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Abstract: Preservation of cultural heritage sites is of paramount importance. The ruins of Carmo
Convent in Lisbon stand as a poignant reminder of the city’s rich history, but challenges regarding
structural integrity and safety are present in a highly populated and touristic area. In this paper, a
comprehensive study of the Carmo Convent is presented, focused on non-destructive testing (NDT),
structural health monitoring (SHM) and numerical modelling. Given its state of ruin and historical
relevance, the study relied heavily on NDT. Additionally, a metro line passing underneath the con-
vent raised concerns regarding potential hazards from induced vibrations. Thus, metro vibration
monitoring (MVM) was implemented to assess the impact of induced vibrations on the structure. One
of the challenges was the scarcity of standards specific to historic structures. However, through a com-
bination of finite element method (FEM) and discrete element method (DEM) numerical modelling,
valuable insights into the current condition of the structure were obtained. MVM revealed that the
maximum velocity induced by metro activities remained within safe limits, indicating minimal im-
pact. These results not only provide crucial information on structural preservation but also empower
stakeholders to make informed decisions regarding the implementation of protective measures.

Keywords: historical construction; masonry structures; metro-induced vibrations; structural health
monitoring; finite element method; discrete element method

1. Introduction

The preservation of cultural heritage sites is a critical endeavour, essential for maintain-
ing the historical legacy and cultural identity of societies. The Carmo Convent in Lisbon,
with its rich historical significance and architectural beauty, epitomises the challenges faced
in conserving such structures. The convent, a poignant symbol of Lisbon’s past, stands
as a testament to the city’s resilience and heritage. This is especially important given its
state of ruin after the 1755 Lisbon earthquake. However, its structural integrity and safety
pose significant concerns, particularly in an urban area with a high population density and
frequent tourist visits.

Traditional destructive testing methods are unsuitable for assessing the structure due
to the potential for irreversible damage. Therefore, this study employs non-destructive
testing (NDT) and structural health monitoring (SHM) techniques, alongside advanced
numerical modelling, to evaluate the condition of the convent and ensure its preservation.

A significant aspect of this research is the focus on induced vibration monitoring
and dynamic identification tests. The presence of a metro line underneath the convent
introduces additional challenges, as vibrations induced by metro activities could poten-
tially compromise the structure’s stability in sight of the weak soil condition, as was
demonstrated by geological evidence and by the architectural changes that occurred in
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Inspection and
diagnosis

the structure [1-5]. Thus, the implementation of metro vibration monitoring (MVM) is
crucial to assess the impact of these vibrations and to ensure they remain within safe and
low limits based on foreign standards. The scarcity of specific standards for historical
structures further complicates the engineering assessment required in this study, which
needs to be supported by numerical and quantitative evidence. Hence, the research also
incorporates a combination of finite element method (FEM) and discrete element method
(DEM) numerical modelling to gain deeper insights into the current state of the convent.
This comprehensive approach aids in the structural preservation of the church ruins of the
Carmo Convent but also provides valuable data to inform stakeholders in decision making
regarding protective measures.

For the sake of clarity, a methodology flowchart is presented in Figure 1. In the conser-
vation process of Carmo Convent heritage, several steps have been undertaken to preserve
its integrity. The inspection and diagnosis phases identified the main causes of damage
and vulnerabilities from various perspectives, such as geometry, materials, and structural
aspects. For the sake of heritage purposes, those steps were non-destructive. Following this,
the structural capacity for the seismic action was evaluated. This methodology is designed
to ensure informed decision making for interventions, aiming to minimise any destructive
actions on the structure. This paper is mainly focused on the first two phases. However, it
also presents recommendations for the validation of the results obtained from the numerical
modelling and possible strengthening techniques to reduce the seismic vulnerability of
the structure.

\

¢ Historic background to get structural construction sequences

*Geometric survey through direct measurements, drone aerial views and photogrammetry

*|n situ tests (non-destructive) via GPR, sonic tests, dynamic tests to get masonry elastic and modal
properties

*Monitoring through vibration tests to understand influence of the metro line vibrations on the
structure

Seismic behaviour
evaluation

Proposals for
results validation
and interventions

J
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*Preparation and calibration of full and partial numerical models (FEM and DEM)
*Seismic analysis: pushover analysisand non-linear dynamic analysis with time integration

D%
\

*Recommendations for validation of the numerical results

*Recommendations of possible strengthening techniques to reduce the seismic vulnerability of the
structure

J

Figure 1. Flowchart of methodology undertaken.

