therefore studied in detail by observing the

damage patterns.

Regarding crack patterns, the conventional failure assessed from the pushover trends does not
align with any damage or kinematics that could justify unit resistance limit. The achievement
of the maximum base reaction is actually reached in correspondence with the failure of the
mortar placed at the interface between the units to simulate a non-rigid connection. This suggest
that the tendency towards the isolated unit resistances is due to the loss of the aggregate effect

caused by the rupture of the mortar.

As an example, the curve for Unit 3 in the Semi-Connected me case with push in the positive
direction is provided. Figure 107 depicts the pushover curve as well as the crack patterns
recorded at the peak, conventional failure instant, and real failure instant. In the example, a

noticeable softening branch develops once Unit 3 moves away from the other two units.

The reduction of the resistance can be justified with the loss of the aggregate effect due to the
failure of the mortar and not by the failure of the structure. This phenomenon is observed in the
cases where mortar is most resistant as it develops a higher initial increment in structural

resistance.
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Figure 107: Pushover in X+ for Unit 3, Semi-Connected ms.
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The application of the N2 assessment method on the pushover curves indicates that in the semi-
connected case, seismic vulnerability is even greater compared to units modelled as isolated.
Figure 108 shows the vulnerability indexes for both the positive and negative directions. In
almost all cases, the indexes related to the Semi-Connected condition are lower compared to
fully connected and isolated configurations. This happens because while assuming a mortar
with greater resistance at the connection between units results in an increase in resistance in the
pushover curves, this increase is not sufficient to compensate for the significant loss of ductility

showcased in the capacity curve when the interface mortar breaks.
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Figure 108: Vulnerability indexes related to pushovers in positive and negative direction.

While the N2 method results in a lower vulnerability index for cases with higher interface
resistance, dynamic analysis shows opposite results, indicating that the aggregate effect is
beneficial. When a stronger interface is assumed between units, the aggregate better withstands
seismic action. With the seismic input remaining constant, the damage is reduced when a

stronger connection exists between units within the aggregate.

Dynamic analysis elucidates how the Semi-Connected cases exhibit an intermediate trend
between Fully Connected and isolated cases, as reflected in section 8.4. Additional insights are
provided in Figure 109, where the crack patterns corresponding to the various cases at the end
of the non-linear dynamic analysis are presented. These patterns exclusively depict cracks
associated with tensile stress. The more rigid the connection between units, the less visible

cracks appear in the models.
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Figure 109: Dynamic analysis crack pattern 3D.

Figure 110 displays the damage plot at the end of the analysis of Unit 1 across three scenarios:
fully connected, semi-connected with mortar m4, and isolated. These cases were selected to
emphasize the difference between rigidly connected units, isolated and an intermediate

boundary connection considering a degrading interface.

The reduced damage of the unit is evident when the degree of connection between units is more
rigid. In the isolated condition, significant damage is visible, indicating unit failure and the
inability to withstand higher stresses. In the Semi-Connected case with mortar m4, the damage
is greatly reduced, but remains fairly distributed across the ground floor pillars and spandrels
between the openings of the front wall. The damage to the middle and back walls is much less
pronounced in the Semi-Connected case compared to the isolated one. The Fully Connected
configuration exhibits limited damage, suggesting maintenance within the elastic regime of the

elements.
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Figure 110: Damage plot resulting from non-linear dynamic analysis.

It can be concluded that there is a discrepancy between the vulnerability assessment provided
by the N2 method and the level of damage evaluated in dynamic tests and pushover analyses.
This can be attributed to the fact that the N2 method focuses on the reduction of resistance at a
global level, neglecting local damage or effects, such as the loss of the aggregate effect due to

mortar failure at interfaces.

The N2 method utilized for assessment in this research is reliable for fully connected cases and
for units modelled as isolated. However, for Semi-Connected configurations, where the
disappearance of the aggregate effect leads to an "apparent" brittle failure, the method

underestimates the capacity of the units.

The challenge related to masonry aggregates also involves selecting the most appropriate
modelling method to accurately capture and assess it. An alternative bilinearization criterion
should be employed to account for the effect of mortar failure at the interface in the case of

Semi-Connected aggregate.
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Peter Fajfar and Matjaz Dolsek proposed a new g-u-T relation in reference in (78), which can
be applied to structural systems where the failure of certain secondary structural elements leads
to a global strength degradation, while the primary structural system continues to bear loads. In
(79) the same authors utilized this method to assess the vulnerability of a reinforced concrete
frame structure with masonry infills. The presence of infilled masonry significantly impacts the
response of the global frame. Although masonry infills increase the overall resistance of the
building, they are very fragile, and their contribution disappears at low levels of deformation.
Even after infill failure, the frame continues to support loads. Essentially, infills act as
secondary elements, and their failure leads to a degradation in overall strength but not

necessarily to the collapse of the entire structure.

A similar scenario arises with the "aggregate effect" on the behaviour of individual units within
an aggregate building. The behaviour of the individual unit is strongly influenced by the
aggregate effect, until the connection between units is lost and the structure tends to behave as
if it were isolated. The greater the mechanical properties of the mortar used at the interface
layer, the more significant will be the impact of the aggregate effect on the unit's behaviour,

both in terms of resistance and increase in degradation when the mortar interface breaks.

