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Abstract: An evaluation of the seismic behavior of a massive masonry monument with vaults, namely,
the Neoria complex at the old port of Chania, is presented here. The usage of modal response analysis
requires the combination of many eigenmodes in order to capture the required amount of vibration
energy. Alternatively, a number of earthquakes can be used within a time domain response analysis
in order to evaluate the response and, subsequently, the strength of the structure. Results of linear
analysis are compared here, since this is what is required from current seismic codes. A nonlinear
analysis with adequate material models will also be presented in order to demonstrate a comparison
with linear analysis and a prediction of damage appearance under ultimate conditions. From the
present investigation, it is shown that the results of the modal analysis and the linear time-step
analysis are comparable. Therefore, some confidence is gained towards using the results for the
design of strengthening and rehabilitation studies. Nonlinear models are very sensitive with respect
to design earthquakes and material models. Therefore, at this stage, their results are used for the
identification of areas where interventions must be performed very carefully.

Keywords: finite element analysis; nonlinear time history analysis; earthquake analysis; unreinforced

masonry; time-step analysis; masonry vaults; masonry damage

1. Introduction

Computational modelling of masonry monuments has been the focus of various
investigations, due to the complexity of the structures, the uncertainty of materials and the
constitutive models [1-4]. The usage of simplified models, and especially of equivalent
frame models, is questionable, since the response usually does not capture the complex
three-dimensional structure [5-7].

On the other hand, more complicated models, including contact interaction and the
influence of the microstructure on the structural behavior, are available, provided that
reliable data can be found [8,9]. In these models, sophisticated multi-scale schemes are
adopted, coupling the micro- and macroscopic scales. In [10], an alternative probabilistic-
based numerical method is proposed, coupling a discrete macro-element model with a
homogenization meso-scale model. It is noted that these techniques can accurately describe
the microstructure of masonry, but they are usually complex and computationally expensive
and, thus, not easily implemented in large masonry structures and monuments.

When the study focuses on large masonry structures, retrofitting and reinforcing
must be limited to the minimum necessary due to practical difficulties and the generally
accepted trend to avoid heavy interventions in monuments [11]. The nominal life of
interventions and the question of cost-benefit analysis is another aspect that should be
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taken into account [12]. Hence, to evaluate the structural response and propose specific
interventions aiming to preserve masonry structures, numerical studies focusing on their
static and dynamic response have been developed in the last years, involving direct finite
element simulations on the macroscopic, structural length scale.

In addition, masonry monuments require special attention due to their particular
structural characteristics and their cultural significance. Issues such as uncertainty in
material properties, existing damage and previous interventions—which should be ad-
dressed in every study—make each investigation a unique case study. In [13], a nonlinear
time history, finite element analysis is used to investigate how the concrete vault cover,
applied to a masonry mosque in previous years, influences the seismic response and the
collapse mechanism of the structure. The dynamic response of a bottle-shaped masonry
ancient pagoda is evaluated in [14] using the finite element method. The study focuses on
identifying seismic weak areas on the structure. In [15], the non-smooth contact dynamics
method is used to simulate the nonlinear response of the civic clock tower of Rotella, in
Italy. The study provides the failure modes as a parameter of the shape, size and texture of
the masonry. A comparative analysis study between discontinuous and continuous models
applied to masonry structures is given in [16] for the structural evaluation of an old church
subjected to seismic events. More recent studies on numerical methods evaluating the
dynamic response of masonry structures and monuments can be found in [17-22].

In this article, the dynamic response of the masonry monument of Neoria in the
Venetian Port of Chania (Greece) is evaluated using linear and nonlinear dynamic finite
element analysis. For the strength evaluation of the unreinforced structure, a design
model was created initially, by a geometric, historic and material survey, which formed
the basis for the discretization of the structure using the finite element method, see [23],
following the steps outlined in [8,24]. This model allowed for the initial assessment of
the mechanical (dynamic) characteristics of the structure and the comparison with the
measured (experimental) data. The model was parametrized to a sufficient degree and
allowed researchers to consider different scenarios regarding the mechanical properties of
the material at different locations, depending on the state of damage, to compare with the
measurements of modal characteristics and, finally, to estimate the real state of the structure.