The content of this research is presented as follows: Section 1 is the present introduction
to the scope of the study, while Section 2 introduces the object of study. Sections 3 and 4
focus on the NDT and induced vibration monitoring, stressing the pros and cons given by
the current state of the Carmo Convent. Once the most dangerous risks that can compromise
the structural stability of the convent were identified, in line with the NDT testing results,
two numerical models, namely a global finite element model (FEM) and a partial discrete
element model, were built and calibrated using a methodology that better represents the
vertical loading distribution, the lack of transversal elements and the absence of a roofing
system. This is presented in Section 5. These aspects help to comprehend a very complex
structure that has endured numerous seismic events over its lifetime, since the Carmo
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Convent suffered severe damage during the 1755 Lisbon earthquake and has been only
partially reconstructed, becoming a symbol of that historic event.

2. Church Ruins of Carmo Convent

The church ruins of the Carmo Convent (national monument) are located in Lisbon,
the capital city of Portugal, on the Iberian Peninsula. The elevation of the city ranges from
sea level up to 102 m, but the Carmo Convent itself is at an elevation of about 42 m [6].

D. Nuno Alvares Pereira, the second constable of the kingdom of Portugal, funded
the first construction works of the Carmo Convent, which began in 1389. However, the
first and second attempts of construction were doomed to failure. The sandy soil on the
site and its location atop one of Lisbon’s numerous hills prevented laying a successful
foundation [7]. Master builders, commissioned to tackle the issue, found a solution in
stepping the foundation to prevent the shear failure of the soil layers. The church was
finally completed in 1397, but not without modification of the original plans. During
construction works, a large crack appeared at the south side of the main chapel, and thus,
flying buttresses were added to increase lateral support [8].

The limestone masonry church of the Carmo Convent is made in the typical medieval
style. The layout is a Latin cross plan (Figures 2-5) with three naves making up the
longitudinal section capped by five staggered semicircular apse and apsidal chapels and
transepts on either side of the naves, and the church’s sacristy, which now serves as the
museum store, protrudes off the northern transept [7]. Presently, the church’s apse has been
transformed into an enclosed museum exhibition space that is covered by masonry vaults.
A ceramic brick barrel vault with an apex approximately 17 m above the floor encloses
the apse (Figure 6a), while the lesser chapels beside it are covered by limestone cross-rib
vaults at heights of 13.40 m and 9.0 m stepping out from the central chapel (Figure 6b). It is
unknown if the heights of these vaults are true to the original construction or if they were
altered during restoration works. It is important to note that the northernmost chapel on
the rear facade protrudes into the adjacent building, as does the clerestory [9].

On the church’s interior, the naves are divided by eight poly-style columns with
8.10 m spacing (longitudinal direction) supported by two rows of reconstructed arches and
spandrel infills 15.6 m in height, which are 8.44 m (transversal direction) apart from each
other (Figures 3 and 4). The columns are approximately 1 m in diameter, except for those
that support the largest arch, which are approximately 2.2 m in diameter. The transversal
arch that connects the two rows and acts as an entrance to the transept is 23 m tall from the
intrados of its keystone (Figure 2) [9].

Figure 2. Church ruins of the Carmo Convent, Lisbon.
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Figure 3. Floor plan of the church of the Carmo Convent.
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Figure 4. Section view of the interior (ee’) of the church’s nave featuring the arcades.

Figure 5. Perspective view for the church of the Carmo Convent (point cloud).
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Figure 6. Details of the chapels: (a) masonry barrel vault covering the main apse; (b) example of the
limestone ribbed vaults covering the secondary chapels.

The Carmo Convent became a ruin following two major seismic events that hit the
structure in 1531 and 1755 A.D.

The written record gives special importance to the 1531 earthquake (~7.1 Mw), as
Lisbon was a critical international port of commerce at that time. Letters, poems and
official documents describe the devastating effects of the seismic shocks and the subsequent
tsunami. The earthquake struck on January 26 between 4 and 5 A.M.,, killing approximately
1000 people in Lisbon and causing extensive damage to the city’s buildings. Approximately
1500 homes were lost, and severe damage was observed on many significant public build-
ings, such as the Ribeira Palace and Jerénimos Monastery [10]. The church of the Carmo
Convent suffered damage as well, resulting in reconstruction works and the additions of a
refectory and second cloister [7]. A library, refectory and second cloister were among these
additions, and by 1551, the convent was repaired.

The earthquake that struck Lisbon on 1 November 1755, is one of the most destructive
to have occurred in Europe, and it was followed by a tsunami and then a fire that further
destroyed the church. At the Carmo Convent, the entire Library, consisting of 5000 volumes,
was lost; the roof of the main church, the transepts and part of the nave collapsed; and
the 126 monks and priests residing there were forced to relocate. The church was partially
reconstructed but never wholly rebuilt as anti-clericalism gained ground in the latter part
of the 18th century. Instead, the church was transformed into a museum [7]. During this
period, the ribs, arches and pillars were added in the neo-Gothic style as they presently exist.