Therefore, it is considered beneficial to attempt utilizing other assessment methods for units

modelled as Semi-Connected, despite the N2 method being the one proposed by regulations.
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9. Conclusion

The analysis and modelling of unreinforced masonry aggregate buildings present a highly
complex procedure due to numerous factors influencing the response of individual units, with
one of the most relevant being the degree of connection between them. The absence of specific
guidelines has led to the adoption of simplifications in practice, such as modelling units in
isolation from adjacent ones, thus neglecting the "aggregate effect”. This study focuses on
assessing the effect of a different degree of connection between units using modal, nonlinear
static, and nonlinear dynamic analyses. Additionally, it explores whether the current most used

method for assessing seismic vulnerability of buildings is suitable for this context.

A 3D finite element model was developed to simulate a masonry aggregate building consisting
of three similar units, each with three stories. The model utilized 2D shell elements to represent
the structural components. To accurately capture the behaviour of masonry while maintaining
computational efficiency and accuracy, a homogenized masonry approach was employed. The
model was implemented in STKO, using a Layered Shell section with the ASDShell(Q4 element.
Physical properties were assigned using ASDConcrete3D for masonry and DamageTC3D for
mortar. The integration of the IMPLEX algorithm with model partitioning in OpenSeesMP

ensured time-efficient analyses.

Units were modelled considering three different boundary conditions: first, individually as
isolated units; second, as rigidly connected structures referred to as "Fully-Connected"; and
third, with an intermediate connection type, named "Semi-Connected" configuration, where a
degrading layer of mortar between the longitudinal walls of the units was implemented. For the
intermediate connection, four mortars with varying mechanical properties were included at the
interface to evaluate how different strengths of connection might impact the structural behavior.

Each mortar was characterized in terms of friction and cohesion.

Each model was dynamically characterized by conducting a modal analysis. Pushover analyses
were conducted in both positive and negative longitudinal directions, considering lateral force
distributions proportional to the fundamental mode. The seismic vulnerability of each unit,
considering the different degrees of connection within the aggregate, was evaluated using the
N2 method. Finally, the models were subjected to nonlinear dynamic analysis, utilizing the

L’ Aquila earthquake in the longitudinal direction as the seismic input.
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The results reveal that when a connection between the units that constitute the aggregate is
considered, their response differs significantly from their isolated behavior. This difference is
highly dependent on the relative position of the unit being examined within the aggregate and
the direction of the load. In fully connected conditions, the aggregate effect enhances the overall
resistance of the structure and induces compression on the leeward unit, thereby increasing its
strength, while reducing resistance in the windward unit. Conversely, in isolated configurations,

all three units exhibit similar behavior, both in the positive and negative directions.

When the mortar layer is introduced between the longitudinal walls of units, assuming a
stronger mortar enhances the overall resistance of the aggregate. However, pushovers reveal a
more brittle behavior, attributed not to the failure of the units themselves, but to the mortar
failing at the interfaces between units, resulting in the loss of the aggregate effect. Once the
mortar layers fail, the pushover curves exhibit a softening branch that converges towards the
curves associated with isolated conditions. This phenomenon is particularly evident when the
mortar is highly resistant, leading to a significant initial increase in structural resistance.
Conversely, when the mortar is weaker, the results tend to align with the trend of isolated units.
Results show that both the rigid diaphragm and high degree of connection are fundamental to
the development of the aggregate affect as it ensures load transference in the longitudinal
direction (due to the connection between units) and in the transverse direction (due to the rigid

diaphragm)

The N2 method used for seismic assessment tends to judge cases with non-rigid connections
between units as more severe compared to isolated ones. This is because it only accounts for
the overall resistance, ignoring other factors that could affect the response of structures, even if
they don't lead to collapse, such as when the connection between units breaks. The crack
patterns observed in pushover tests imply that the conventional failure criteria, considered in
the N2 method, doesn't accurately represent structural collapse. Furthermore, damage from
nonlinear dynamic analysis indicates that semi-connected configurations fall between isolated
and fully connected structures, with reduced damage observed in configurations with stronger
mortar. Consequently, connecting units with increasingly rigid connections gradually leads to

beneficial results due to the aggregate effect.

The classic N2 method provides reasonable results for isolated and fully connected cases.
However, for Semi-Connected cases, where fragile curves are observed in pushovers, another

bilinearization approach should be employed, such as the one proposed in (78). This criterion
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was developed for infilled frame models to consider the rupture of infills, which drastically
reduces the global resistance while the frame continues to resist. The proposed bilinearization
system can be extended to units modeled as Semi-Connected, where the aggregate effect is the
secondary factor influencing the global response, but when it disappears, it does not lead to

actual structural failure.

Potential extension to this work involves abandoning the assumption of a rigid diaphragm and
examining how the distribution of forces between longitudinal walls changes with a flexible
diaphragm. Additionally, future studies could statistically evaluate dynamic responses to
various seismic inputs, expanding beyond the single input considered in this context.
Furthermore, it's interesting to consider the influence of other factors such as diverse plano-
altimetric geometries among units, variations in masonry quality, and the effects of non-rigid
connections between orthogonal walls. This exploration would contribute to a deeper

understanding of the complex behavior exhibited by these structures.
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