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Abstract: Seismic assessment is a paramount issue and a valuable instrument towards the conserva-
tion of vulnerable structures in seismic prone regions. The past seismic events have highlighted the
vulnerability of masonry towers that is exhibited by severe structural and nonstructural damages
or even collapses. The preservation of existing structures, mainly focused on the built heritage,
is emerging and imposing substantial enhancements of numerical methods, including pushover
analysis approaches. The accuracy of the estimated seismic capacity for these structures is correlated
with the assumed strategies and approximations made during the numerical modeling. The present
paper concerns those aspects by exploring the limitations and possibilities of conceiving pushover
analysis in the finite element method environment. The most crucial target is tracing in a pushover
capacity curve the corresponding initiation of structural damages, maximum load-bearing capacity,
and the ultimate displacement capacity. Different recommendations for achieving this target have
been proposed and illustrated for practical utilization. Three representative geometrical towers,
adopting three different materials and five different load patterns, are investigated in this study.
The load pattern’s role and necessity of the displacement-like control approach for the pushover
analysis are exploited. This paper highlights the load-bearing capacity overestimation when the
force-controlled are implemented. The material model influences the achievement of softening
branch with a distinguishable displacement capacity.

Keywords: masonry structures; towers; seismic assessment; pushover analysis

1. Introduction

Seismic assessment is becoming an obligatory procedure for existing structures in
seismic regions and, in particular, those with a high level of expected seismic risk. Many
factors of the construction typology, material deterioration, and the nature of earthquakes
make their capacity estimation quite uncertain. A relatively low level of seismic safety
characterizes the built stock as compared to the in-force earthquake engineering practice
requirements. When considering that many structures of the built stock belong to the
historical and architectural heritage, it is mandatory to utilize advanced and accurate ap-
proaches [1-6]. The objects of this paper are masonry towers, typical bell towers, fortresses,
or chimneys. However, the practitioners can extend many of the treated aspects of numeri-
cal procedures to a vast range of structural topologies while considering the similarities
and the generalist approach of pushover analyses implementation.

Masonry towers are very peculiar structural typologies, and they are typically con-
ceived to withstand only vertical loads, as it occurs for all historical masonry construc-
tions [7-16]. Therefore, their seismic vulnerability is expected to be high and particular
attention should be paid to their seismic assessment toward a preservation approach. Two
are the main aspects that lead to an expected high vulnerability, respectively, the masonry
material’s poor mechanical properties in tension and the geometric features like slender-
ness, irregularities, and openings. Additionally, the soil-structure interaction, inclination,
and adjacent structures have a significant influence on their structural response. Some
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of these features highlight a limited capacity of simplified global approaches, like those
prescribed in the Guideline for Cultural Heritage Seismic Assessment (DPCM) [17], for
addressing the complexity of the tower’s response. Regardless of the analytical method-
ology, a fundamental task is the estimation of the uncertain parameters (both material
properties and boundary conditions) affecting the structural behavior [18-21]. A multidis-
ciplinary approach by means of advanced investigations and simulations is deemed to be
mostly recommended aiming to identify the possible active failure modes during seismic
events [22-31]. A comprehensive approach to seismic safety would include a process
from diagnostic investigations to advanced numerical simulations, including out-of-plane
local analyses.

This research focuses on pushover analysis as a widely used approach in the seis-
mic assessment of masonry towers. Geometrical features and structural regularity are
favorable for the successful application of nonlinear static methods, but besides that, the
limitations of pushover analysis in masonry structures are well-known by the scientific
community [32-39]. The numerical procedure requires the definitions of many parameters,
like the material model, model mesh refinement, applied load distribution pattern, etc.
Consequently, the results are directly affected by the chosen parameters. The key issue
in the accuracy of pushover methods is the nature of the lateral load applied, which is
whether a force or a displacement [40].

Herein, it is not claimed to address all of the aspects above because it would require
investigating a larger number of case studies. The geometry and the material properties
selection in this research are based on a broad research practice. The focus is on differ-
ent approaches that a nonlinear static analysis could be conceived in any FEM software
package. The influence of geometry, material properties, and load pattern is investigated.
In this study, the simulations are performed with the Abaqus CAE software [41], which
provides a wide variety of modeling options for simulating the nonlinearity of masonry
structures. Some key aspects of addressing the seismic assessment of masonry towers have
been gathered from the simulations. The found remarks may be easily implemented by
practitioners or researchers in order to obtain more accurate and realistic results.