Among the recent interventions through the centuries, the ones that took place in the
1940s and 1950s were the most significant. The walls were restored, and five windows were
opened within them, some with wooden and glass windows and others with stained glass.
Concrete walls were removed and replaced with lime mortar and masonry. The missing
columns were installed, and the church walls were consolidated. In 1954, the arch of the
main nave was disassembled so that the walls could be straightened. In 1955, concrete was
used on the facades and arches to consolidate the stonework.

In addition, in 1995, an underground railway was proposed to run beneath the convent.
Studies on the silty foundation soil layers were conducted to assess the potential impact on
the convent. Due to concerns about the condition of the foundations, numerical models and
in situ testing revealed that the soil would be close to plastic failure if the tunnel were to be
built. Consequently, 164 micropiles were installed to stabilise the foundations. However,
this intervention negatively affected the upper uncompressed soils, which required correc-
tion with jet grout injections in 2004 [1]. These developments stressed the need to analyse
the current condition of the structure’s dynamic response following these interventions.
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3. Non-Destructive Tests

Non-destructive testing (NDT) methods allow for a detailed assessment of the cur-
rent condition without causing further damage to the already delicate remains of the
convent. In addition, the complex history of the Carmo Convent, including damage from
the 1755 Lisbon earthquake and subsequent partial reconstructions, necessitates a thorough
understanding of structural integrity at present. NDT techniques can reveal hidden flaws,
such as internal cracks or voids, which could compromise the stability of the convent. NDT
provides precise data on how the convent might react to such forces, enabling engineers
to design appropriate reinforcement measures. This proactive approach helps preserve
the historical and cultural significance of the Carmo Convent while ensuring its long-term
stability and safety.

For the diagnosis of the Carmo Convent, multiple types of NDT and investigations
were carried out to understand the materials, physical properties and vibrations. The
non-destructive tests performed on the Carmo Convent included sonic testing, vibration
testing, dynamic identification tests and ground-penetrating radar (GPR) scans.

3.1. Geometrical and Damage Survey

A comprehensive geometrical and damage survey of the Carmo Convent was carried
out by means of orthographic photos and drone aerial photos.

The geometrical survey was created by a 3D point cloud modelled in Photoscan [11]
with the aid of orthographic photos surrounding the work field from outside to inside and
from the bottom to the top. The minimum overlap adopted was 60% for each shot. The
photos were taken with a digital camera with the properties in manual mode and the focus
in automatic mode. The specifications of the photos are an exposition time of 1/500 s, with
an ISO of 100 and an aperture lens of 3.6 mm. Photos were also taken with a DJI drone
belonging to the University of Minho. The drone was used to obtain clear photos of the
higher elements of the convent, which could not be accessed due to site restrictions.

The drone photos were also taken with the same settings to ensure that all photos
could be merged. In some cases, the photos presented differences in ISO or exposition
time/aperture of the lens during the photogrammetry process in Photoscan. The Optimiza-
tion camera command was used to match the properties and calibrate the direction of the
photos. Furthermore, the photos were taken in each room or open space (chapels, library,
naves, apse, exterior fagades, etc.).

The photos were optimised and merged for the creation of a dense point cloud,
detected automatically with global coordinates, namely the coordinates that belonged to
the drone shot. Due to this aspect, the coordinates of some photos were transformed from
local to global coordinates.

The percentage of error obtained by the model was between 0.5% to 0.6%. A mesh was
generated and texturised in order to obtain orthographic views for facades and sections
used in the damage survey. Nevertheless, to process the model in three dimensions,
Rhinoceros 5 software [12] was required, and adjustments of scale were performed. From
Rhinoceros, the principal points of the model were exported in a text file and imported in
an AutoCAD file, aiming at improving the references and minimising the error rate. Next,
the drawings were rectified and scaled with the proper proportions. From the dense cloud
point, a mesh was created in Photoscan, and then the texture was applied. Subsequently, the
cloud point was exported as a “.las” extension in order to import those points in ReCap 360
software [13] to take the measurements with the created points. This model was exported to
an AutoCAD file to obtain an accurate geometry of the Carmo Church (see Figure 3). From
the 3D geometric models, the sections and elevations were generated in AutoCAD. These
results were used for several tasks in this work, such as damage patterns and numerical
modelling (Section 5).