The initial study on the monument presented in [23] led, through parameter identifica-
tion techniques, to a reliable finite element model of the existing structure. In this paper, we
assume that cracks and damages will be restored, and some minor architectural changes
will be realized, namely the removal of the front walls, which are not bearing elements of
the structure. These interventions and the details of the new finite element model of the
monument are provided in subsequent sections. The results of modal and dynamic spectral
analysis of this final model, as well as its transient dynamic simulations for old earthquake
records, are briefly presented here and critically evaluated in view of rehabilitation and new
usage of the monument. A compromise between research investigation and engineering
practice is attempted within this paper.

It must be emphasized that all presented investigations are possible due to the usage of
advanced finite element analysis. The complex shape of the structure, the need to describe
documented damages [23] and the need to use a large number of modes within the modal
analysis justifies the usage of modern general-purpose finite elements. This observation is
in accordance with many recently published investigations, such as [4,15,16,24,25].

2. Brief Description of Neoria Masonry Monument

The Neoria masonry monument is a shipyard building built in the 16th century. As
shown in Figure 1a, the building consists of seven vaults, eight lateral masonry walls, and
two facades on the north and south sides. The front (north) fagade was originally open
for the entry of the ships, and the southern walls were constructed and connected to the
lateral walls up to the base of the vaults. The dimensions for each of the seven shipyards of
the Neoria building are 50 m x 9 m. The shape of the floor plan is a stepped trapezoid, as
the walls that carry the vaulting are parallel to each other, while the north and south sides
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deviate noticeably from the vertical in order to adapt to the morphology of the coastline and
the road parallel to it. The width of the aisles is approximately 9.10 m, with the exception of
the fourth and seventh, which are approximately 9.20 m wide. The rooms were originally
open to the north, from which the boats entered. Their length ranges from 52 m in the first
to 47 m in the seventh. The walls between the naves are very thick (1.70-1.90 m) so that
they receive the loads of the domes. They have an even greater thickness when they also
have to take on lateral thrusts—that is, in the cases where it is the extreme wall towards
the east of an array of domes that was roofed at the same time. To this category belong the
eastern walls of the first, sixth and seventh neorios, with a thickness of 3.20, 2.60 and 3.25 m,
respectively. The wall of the seventh youth is less thick than the height of the genesis of the
dome and above. In this way, the dome of the next nave to the west was planned, but it was
never built. To deal with the westward thrusts of the dome of the first youth, six massive
buttresses were built after the collapse of the westernmost domes in the 19th century. The
southern wall is noticeably thinner than the rest (1.00 m and approx. 0.60 m in the fifth new
wall) since it does not receive loads from the vaulting.

The building is constructed of cut stones, up to a height of about 2.5 m, and rubblework
for the rest of the mass of the walls and the vaults. More details about the structural
condition and existing damage of the building can be found in [23]. For the convenience of
the readers, major geometric quantities of the structure are reproduced in Figure 1b.

Figure 1. Cont.
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Figure 1. (a) Neoria masonry monument; (b) dimensions of the building.

2.1. General Description and Material Properties

A detailed finite element model of the structure, which considers the planned strength-
ening and other interventions, has been created, as shown Figure 2. The main intervention,
which is applied in this model as compared to [23], is the removal of the north facade
walls, which, notably, were added during the life of the structure and do not contribute
to the bearing structural system. Additionally, for strengthening, it is assumed that the
masonry structure has been restored by grouting the masonry and repairing the cracks
with stone joints.

Figure 2. Finite element model of Neoria, considering planned interventions. The current structure is
described in [23].

To evaluate the dynamic response, which is obtained from this refined model, dynamic
simulations of the structure were carried out by calculating the eigenfrequencies and
eigenmodes and then by applying the design spectrum according to the Greek Anti-Seismic
Regulation [26]. Next, linear and nonlinear dynamic simulations in the time domain, using
natural and fitted earthquakes, which are available through international and national
databases, were implemented.

The mechanical properties of the masonry, which have been obtained from the exper-
imental measurements and the parameter identification optimization process described
in [1], are shown in Table 1.

For the nonlinear time history analysis, which is one of the simulations conducted
to evaluate the ultimate response of the masonry monument under dynamic actions, the
concrete damage plasticity law is adopted in commercial finite element software (Abaqus).
The concrete damage plasticity model has been used in recent nonlinear analysis studies of
monuments [27]. This is a continuum constitutive description, which is appropriate for the
simulation of failure on quasi-brittle materials such as masonry and concrete [28].
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Table 1. Mechanical properties of materials.