2. Pushover Analysis

Pushover analysis is a very utilized approach in earthquake engineering and one of
the most accurate tools for estimating structure’s seismic safety, either new or existing
ones. Thenceforth, a correct implementation is essential and it should meet many criteria.
There exist many approaches on the implementation and application of pushover analysis
considering, (i) different load patterns [42—44]; (ii) the inclusion of higher modes [45];
(iii) adaptive load patterns [46]; and (iv) force vs. displacement control [40], etc., aiming
to obtain a capacity curve that would mimic more realistically the seismic behavior of
the structure. It is a common approach that is adopted by many practices to consider
the pushover analysis as completed if the capacity curve is determined for values of the
controlled displacement ranging between zero and the value corresponding to 150% of the
target displacement [43]. Another approach is to consider the capacity until the reduction
of at least 15%, the maximum obtained base shear [44]. When considering that a brittle
failure is very prone in typical masonry structures, it should be expected that a realistic
behavior of the simulations should exhibit an apparent softening behavior. The role of
numerical simulations in this regard becomes very crucial. The peculiarity of the masonry
material, with a relatively low tensile strength and brittle failure in shear, makes the overall
modeling and analysis process not an easy task [32].

2.1. Load Patterns

This section describes different load patterns that could be used in a pushover analysis.
They influence the seismic assessment of the structures in terms of the pushover capacity
curve shape, as will be discussed in the following sections. Five different load patterns
have been considered for the simulations, see Figure 1. These load patterns are familiar
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for the readers, as they are adopted by several technical codes [43,47,48] and widely
applied for masonry towers. For simplicity, this article adopts the following names for each
load pattern.

9

u"_)

P1 P2 P3 P4 P5

Figure 1. Graphical representation of the considered load patterns.

Pl—inverse triangular shape body forces are applied along the height of the tower.
P2—a concentrated lateral load is applied at the top of the tower.

P3—a lateral displacement is applied at the top of the tower. A constraint is imple-
mented for the top nodes in order to avoid localized damages.

P4—an inverse triangular shape acceleration is applied along the height of the tower.
The acceleration is progressively incremented in a quasi-static fashion. Quasi-static
analyses can be conducted in Abaqus for linear or nonlinear problems, and inertial
effects can be neglected [41]. The equilibrium formulation of this analysis is given by
Equation (1). This approach allows for mimicking any shape for any required load
patterns and it is suitable for applying the modal pushover analysis.

Mx+Cx+Kx=-Mru 1)

P5—a progressively incremental acceleration is applied at the base of the tower. The
base is not fixed, and the imposed inertial forces exhibit the equivalent seismic forces
due to wave propagation in the solid. This approach only mimics the nonlinear
dynamic simulations in an incremental fashion, without load cycles. The equilibrium
formulation of this analysis is given by Equation (2). The implemented loads resemble
seismic loads induced by a ground acceleration at the base and, thenceforth, the
structural response is a combination of the wave propagation and inertial forces. This
approach could not mimic different shapes of load patterns and it is not very stable
due to the induced oscillation of the structure.

M&+C5c+Kx=—{ 2 } @)

M—mass matrix, C—damping matrix, K—stiffness matrix, x—displacement vector,

r—shape vector, and #—induced acceleration. The first load pattern (P1) represents the
classical distribution of seismic forces, and the conducted analyses are force-controlled.

The second (P2) and third (P3) are considered here to show the difference between a

force-controlled and displacement-controlled analysis, respectively. The fourth (P4) would
represent a classical force distribution implemented with a displacement controlled fashion,
and the fifth load pattern (P5) is here for comparison purposes.

2.2. Pushover Capacity Curve Shape

As previously mentioned, the seismic assessment, according to a pushover analysis,

is influenced by many parameters that, consequently, change the quality of the pushover
curve. The following describes notable characteristics of the capacity curves, see Figure 2,
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according to the considered load patterns. The three significative points of the pushover in
a capacity curve are the yield point (A), the maximum load-bearing capacity (B), and the
maximum allowable displacement (C). In principle, these points should indicate the limit
states of the structure, and they could also be empirically defined by code limitations, as
mentioned in the beginning of Section 2. The most desired output would be to tackle these
points from an obtained pushover capacity curve. However, it does not always occur and,
as described in this section, the load pattern plays a substantial role. Numerous analyses
have been conducted, as will be detailed in the next section, and an extract of them is
reported in Figure 2 just for highlighting the characterizing features for each load pattern.