The damage surveys were performed by means of the aerial photogrammetry survey,
which produced the images of the facades and interior walls used in the damage surveys
(main fagade in Figure 7). In-depth visual inspection surveys for each of the chapel’s
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four elevations, both for the interior and exterior surfaces, were performed. The results
were plotted onto the photogrammetry images. The damage survey assesses the extent of
the damage and/or loss observed during the visual inspections. It is noted that Carmo
Church presented damage caused by several seismic events, which was repaired after
the 1755 earthquake. The damage is mainly associated with material decay over time.
The damage survey allowed us to prepare the damage patterns based on the ‘Illustrated
Glossary on Stone Deterioration Patterns’ [14]. The church of the Carmo Convent does
not show severe damage, but some aspects have to be taken into account. The south-east
corner is the most affected by decay, and some problems are related to the architectural
changes that occurred during the history of the Carmo Convent. Moreover, some damage
is associated with the properties of soil and the partial slope failure of Carmo hill induced
by the 1755 Lisbon earthquake [1]. The main effect is visible on the portals, which are
heavily broken down and associated with a global leaning. It is noted that, after this work,
conservation and restoration works were performed in the main fagade and Gothic arch.

Legend: 0 2 6 8 12
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Figure 7. Example of damage pattern for the main facade before conservation and restoration works.

3.2. Sonic Tests

Sonic testing was performed throughout the convent to estimate the material prop-
erties of the stonework. Direct and indirect sonic testing was used to estimate Young’s
moduli of the walls, columns, buttresses and facades. Sonic testing involves measuring
the velocity of generated waves through a wall or column. These waves are generated
using an impulsive hammer and measured using an accelerometer. Two types of tests were
carried out, namely direct and indirect tests. Direct sonic testing was performed where
both sides of the wall or column were easily accessible, while for indirect sonic testing, the
hammer and accelerometer were placed on the same side of the element being examined.
Indirect testing provides the velocity through the surface of the element. For direct sonic
testing, the primary waves are used to determine the velocity, signified as Vp, while for
indirect sonic testing, the Rayleigh waves are used, with the velocity signified as V [15].
From the obtained velocities, Young’s modulus E can be obtained. The Poisson’s ratio v
was assumed to be 0.2, while the density was obtained by averaging the values proposed
by the Italian code [16], which resulted in a density p of 2039 kg/m?.

From these values, Young’s modulus is calculated through the following Equations (1)
and (2) [17]:

p-V3-(1+0)-(1—20)

(1-v)

(direct tests) @
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£ 0-V3-2(1+10)-(1+0)?
(0.87 4+ 1.120)?

(indirect testing) )

The elements that were measured using sonic testing included two columns, seven
walls and two buttresses. A total of 21 direct and 26 indirect tests were performed. These
tests were performed multiple times at each of the positions, with the average velocity and
Young’s moduli obtained for each. The location of each of the tests is presented in Figure §,
and Table 1 shows the results obtained from the direct and indirect sonic testing.

© DIRECT SONIC TEST: 21 4
O INDIRECT SONIC TEST: 26

Figure 8. Sonic test locations.

Table 1. Sonic tests results (average values).

Young’s Modulus [GPa]

Location

Direct Test Indirect Test
Column A 25.9 4.6
Column B 19.3 49
Wall N1 16.4 -
Wall L - 2.2
Wall T1 18.5 3.9
Wall T2 29 2.1
Wall T3 14.9 44
Wall C1 6.6 1.1
Wall C2 7.9 5.4
Buttress R1 10.9 4.2
Buttress B1 22.1 -
Fagade FI - 6.9
Facgade FE - 3.6

The results included very high direct sonic test results in comparison to the indirect
ones. This may be related to the uncertainties in the determination of the arrival of the
R waves for the indirect sonic tests and location with a high percentage of solid units
(stones) in comparison with the mortar in the direct sonic tests. Besides that, these results
are used as initial values for the numerical modelling because the results obtained from
the indirect tests are closer to the expected values found in the literature. Afterward,
the material properties are calibrated based on the modal properties estimated from the
dynamic identification tests.

3.3. Dynamic Identification Tests

Determining the natural frequencies, mode shapes and damping ratios of the structure
allowed for further calibration of the numerical model in an effort to create a realistic
model that gives insight into the possible seismic performance of the church ruins of the
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Carmo Convent and its possible deficiencies and failure mechanisms. The data collection
was performed using the output-only method relying on ambient ground vibrations to
excite the structure, which was monitored with piezoelectric accelerometers, coaxial cables
and data acquisition system software developed by the University of Minho [18]. The
accelerometers that were used have a sensitivity of 10 V/g, a frequency range of 0.15 to
1000 Hz and a dynamic range of +0.5 g. The data were collected in single (the arcades
and columns) and multiple acquisitions (chapels and lateral wall) that lasted 20-30 min
due to the large dimensions of the building and the on-site available means of access for
these tests.

The dynamic identification tests aimed to determine the dynamic properties of the
most vulnerable parts of the church (e.g., the freestanding arcades and columns), also
compared with the stiffest portions of the convent (e.g., chapels and lateral wall).