Material Young’s Modulus E (x10° Pa) ~ Mass Density (kg/m3)  Poisson’s Ratio v

Vaults 3.43 1900 0.15
South wall 1.50 1500 0.25
Weak walls 3.14 1700 0.25

Strong walls 3.29 1700 0.25

The main two failure mechanisms that can be depicted by this constitutive material
law are tensile and compressive failure. Damage variables were introduced in this law to
capture the mentioned failure types. The nonlinear material properties that were adopted
in these simulations are given in Figure 3.
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Figure 3. Material laws adopted for the concrete damage plasticity model: (a) compressive stress—
inelastic strain response for the vaults; (b) tensile stress—inelastic strain response for the vaults;
(c) compressive stress—inelastic strain response for the walls; (d) tensile stress—inelastic strain response
for the walls.

2.2. Details of the Response Spectrum Analysis

The structure was evaluated with the elastic design spectrum prescribed by the seismic
code in the region—following Eurocode 8, part 3, with PGA 0-24 g—as shown in Figure 4,
for the following characteristics: ground category B, category of importance III and seismic
risk zone Z2. The values of the spectrum were multiplied by an importance factor of 1.3 to
capture the worst earthquake loading. The seismic loading was initially considered to act
in the three directions in the space, with different participation factors for each direction
(e.g., main directions or, alternatively, the two axes of the structure’s plan) according to the
anti-seismic regulation.
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Figure 4. Design spectrum adopted in this study.

2.3. Time History Analysis

The selected earthquakes, which are shown in Table 2, have been scaled to comply
with the design spectrum provided in Figure 4. The scaling of the real earthquake ground
acceleration diagrams was implemented by using the commercial software Seismosoft [29].
First, the design spectrum is defined, which was applicable in the region as recommended
by the Eurocode, according to the descriptions given in Section 3.2. Then, the nonstationary
spectral matching algorithm was used [30] to match the real earthquake ground acceleration
diagram to the pre-defined design spectrum. It is noted that, according to the Eurocode,
the design spectrum for the vertical component of the earthquake acceleration time history
data can be equal to 0.7 of the horizontal component.

Table 2. Selected earthquakes (sources: http:/ /www.itsak.gr/db/data/strong_motion/after2000/,
https:/ /ngawest2.berkeley.edu/, access on 18 August 2023).

No. Mw Event Name Name of Station Date of Event
EQ.1 6.3 Thessaly Earthquake Station S5 3 March 2021
EQ.2 6.3 Thessaly Earthquake Station S4 3 March 2021
EQ.3 6.0 Arkalochori Earthquake (Main shock) Station ABEA 27 September 2021
EQ.4 53 Arkalochori Earthquake (Secondary shock) Station ABEA 28 September 2021
EQ.5 6.1 Earthquake West of Chania Station ABEA 27 November 2019
EQ.6 6.7 Samos Earthquake Station ABEA 30 October 2020
EQ.7 6.69 Northridge, California Griffith Observatory 17 January 1994
EQ.8 6.7 Northridge, California MT Wilsonéiittics)ﬁi;f;;;i)on (CDMG 17 January 1994
EQ.9 6.9 Irpinia, Italy Sturno 23 November 1980

Indicative results of this scaling process from the spectrum of earthquake No. 7,
Northridge, California, is shown in Figure 5. The measurement points for plotting the
relative displacement diagrams, which are provided in the results, are shown in Figure 6.
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Figure 5. Spectrum of earthquake (Northridge, California) without and with scaling in various
directions: (a) east-west; (b) north-south; (c) vertical.
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Figure 6. The FEM model of the structure and points on it where displacement time histories have

been collected.

Following the scaling of the ground acceleration diagrams for the seismic events
shown in Table 2 to fit the design spectrum, scaling of the ground acceleration diagrams
to new ground accelerations complying to the design spectrum was considered. In the
results section, output from linear time history analysis was provided using these scaled
ground accelerations.

Figures 7 and 8 show two scaled ground acceleration diagrams representing the old
seismic events of Table 2, namely, the Thessaly and Northridge, California events. In
particular, both the original and the scaled ground acceleration loadings corresponding
to these events are provided in Figures 7 and 8. These scaled diagrams are used in the
results section of the article, to provide the nonlinear response of the monument when
nonlinear time history analysis is performed. According to Figures 7 and 8, the scaled
ground acceleration values were increased as compared to the original ones. The reason for
this increase was to allow the chosen ground accelerations of old seismic events, complying
with the design spectrum in the location of the building under investigation. Technical
details for the nonlinear analysis for monuments can be found in [8,28].
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Figure 7. Original and scaled ground acceleration diagrams for the Thessaly seismic event: (a) hori-
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Figure 8. Original and scaled ground acceleration diagrams for the Northridge seismic event:
(a) horizontal direction east-west; (b) horizontal direction north-south; (c) vertical direction.