Pushover Curves - P1, P2 and P3

Pushover Curves - P4 and P5
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Figure 2. Characteristics of the pushover curves according to the load pattern; (a) load pattern according to P1, P2 and P3,
(b) load pattern according to P4 and P5.

P1: the base shear of the capacity curve has an increasing trend while the top dis-
placement increases. This is the main drawback of the force-controlled approach,
which cannot provide a reliable estimation of structures” maximum load-bearing ca-
pacity (point B), as it does not show decreasing values. Consequently, the maximum
displacement should be empirically estimated, rather than estimating it from the
graph itself.

By confronting the P2 and P3, see Figure 2a, the pushover curve is identical until the
collapse point is identified by the P3 approach (point C). In contrast, the P2 approach
continues to provide a slight increment of the load-bearing capacity, as occurred with
P1. These two cases are directly comparable and highlight the benefits and quality of
the displacement-control simulations. As can be noted, an empirical estimation might
overestimate the maximum allowable top displacement.

P4: is comparable to the P1 in terms of the globally applied seismic loads; however,
this approach incorporates a displacement control by imposing the increment of the
applied acceleration. It can be noted that this approach provides all three points. For
illustration, Figure 2b plots the results from two different materials. The material
noted M1 has a perfect elastoplastic behavior while M2 has a multilinear with soft-
ening behavior (the details are provided in Section 3.2). The material’s role is crucial
in providing the ultimate displacement, while, in terms of maximum load-bearing
capacity, the presented cases show various similarities. It is worth highlighting that
the maximum residual displacement can be empirically estimated between 0.4-0.8% of
the total height, according to [49], or 0.5% according to code recommendations, [24,50].
For illustration, it is deliberately is chosen that this empirical approach could overesti-
mate the deformation capacity of the towers, see Figure 2a point C of P3 and Figure 2b
point C of P4(M2).
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e DP5: provides a time history nonlinear dynamic curve that is similar to the classic
pushover capacity curves. This curve is influenced by the damping parameters and
the velocity of the applied load. The initial branch of the capacity curves shows
some oscillations due to the tower’s elastic dynamic response, as will be shown in
the following sections. It can be noted that the initial stiffness of the structure is
slightly different from the other cases, due to the nature of the stiffness matrix that
is derived from Equation (2). In general, it can be noted that the role of parameters
highly influences the shape and quality of the capacity curve. Thenceforth, it is not
recommended to be applied massively, but it is worth highlighting that this approach
provides critical aspects of the structure’s seismic response.

3. Case Studies
3.1. Geometry

A representative typical masonry tower geometry has been derived from a data
bank of selected research papers dealing with seismic assessment and structural health
monitoring of masonry towers in the Italian territory [51-62]. Figure 3 summarizes the
geometric features of the towers in terms of their slenderness, height, and external base
width. A representative tower is chosen for implementing the pushover analysis to address
the herein treated issues, i.e., the role of the material, the role of geometry, and load
pattern. The chosen tower’s basic geometrical properties are: (a) height of H = 40 m,
(b) base b =7 m, and (c) a constant wall section thickness of t = 1.3 m. Among these
basic parameters, there are several other parameters, like horizontal elements, openings,
belfry, inclination, soil-structure interaction, and adjacent structure interaction, which
strongly influence the structure’s seismic behavior. This study does not cover all of these
parameters. Many of them are out of the scope of this study for providing a practical
framework for the implementation of pushover analysis on an accuracy basis. Some of
the above-mentioned key features to take under consideration are concluded in three case
studies. The three towers have been conceived, as follows, see Figure 4. Tower 1 represents
a hollow structure with the given described geometry as above. This approach conforms
with the geometry used for the simplified analysis of masonry towers, as described in
the guidelines for cultural heritage assessment and preservation under seismic actions [9].
Tower 2 includes some openings along with the height of the tower and vaults according
to a typical construction of masonry towers. This model does not consider other typical
horizontal timber elements. The belfry zone is composed of pillars and arches representing
the cross section’s lower rigidity, which often results in the most vulnerable part of the
tower accumulating seismic damages. Tower 3 is similar to Tower 2, except for the given
inclination that in this study is considered to be equal to 2°.