The freestanding nature of the arcades and columns not only makes them structurally
vulnerable, but their access is also difficult for dynamic identification testing. However,
the arcades are slender and mostly unaffected by the main structure. To access the tops
of the arcades, it was necessary to hire a professional climber to place the accelerometers
safely. For this reason, the installation of the accelerometers on the south arcade took a
considerable amount of time, so the accelerometers on the north arcade were installed
with a ladder on the column faces rather than the top of the arcades. The testing plan
utilised 10 accelerometers placed in pairs to measure the response in both the transverse
and longitudinal directions at the arcades (Figure 9).

R —

ST hr A0
e  4-A0se A0

A01 A03 A05

b2 4~ A04 ® & nos
L, h—lt»f‘—'* Ry

(a) (b)

Figure 9. Indicative testing setup of the dynamic identification tests: (a) plan; (b) height for accelerom-
eters on the north arcade and the south arcade (arrows indicate reference axis of the accelerometers).

To estimate the dynamic properties of the church of the Carmo Convent, the enhanced
frequency domain decomposition (EFDD) method was used. The EFDD method corre-
sponds to a method with decomposition in the frequency domain and is divided into
two main steps. First, the EFDD peak picking is performed. Then, the EFDD-identified
mode shapes are used to identify the SDOF spectral bell functions. From these SDOF
spectral bells, both the frequency and damping ratio are estimated.

Regarding the chapels, four modes with a frequency ranging from 4.68 Hz to 12.24 Hz
were estimated. The first mode (4.68 Hz) corresponds to the first global mode of the chapel
in the transversal direction of the church (Figure 10a). The second mode (6.59 Hz) is the
second global mode of the chapel in the longitudinal direction of the church. Mode 3
(8.60 Hz) is also a global mode, corresponding to a distortional mode of the chapel in the
transversal direction of the church. The last mode (4th mode-12.24 Hz) is the first local
mode of the central part of the chapels in the transversal direction of the church.

Regarding the longitudinal wall, a further four modes with a frequency ranging from
3.84 Hz to 7.24 Hz were estimated. The first mode (3.84 Hz) corresponds to the first local
mode in the longitudinal direction of the church (Figure 10b), which can be associated with
the local mode of the main facade. The second mode (4.35 Hz) is the first local mode of
the longitudinal wall in the transversal direction of the church, with the highest amplitude
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close to the transept. Mode 3 (5.71 Hz) is also a local mode, corresponding to a transversal
mode with a single curvature. It is noted that this wall was completely reconstructed after
the 1755 earthquake. The last mode, Mode 4 (7.24 Hz), is the local mode of the wall in the
transversal direction of the church, with a second curvature.

Lastly, regarding the arcades, five modes were estimated. Local modes of 1.61 Hz
and 3.05 Hz correspond to transverse and longitudinal modes, respectively, on the north
arcade (Figure 10c). Local modes on the south arcade were found to be 2.26 Hz in the
transverse direction, 3.57 Hz for the first curvature and 3.91 Hz in the longitudinal direction.
These frequencies were considered to be within the acceptable range of the structure. Peaks
above the frequency of 3.91 Hz were considered too high to be accurate, as higher resonant
frequencies are stiffer and thus more difficult to excite through ambient vibration alone.
Furthermore, the first modes have the highest contribution to the dynamic behaviour of
building structures [19].

Figure 10 shows the first modes of the three tested locations.

fi=4.68 Hz fi=3.84Hz fi=1.61Hz
Damping ratio £ =4.0% Damping ratio £ =1.9% Damping ratio £ =0.81%
Chapel Longitudinal wall Arcades
(a) (b) (c)

Figure 10. First experimental modal shapes estimated from the dynamic identification tests: (a) for
the chapels; (b) for the southern longitudinal wall; and (c) for the arcades (arrows corresponds to the
accelerometer locations).

3.4. GPR Surveys

Ground-penetrating radar (GPR) was used to garner a better understanding of the
arcade columns that divide the church’s three naves. GPR was performed on three of the
arcade columns. The columns within the green box in Figure 11 are essentially identical;
thus, only two were chosen for GPR, namely columns A and B. In the blue box, the
two larger columns are also assumed to be identical, so only the column labelled C was
analysed with GPR.

The goal of the analysis was to understand the dimensions and potential interlocking
of the limestone units used for the base of the columns. Thus, the scanning process shown
in Figure 12 was adopted, where the red arrows represent vertical scans and the blue arrows
represent horizontal scans. Here, the direction of the arrows indicates the direction in which
the antenna was oriented. Using a 1.6 GHz antenna that can record depths up to 1 m, ten
scans were taken in the vertical direction and five scans in the horizontal direction on each
of the four faces for columns A and B. For column C, 16 and 6 scans were made on all
four faces vertically and horizontally, respectively. The redundancy of these scans protects
against misinterpretations or missing data due to bad or noisy readings. In addition, scans
taken orthogonally allow for evaluation of the stone arrangement and the inaccessible
interiors of the columns.
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Figure 11. Floor plan of the church of the Carmo Convent depicting the columns chosen for GPR
testing (A, B and C).