3. Results

To evaluate the dynamic response of the monument, four types of dynamic simulations
were implemented: modal analysis, response spectrum analysis and linear and nonlinear
time history analysis.

3.1. Modal Analysis

The modal analysis is needed for the investigation of the response of a system to
dynamic loading, as it can provide qualitative as well as quantitative estimates for the
expected displacements and deformations. This method is a good approximation of the
intensive quantities that develop in cases of non-periodic variable loads, such as an earth-
quake and, by extension, the determination of the most vulnerable points of the structure.
The first, third and fifteenth eigenmodes are shown in Figures 9 and 10. In these frequencies,
already, the existing structure is excited [23].
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Figure 10. (a) 3rd eigenmode at 7.693 Hz; (b) 15th eigenmode at 12.67 Hz (north face).

3.2. Response Spectrum Analysis

Indicative results of the displacements and principal stresses, which developed in the
structure, are shown in Figures 11 and 12, respectively. The distribution of maximum and
minimum principal stresses shown in Figure 12 indicate that critical areas were detected in
the weak inner walls and in the central vaults.

s o WAL s

;;;;;

Figure 11. (a) Total displacement; (b) displacement along the x direction, obtained from dynamic
spectral analysis (in m).

Figure 12. (a) Maximum; (b) minimum principal stress from the dynamic spectral analysis (in Pa).
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It is also concluded that the maximum displacement shown in Figure 11 appears at
the top of the fourth vault as well as at the pediment projections on the south face. In
the vaults, the excitation on the X axis has a greater influence. In the south, higher stress
concentrations appear in the Y-axis stresses, due to out-of-plane bending. The removal of
the masonry wall on the north face led to greater oscillations of the free end of the domes.
In fact, the existing masonry has largely detached from the domes, so, the effect of the
removal has already taken place in the structure with micro-cracks at the ends of the domes
on the north side.

It is of note that, during the spectral analysis, the regulations require that as many
eigenmodes be used in each component as are necessary to cover 75% of the total mass
and, in any case, to consider the eigenmodes with T > 0.20 s. For this reason, and in
order to follow these requirements, it was found by previous investigations that more
than 90 eigenmodes must be used [23]. So, the choice of using time domain solutions for
earthquakes seems to be a more reliable alternative.

3.3. Linear Time History Analysis

A time domain finite element analysis has been performed in this section. A sample
set of response displacements at a point on the fourth vault of the structure is shown
in Figure 13, for the selected earthquakes of Table 2, scaled to comply with the design
spectrum, as described previously. According to Figure 13, maximum displacements arise
at different timing and different excitations. For instance, seismic event 6 of Table 2 leads to
the maximum displacement for the horizontal north—south excitation shown in Figure 13b.
For the vertical loading direction (Figure 13c), seismic event 5 of Table 2 seems to cause the
highest displacement.
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Figure 13. Displacement plots for the first six earthquakes at a point of vault four: (a) horizontal east—
west displacement component; (b) horizontal north-south displacement component; (a,c) vertical
displacement component.

Diagrams comparing the maximum values of the displacements calculated from time
history analysis and the displacements obtained from spectral analysis for the selected
points are provided in Figures 14-17. The names and numbering of the structural elements
correspond to the ones given in Figure 6. Namely, with FW and BW, the front and back
walls are named, V denotes the centers of the vaults (seven vaults) and W denotes the
upper points of the internal walls, as shown in Figure 6.



Buildings 2023, 13, 2204

14 of 19

—
[

—
~ o

[SS]

m Ux_(history)
m Uy _(history)

(=}

N s O ®

Maximum horizontal displacements (mm)
— —

(=}

Fwl Fw2 FW3 FW4 FWS5 FwW6 FW7

mu_total(history)

mu_total(spectrum-X)
mUx_(spectrum-X)
mUy_(spectrum-X)

Figure 14. Maximum horizontal displacements (mm) for all earthquakes obtained from time history

and response spectrum analysis, at the central point of the vaults.
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Figure 16. Maximum displacements (mm) for all earthquakes obtained from time history and
response spectrum analysis, at the central point of longitudinal walls.
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Figure 17. Maximum displacements (mm) for all earthquakes obtained from time history and
response spectrum analysis, at the central point of the south wall.