100
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Figure 3. Correlation of geometrical properties (H—height; b—base width; A—slenderness) from different masonry towers

in the Italian territory from literature, (a) the correlation between the height of the structure and slenderness, (b) the

correlation between the base width and the tower’s height.
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Figure 4. Cross-sections and section views of the towers.

3.2. Material

This study considers three different stress—strain relationships of the masonry consti-
tutive law, as shown in Figure 5. Herein, they are denoted: M1—an elasto-plastic material;
M2—brittle material with softening and residual compressive strength; M3—same as ma-
terial M2, but with a sharper softening branch. The aim of considering different material
constitutive laws is to investigate the role of the material properties in the response of
masonry towers under nonlinear static simulations.

M1 M2 M3
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2 2 2
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Figure 5. Stress-strain relationship of the masonry, M1—Perfectly elasto-plastic, M2—Idealized brittle material with
softening, M3—Idealized brittle material with sudden softening.

A key feature of an accurate pushover curve is the softening branch, after the peak
capacity, which is ruled by the softening of the compound material, i.e., the softening
branch of the masonry for compressive stresses, as mentioned in the previous section.
An elastoplastic material (M1) is often used for modeling masonry structures just to
facilitate the numerical convergence of the simulations. It is a convenient approach to
reduce the simulation time burdening, and the behavior of the material is similar to the
no-tension material model. The last approach is widely used for fast and simplified
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estimation of the masonry element ultimate resistance by means of limit analysis. As
expected, the most accurate simulation will be obtained from models, like M2 and M3, as
the material tends to more realistically represent stress—strain relationships. However, more
brittle that the softening branch is will result in time-consuming and more convergence
issues. The reference values of the mechanical properties used for the analysis are taken
from Table C8A.2.1 and Table C8A.2.2 of [44]. A minimum level of knowledge (LC1) is
considered in this study, which corresponds to a confidence factor FC = 1.35 that is applied
to the compressive strength, tensile strength, and shear strength. A typical masonry
material compound of clay bricks and lime mortar is chosen. The characteristic value of
the masonry’s elastic modulus is recommended to be taken E = 1500 MPa in a similar case,
and a compressive strength f.,, = 1.92 MPa (2.6/1.35 = 1.92 MPa).

Three-dimensional finite element models are created in the FEM environment of
ABAQUS [41], assuming, for masonry, a Concrete Damage Plasticity (CDP) material model
that was proposed by Lubliner [63]. The CDP model in Abaqus is described by isotropic
elastoplastic behavior constitutive laws defined by different ultimate stress, damage and
softening in tension and compression, and a three-dimensional behavior obeying a Drucker—
Prager failure criterion assuming a non-associated flow rule. The Lubliner model was later
modified by proposing a distinct damage parameter for compression and tension [64], as
in the following equations.

0 = (1 — dt) X EO X (Et — Stpl) (3)

oc=(1—dec) x Eg x (ec — ecpl) 4)

Table 1 reports the adopted parameters of the CDP material model. Although a CDP
approach is conceived for isotropic fragile materials, like concrete, it has been widely shown
that its basic constitutive law can also be adapted to masonry. Apart from its convenience
for accurately reproducing the structural behavior, this model is also available in many
other Finite Element codes.

Table 1. CDP parameters.

Ratio of Tensile and

Dilatation Angle Eccentricity Stre;lgt/l‘lTRatlo Compression Stresses in the Viscosity
b07%c0 Deviatoric Plane k
10° 0.1 1.16 2/3 0.0002

The numerical models are discretized while using tetrahedron elements with a char-
acteristic length that is lower than 30 cm. The C3D4 type of Abaqus elements library is
selected, and it suits best for meshing any irregular shape and faster numerical processing.

4. Results

The extended results from the conducted analyses are reported in the following ap-
pendixes, respectively, all the pushover capacity curves in Appendix A and the damage pat-
terns in Appendix B. This section only summarizes the most relevant and illustrative examples.