T — T T
| . . +—1 o1 o T o

(b)

Figure 12. Drawings of the bases of the two column types: (a) columns A and B in Figure 11 and
(b) column C in Figure 11. The red arrows show the vertical scans taken on the columns, and the blue
arrows show the horizontal scans.

The clarity of the scans (Figure 13) made it reasonable to conclude that the stones seen
on the column’s exterior are solid and extend approximately 28-30 cm into the column.
Beyond the singular stones, the scans are less clear. These portions of the scans, represented
by the hatch, show significant wave reflection, which indicates that the interiors of the
columns are likely not made of solid stone, nor does it appear that these are clean-cut
stone blocks fitted together. Rather, it is likely that the interiors are at least partly filled
with limestone rubble and compacted with good-quality mortar. It is possible that the
upper portion of the column extends into the base or that there are larger solid stones at
the interior that were not reached by the electromagnetic wave from the GPR.

DISTANCE [METER]

_____ ey i it

TIME [ns]

[y313w] Hid3a

20

Figure 13. Data acquired by a scan on column C, representative of the vertical scans taken on the
columns. The data shown in red dashed rectangles correspond to the red arrows shown in Figure 12b.
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Due to accessibility limitations, the upper parts of the columns were not scanned using
GPR. However, educated assumptions can be made based on the results of the bases and
similar structures. Most likely, large stones make up most of the cross-section, with just
a small area at the core that is rubble. This high percentage of limestone in the columns’
cross-section and the thin mortar layers would allow for the high modulus found by direct
sonic testing [9], also confirmed by the calibration of the numerical model (Section 5).
These assumptions were also confirmed by additional works carried out on the arcades
by Secanellas et al. [20]. Secanellas et al. [20] used a novel ultrasonic tomography system
(UTS) along the height of Carmo Convent columns. The results obtained showed valuable
information on internal cracks and the overall degradation state of the inspected drums of
the columns. Moreover, the results also allowed an understanding of how the columns were
precisely constructed, showing that the shaft is constituted by single blocks of limestone.

4. Vibration Assessment

The primary source of vibrations affecting the church ruins of the Carmo Convent
comes from the moving metro trains directly under the site. This must be investigated,
taking into account the details of the unevenness of wheels and track lines. Moreover,
irregularities could cause impact excitation in rail joints and wheel flats [21]. This kind
of vibration creates signals that reach a nearby structure and is defined as ground-borne
vibration, showing, usually, ranges from 30 to 250 Hz, with a particle velocity range of
0.2-50 mm/s considered sufficient to cause structural and aesthetic damage [22]. Despite
the consolidation works, and given the slenderness of the ruins of the Carmo Convent,
the effect of induced vibrations still remains a source of concern for the conservation of
the structure. Hence, in order to verify the potential cause of damage, measurements of
induced vibrations during metro operation hours were carried out.

Current international standards cover many aspects of the assessment for induced
ground-borne vibrations, including proper instrumentation, recording, signal processing
and evaluation and threshold limits [22]. In specific, threshold limits of kinetic quantities
are defined in terms of the type of structure, often with a specific category for historical
buildings or buildings sensitive to vibrations, and according to the dominant frequency of
the ground-borne vibration input. The main goal of a ground-borne vibration assessment
consists of comparing the peak particle velocity at the point of concern, either the maximum
in any direction V,y or the maximum of the vectorial sum Vs, given by Equation (3) [1],
with the threshold levels from the adopted standard. As described in [19], the process of
assessment of ground-borne vibrations in structures is based on the direct measurement
of particle velocities under high sampling frequencies of around 1000 Hz, compared to
threshold values from international standards. Additional acquisitions without metro
operation can also provide reference values on particle velocities and the range of frequency
content to be used for band-pass filtering [23].

Voum = \/Vé‘f‘vyzi“rvzzi (3)

The ground-borne vibration tests were carried out within a time window of 3 days,
placing a vibration measurement system, a triaxial velocimeter-geophone (MR3000C), at
the bottom of two selected piers (V1 and V2 in Figure 14) and inside the south chapel (V3 in
Figure 14). The geophone has a recording sampling range of 250-4000 Hz, a measurement
velocity range of £100 mm/s and a frequency range of 1-350 Hz. Vibration recordings were
taken from 6:00 pm to 01:00 am in the first measurement (V1), from 7:00 pm to 09:00 am
in the second one (V2) and from 11:00 am to 01:00 pm in the third one (V3), with time
durations setups of half hour and a sampling rate of 1000 Hz.
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Figure 14. Plan view of church of the Carmo Convent: (a) with testing locations of acquisitions of
induced vibrations V1 (b), V2 (c) and V3 (d).