It must be noted that there is a good comparison of the results derived from the two
types of dynamic simulations (time history and spectral analysis) at most locations (vaults
and longitudinal walls), with a tendency of overestimating the displacement magnitudes
at the central vaults obtained from the response spectrum analysis. On the contrary, at the
south wall, displacements from the response spectrum analysis were significantly lower as
compared to those of the linear history analysis.

3.4. Nonlinear Time History Analysis

Results obtained from nonlinear time history simulations indicate that the building
will develop extensive tensile damage in the vaults and the vertical south walls. For both
tested seismic events (the Thessaly and the Northridge, California, events shown in Table 2),
the maximum failure—as indicated by the tensile damage distribution—is obtained near
the maximum (scaled) ground acceleration values, approximately at the fifth and sixth
second of the seismic events shown in Figures 7 and 8.



Buildings 2023, 13, 2204 16 of 19

The tensile damage distribution for the two seismic events is provided in Figures 18 and 19,
respectively. Both figures depict the initiation of tensile failure, as well as the expansion of
failure in the structure. As shown in these figures, the first seismic event develops more
intense failure in the five internal vaults. The Northridge seismic event (Figure 19) looks
more severe for the two external vaults, as well as for the south vertical walls.

| DAMAGET
| {Avg: 75%)
| 1,854+ 00

+1.
= <+ 0, G-+ 0k

DAMAGET

ge-02
+ib, D00+ 00

Figure 18. Evolution of the tensile damage distribution during the fifth second of the Thessaly seismic
event. Initiation and progress of damage shown in two different time instances.
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Figure 19. Evolution of the tensile damage distribution during the sixth second of the Northridge.
Initiation and progress of damage shown in two different time instances.

4. Discussion

From the previously presented results, it is observed that the comparison of predictions
for maximum displacements given by modal analysis and linear time-step analysis is
satisfactory. Therefore, design and strengthening techniques based on displacements and
deformations of structural elements can proceed with some confidence. Nonlinear analysis
is much more complicated. The influence of the material model and of scaling factors for
the considered earthquakes requires further investigation. Therefore, for the time being,
nonlinear analysis is used for the identification of areas where intervention techniques
must be performed more carefully.

The importance of the vertical earthquake component and near fault effects should
be emphasized. The study shows the significance of this effect in masonry structures
and the need to use reliable computational models. A recent study on seismic collapse
probability and life cycle cost assessment of isolated structures subjected to pounding with
a smart isolation system using a modified fuzzy-based controller subjected to near-fault
earthquakes has been published in [31].

5. Conclusions

For the studied monument, the following conclusions can be drawn. Linear time
history analysis gives higher displacements for the vaults and the external walls, while,
in general, the predictions are comparable with the spectral analysis technique. Spectral
analysis gives much higher estimates for the south wall. Damage estimates coming from
nonlinear time history analysis in general agree with the ones coming from linear analysis.
Both predict tensile damage in the vaults and the middle, internal walls. Qualitative
comparisons of linear and nonlinear models must be evaluated carefully due to an increased
amount of material data (strengths, damage parameters, etc.); this is especially needed in the
nonlinear cases. When not enough material data is provided by experimental investigation,
the results of the nonlinear simulations may not accurately represent the failure response
of the structure. Furthermore, the method chosen for the scaling of earthquake records
influences the results of nonlinear analysis. All these aspects are, for the time being, open
for further investigation. For this reason, the authors propose careful evaluation of the
nonlinear analysis results and restricted usage of them.

These findings can be considered to be valid for all monuments that have a relatively
complex shape and incorporate both massive and slender structural members, such as
the vaults and walls. The analysis justifies the importance of using reliable and accurate
geometric models with reliable finite element analysis.

Future research needs are focused in the following two directions:

First, reliable nonlinear material models must be studied and evaluated. In addition,
for both linear and nonlinear analysis, the need for reliable scaling of the considered
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earthquakes arises. Both elements are crucial to the reliability of the results and their usage
for strength estimation.

Second, the creation of reliable reduced order models is necessary in order to facilitate
the adoption of the proposed technique from broader engineering practice. In fact, param-
eter identification tasks, using experimental measurements and parametric analysis and
comparison of several intervention measures, require enormous computational resources.
Reduced order models could facilitate this task.
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