4.1. Role of the Geometry

The tower’s geometry is crucial in obtaining a reliable result on the seismic response of
the structure. A comprehensive study on the geometrical aspects’ role based on simplified
numerical models can be found in this literature, [65], where different failure patterns have
been observed. The role of the geometry here is not fully comprehensive due to the limited
number of the studied towers. However, it highlights the role of structural features like the
presence of openings or horizontal elements. Figure 6 confronts the hollow tower T1 with
tower T2, where the last is expected to be more realistic. The reported results correspond
to the material M3, but it is remarkably similar to the results of M2. Compare Figure A8
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with Figures A9 and A11 with Figure A12. Initially, a concentration of damage in the zone
under compression (tracked by the P4 and P5 load pattern approach) can be observed. This
highlights the possibility that the initiation of the collapse mechanism could result from
combined compressive and shear stresses, which is not the most intuitive one when dealing
with low tensile strength materials. Case P1 highlights the damage that is extensively
spread in the tensile zone. Besides the load pattern influence, this overall behavior is also
affected by the ratio of the cross-section, the wall thickness, and the slenderness. It is worth
noting is that the concentration of the damages is not close to the base, but almost to 1/4 of
the height. This effect is also observed in a real case study, San Giorgio Tower in Ferrara
(Italy). Because of the geometry and the present inclination of the tower, many conducted
nonlinear time history analyses have highlighted the initiation of a failure pattern with a
diagonal crack shape in the compressed side located almost closes to the 1/4 of the tower’s
height [26].
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Figure 6. Damage pattern comparison between the hollow tower (Tower T1) in the upper images and the “realistic tower”
(Tower T2) in the lower images respectively for the points defined in Section 2.2.

The role of the geometry is also represented here by the presence of openings, which is
demonstrated by an apparent vertical cracking passing through the openings, see Figure 6.
This result implies the necessity to address a more detailed numerical approach model,
where the simplified ones, as proposed in [9,10], could fail to distinguish the most prone
active mechanism.

In terms of load-bearing capacity, i.e., the maximum base shear, the present case
studies do not indicate a very substantial difference, ranging between 2-2.5 MN. On the
other hand, the inclination significantly decreases the load-bearing capacity, which, for the
present tower (T3), ranges between 1.4-2.2 MN. An inclination of 2° is considered to be
a high inclination, while considering that the highest registered inclination for masonry
towers is approximately 4°. Thenceforth, this reduction of the base shear is justified also
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considering that, for an inclination angle a ~ arctan(0.7125/A), the towers lose their
stability from the self-weight [66]. However, the most important output is the oscillations
from conducting a full nonlinear dynamic analysis (i.e., P5), see Figure 7, Tower 3 case.

Pushover Curves - Tower 1
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——T1M2P1
——T1 M3 P1
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T1 M2 P4
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+ T1 M3 P5

0.70
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Figure 7. Pushover capacity curves under P1, P4 and P5 load patterns for (top to bottom) Tower 1,
Tower 2 and Tower 3 respectively.

As expected, a full nonlinear dynamic will cause oscillations of the structure during the
initial steps of the numerical simulation, where it occurs that the structure is in the elastic
phase. These observed oscillations in the initial branch, which are clearly distinguishable
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for Tower 3 in see Figure 7, make it difficult to segregate a linear branch representing the
elastic phase of the pushover capacity curve. Approaching the pushover analysis according
to the herein considered P5 load pattern is not always reliable for obtaining pushover
capacity curves, as mentioned in the previous paragraph.

4.2. Role of Damping

The following results are referred to as the P5 load pattern alone, as the other ap-
proaches are strictly static where the role of damping is completely eliminated. Applying
a full dynamic simulation for mimicking a pushover analysis will result in an oscillation
behavior, as mentioned in the previous section. Two approaches can be followed for de-
creasing this effect: (i) modifying the damping properties of the material and (ii) applying
a quasi-static analysis approach [41]. Figure 8 shows the results from the first approach. It
can be observed that, by increasing the material damping, the oscillation is faded propor-
tionally. However, the most significant disadvantage is that this approach falsely increases
the load resisting capacity. The resultant pushover curve becomes alike with a simulation
of force-controlled or with elasto-plastic materials where the softening branch is missing.
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Figure 8. Role of damping in the pseudo-static pushover curves, from left to right the damping ratio increases from 0.02, 0.1
and 0.2.