For V2, the acquisitions in which the metro is not working (01:00-06:30 am) constitute
a base reference for comparison during the post-processing. Here, basic statistics for
absolute particle velocities in each direction with no metro operation are presented in
Table 2. Considering the median values, the base zero reference particle velocities are in the
range of 7-11 um/s. Further, Tables 3-5 present basic statistics of absolute particle velocities
during metro operation for V1 (6:00 pm to 01:00 am), V2 (7:00 pm to 01:00 am and 06:30 am
to 09:00 am) and V3 (11:00 am to 01:00 pm), respectively. The maximum recorded particle
velocity is found in V3, equal to 0.1441 mm/s, with the corresponding time-history plots in
all directions and the vectorial sum presented in Figure 15a,b, respectively. For the specific
signal, the fast Fourier transform (FFT) plot in Figure 16a reveals the dominant frequency,
with the highest energy content equal to 18.1 Hz. Thus, accounting for NP 2074 [24], with a
maximum particle velocity limit for sensitive structures and a dominant frequency range
of 1040 Hz, is equal to 3 mm/s. Thus, the maximum recorded particle velocity is found
to be 21 times lower, as also presented in Figure 16b. In conclusion, the structure is not
affected by the metro operation for the monitored period, also accounting for the low speed
of trains moving, as the metro station is located directly below the structure.

Table 2. Basic statistics in absolute particle velocities of setup in V2, during hours of no metro
operation (01:00-06:30 am).

Peak Velocity x-x Peak Velocity y-y Peak Velocity z-z
[mm/s] [mm/s] [mm/s]
Max 0.0391 0.0590 0.0416
Min 0 0 0
Mean 0.0013 0.0015 0.0009
Median 0.0010 0.0011 0.0007
STD 0.0012 0.0017 0.0010

COV 0.9% 1.1% 1.1%
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Table 3. Basic statistics in absolute particle velocities of setup in V1, during metro operational hours

(06:00 pm to 01:00 am).
Peak Velocity x-x Peak Velocity y-y Peak Velocity z-z
[mm/s] [mm/s] [mm/s]
Max 0.0439 0.0359 0.0364
Min 0 0 0

Mean 0.0021 0.0020 0.0018
Median 0.0015 0.0015 0.0013
STD 0.0021 0.0018 0.0016

cov 1% 0.9% 0.9%

Table 4. Basic statistics in absolute particle velocities of setup in V2, during metro operational hours
(07:00 pm to 01:00 am and 06:30 am to 09:00 am).

Peak Velocity x-x Peak Velocity y-y Peak Velocity z-z
[mm/s] [mm/s] [mm/s]
Max 0.0471 0.0772 0.0429
Min 0 0 0

Mean 0.0021 0.0026 0.0016

Median 0.0016 0.0019 0.0012

STD 0.0021 0.0026 0.0016
cov 1% 1% 1%

Table 5. Basic statistics in absolute particle velocities of setup in V3, during hours of no metro
operation (11:00 am to 01:00 pm).

Peak Velocity x-x Peak Velocity y-y Peak Velocity z-z
[mm/s] [mm/s] [mm/s]
Max 0.0824 0.0636 0.1441
Min 0 0 0
Mean 0.0015 0.0017 0.0016
Median 0.0013 0.0014 0.0013
STD 0.0013 0.0015 0.0015
COoVv 0.9% 0.9% 0.9%
A T
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Figure 15. V3 acquisition during 11:00-11:30 am: (a) time plot of particle velocities in three directions;
(b) time plot of vectorial sum.
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Figure 16. V3 acquisition during 11:00-11:30 am: (a) FFT plot; (b) maximum particle velocities and
limit thresholds from NP 2074 [23].

5. Seismic Vulnerability

Although the dynamic effects associated with the underlying metro are not significant,
among the Iberian Peninsula, the Lisbon area is the most prone to earthquakes [25-30]
due to its proximity to the boundary of the Eurasian and African plates. Thus, the study
of seismic vulnerability is crucial for the church ruins of the Carmo Convent. Indeed, a
study performed by [25] produced maximum intensity maps for peak ground acceleration
in Portugal, which shows that Lisbon has the potential for earthquakes up to intensity
X on the EMS-98 scale [31]. Because of that, several studies have been performed on the
structural behaviour and significance of the Carmo Convent.

In 1995, Gil and Oliveira [6] performed a study to explain the likely behaviour of the
structure during the infamous 1755 Lisbon earthquake. A linear numerical analysis based
on FEM was performed. The model was built to represent the structure as it was prior to
the 1755 event. Iconographic sources, a technical model by the municipality and in situ
measurements of geometry and ground vibrations were used in this work. The ground
vibrations were intended to identify anomalies in the geotechnical foundation, but none
were detected.