Figure 9 shows the results of the second approach. A spike is observed on the pushover
capacity curve, which exceeds any estimation of the base shear load-bearing capacity. The
same trend as in the first approach is registered while increasing the damping coefficient.
It is worth noting that, for relatively elevated values of damping, the obtained pushover
curves from both approaches are similar, and the overall estimated maximum base shear is
comparable, even with the results from P1 and P4 load patterns.
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Figure 9. Role of damping in the quasi-static pushover curves, from left to right the damping ratio increases from 0.02, 0.1
and 0.2.
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4.3. Role of Material

Regarding the material properties, the role of the tensile strength is not investigated
here, but it is acknowledged as a parameter that strongly influences the load-bearing capac-
ity. The compressive strength here is exposed to control both the bearing capacity and the
damage pattern, as discussed in Section 4.1. A comparable response is registered for the M1
(elasto-plastic) and the M2 (elasto-plastic with softening) in terms of the capacity curve and
damage pattern, refer to Appendices A and B, respectively. For a force-controlled pushover,
the differences are negligible. Hence, if the nonlinear static analysis is implemented based
on a force-controlled approach (in the absence of implementing a displacement-controlled
due to a software constrain), the stress—strain relationship shape might be transcurred.
Instead, the focus should be on other ruling parameters. The difference between an M2
and M3 type is quite visible for displacement-controlled alike approaches, see Figure 7.
Thenceforth, defining the softening branch will strongly influence the point of structural
collapse (maximum displacement acceptable for the structure) and, consequently, affects
the reliability of the simulations.

The role of the material is notable for the P5 approach, where a small variation causes
big changes in the global response. For a load pattern, like the P4 approach, the softening
branch is not always very notable, as the quasi-static analysis tends to modify the overall
stiffness and hinder the inertial effect. It will bring out similarities with the role of damping,
as in Figures 8 and 9. In this case, it is suggested to investigate the softening branch
carefully in order to obtain the maximum displacement accompanied by a decreasing
base shear.

4.4. Role of Load Pattern

The most reliable and practical load pattern is the P4, where an incremental accel-
eration is applied along the height of the tower (structure) according to a preassigned
distribution shape, as highlighted in the previous comments and sections. This loading
pattern seems to provide a sharp shape when the geometry is very simple; however, it
worth noting that other cases should be paid more attention. The observed effect of an
increment of the base shear after the capacity curves demonstrate a softening branch
is partially influenced by non-considering geometrical nonlinearity and partially by a
quasi-static fashion simulation. The geometrical nonlinearity is not considered here for
simplicity and even because many types of software do not provide this feature. It would
be considered to be acceptable to consider the collapse of the tower, the end of the capacity
curve. However, an increment of the base shear is noted to occur after the softening branch
for a quite large deformation. This represents a nonphysical phenomenon. This approach
is worthy of being compared, for the sake of accuracy, with limitations of the maximum
displacements or by adjunct simulations, like P5. The drawbacks that are mentioned above
should be addressed, considered, and, if possible, might be eliminated. An alternative is
the P3, but it should be paid attention if imposed displacement constraints do not hinder
the propagation of failure mechanisms. The last can be illustrated by a concentration of the
damages at the belfry, see Figure 10, which is imposed by the local drift at the top and not
by the role of higher modes as it is expected in slender structures.
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Figure 10. Damage patterns of tower T2 subjected to a displacement at the top, i.e., the load pattern
P2 for three different materials, from left to right MI to M2 and M3 respectively.

5. Discussion

This research paper is conceived to provide some practical recommendations for the
implementation of the pushover analysis. The traditional pushover analysis was initially
conceived as nonlinear static procedures where force targets were assigned in the structure.
By gradually incrementing the intensity of the force, the algorithm would provide the
function of base shear versus the assigned control node’s displacement. This approach is
valid for definitive loads that are fully known. However, the seismic loads are of inertial
nature and they depend on the response of the structure. Any assumption of the seismic
loads” distribution in the structure would be only an approximation or at least the one
that would bring the structure to a certain limit state. The most accurate assumption
would be to apply accelerations with a spatial distribution mimicking the eigenmodes,
and this acceleration would be incremented gradually. For practical purposes, by using an
advanced FE software package, the best-recommended approach would be to conceptualize
a nonlinear dynamic analysis with a user-defined shape distribution of the acceleration
in a quasi-static fashion. When compared to other methods, this approximation is quite
reliable, and it provides the seismic assessment’s required information according to a
pushover analysis.

A most rigorous and specific application of such an assumption would permit an
increase of the acceleration even the capacity of the structures to withstand those actions
is exceeded, thence the compounding bodjies of the structure would follow a kinematic
motion and the numerical simulation would continue. However, such analysis would
require a very advanced model, which would count for geometrical nonlinearities and
large displacements. Such approaches are not practical, and they exceed the requirements
for seismic assessment. However, from a theoretical point of view, their exploration would
be beneficial.

6. Conclusions

Pushover analysis is one of the most popular analysis for the seismic assessment of
existing structures. The evolution of instruments and the advancement in the masonry
modeling approaches that are suitable for nonlinear analysis are seen as a very useful tool.
Despite the structural regularity, the pushover analysis is still not an easy task. This is
not directly related to the complexity of the model itself, but regarding the accuracy of
the obtained base shear-displacement capacity curve. The role of the geometry, material
properties, load pattern, and type of analysis (force-controlled vs. displacement-controlled)
have been raised in this research. Three case studies, three materials, and five load patterns
are the object of this study. From the conducted analysis and obtained results, the most
noteworthy remarks to be drawn are.

e  The most accurate approach for mimicking seismic loads for a pushover analysis
is by imposing gradually incremental acceleration. This approach eliminates fixed
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patterns of loads, which constrain the damage distributions. Many software provides
the implementation of this approach in a quasi-static fashion.

If the practitioner or researcher implements a force-based approach, the role of the
material is less relevant when compared to other features of the structure.

The geometry’s role, like horizontal diaphragms, openings, and inclination, strongly
influences the shape of the damage pattern. Consequently, the seismic capacity
is affected.

The softening in the stress-strain relationship in compression plays a crucial role in
estimating the tower’s lowest load-bearing capacity (near collapse) and the maximum
allowable deformation. It is recommended that the softening branch should be sharper.
Otherwise, a smooth softening fades to tackle the realistic failure of the tower.
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Appendix A

The following graphs represent the base shear-top displacement capacity curve for

different load patterns and materials.
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Figure A1. Pushover curves results for the case of Tower 1.
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Figure A2. Pushover curves result for the case of Tower 2.
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Figure A3. Pushover curves result for the case of Tower 3.

Appendix B

The following images represent the damage pattern of the towers due to different load
patterns and intensity. P1 load pattern damage for ultimate displacement. P2 load pattern
damage for ultimate displacement. P2 load pattern damage for ultimate displacement.
P3-A load pattern damage for damage initiation point. P3-B load pattern damage for
ultimate displacement. P4-A load pattern damage for damage initiation point. P4-B
load pattern damage for maximum base shear. P4-C load pattern damage for ultimate
displacement. P5-A load pattern damage for damage initiation point. P5-B load pattern
damage for maximum base shear. P5-C load pattern damage for ultimate displacement.
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Figure A4. Pushover analyses results of T1-M1—Damage patterns.
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Figure A5. Pushover analyses results of T1-M2—Damage patterns.
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Figure A11. Pushover analyses results of T3-M2—Damage patterns.

DAMAGET
(Avg: 75%)

DAMAGET
(Avg: 75%)

DAMAGET
(Avg: 75%)
0.90

DAMAGET

(Avg: 75%)
0.90
0.82
075

0.90
0.82 0.82
0.75 0.75

o
o
<

ooo0000000
SR NG
BRGREYGRSY
coooooo00
oohNwwWBND
BIGRBYLES

bes
P3-A

I—D x
P3-B

DAMAGET DAMAGET DAMAGET DAMAGET DAMAGET

(Avg: 75%) (Avg: 75%) (Avg: 75%) (Avg: 75%) (Avg: 75%)
0.9¢ 0.90 0.90 0.90 0.90
0582 Fos 0.82 0.82 B os
0.75 075 075 075 075

=L 036: 0.67 =L 067 0.67 =L 067
0.6 060 0.60 060 0.60
0552 0552 052 052 052
045 045 045 0.45 045
037 0.37 037 037 037
030 B 030 — 030 030 = 030
0.22 0.22 0.22 0.22 0.22
0.15 015 015 015 015
0.07 0.07 0.07 0.07 0.07
0.00 0.00 0.00 0.00 0.00
§ 4 Y Y v Y

2 500000000000
Son i Bnmma®
SIS et
| 5 S
&z
< ooc oc < oooooooooon0n™ £
SohN WL aNE o am 3
SRGRBLENSIGRE g1
. 2000000000
SonmLu AN
S2ERBYLNSY
x

P4-B P4-C P5-A P5-B

Figure A12. Pushover analyses results of T3-M3—Damage patterns.
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