Lemos (1997) [32] also utilised numerical modelling methods to analyse the convent.
This study used the discrete element method (DEM) to focus on the behaviour of the arcades’
masonry arches. The arches were modelled independently without the interaction of the
filling or columns. The work also neglected the tensile strength and cohesion in joints by
assuming they are elastic. Self-weight and in- and out-of-plane dynamic loads were applied
to evaluate the load capacity of the partially confined semicircular and pointed arches. The
results of the dynamic analyses depict a capacity for the pointed arches varying from 0.47
to 0.61 g for the in-plane response and from 0.47 to 0.67 g for the out-of-plane response.
These values are, on average, 50% higher than the ones obtained through static analyses.

Here, two different numerical modelling approaches, a global macro-FEM model and
a partial DEM model, focused only on the most seismically vulnerable part of the structure,
the north arcade, are used to evaluate the seismic response. Both models were calibrated
based on the experimental results.

5.1. Finite Element Model

A global finite element model of the church ruins of the Carmo Convent was created
in DIANA 10.8 software [33] based on the geometry obtained through the aerial pho-
togrammetry model. In terms of connections, full connectivity between parts was assumed
(Figure 17).
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Figure 17. FEM global model in DIANA environment.

As is the case with any complex structures, several simplifications with respect to
the geometry obtained from the point cloud and assumptions were made, taking into
account the adopted modelling strategy and the objectives of this study. In particular,
the foundation was assumed to be 3 m deep with no enlargement from the observable
floor plan; the adjacent building was not accessible for a geometrical survey and was not
considered in the model (conservative assumption) even though it is likely to affect the
behaviour of the structure, namely the overturning collapse of the north longitudinal wall;
the geometry of the north longitudinal wall was approximated, assuming an approximate
symmetry with the south wall; the geometry of the cross-sections of the arcade columns was
simplified to improve the performance/stability of the model/mesh; the cross-sectional
area of the simplified version was kept equal to the original ones of the actual columns;
and the vaults in the chapels were simplified into barrel vaults rather than complex cross
vaults, which cause difficulties in the FEM mesh generation, considering that they are less
seismically vulnerable, that this simplification has little impact on the results and that the
chapels were considered symmetric along the east-west axis.

The final mesh was created using an automated method. Initially, the mesh was
generated for the entire geometry with an element size of 0.2 m. However, this resulted
in over 1,500,000 elements, which was unmanageable. To address this, the element size
was adjusted to 0.4 m for the walls while keeping it at 0.2 m for the pillars, arches and
filling. This modification reduced the total number of elements to approximately 500,000.
Considering the model’s complexity, although solid quadratic elements (CHX60) could be
used, a solid linear interpolation element (HX24L) was chosen. Boundary conditions were
applied to the base of the walls, assuming a fixed connection to the soil.

The material properties that are necessary for the model include Young’s modulus,
density, Poisson’s ratio, compressive and tensile strengths and compressive and tensile
fracture energies. The FEM model presents six different materials, which correspond to the
arcade columns; arcade arches; arcade filling; poor filling in the chapels; longitudinal walls;
and transverse walls, nave room walls and fagades.

The properties that were not calibrated were estimated according to indirect sonic
testing, the Italian building code (NTC 2008) [16] and an evaluation of the masonry quality
index (MQI) [34].

The masonry quality index was also used to determine the material properties of the
masonry. This index is a subjective analysis that provides values for compressive and shear
strength. The method involves visual inspections based on several factors, including the
stone’s mechanical properties and conservation state (SM), stone dimensions (SD), stone
shape (S5), wall leaf connections (WC), horizontal bed joints (H]J), vertical joints (V]) and
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mortar properties (MM). For vertical loads, the analysis considered the columns, facade
wall, longitudinal wall and chapels. The compressive strength was approximately 5 MPa
for the columns and fagade wall, around 1.3 MPa for the longitudinal wall and about
3.6 MPa for the chapel walls. In terms of shear strength, the columns and facade wall were
approximately 0.7 MPa, the longitudinal wall was about 0.02 MPa, and the chapel walls
were around 0.05 MPa.

The initial properties used for the structure before calculation were chosen to obtain a
value of the first numerical frequency, which was reasonably close to the first experimental
frequency. For the limestone masonry in the arcade columns and arches, given that they
are made of good-quality masonry with thin mortar joints, the choice of Young’s modulus
that approaches that of the limestone units alone, equal to 35,000 MPa, was considered
reasonable. Following this, a calibration based on experimental and numerical frequencies
and mode shapes was carried out.

First, linear elastic analysis was conducted, aiming at evaluating the model’s reliability
(mesh) and the response of the structure for the vertical loading. Then, an eigenvalue
analysis was also performed to obtain the numerical modal properties (frequencies and
mode shapes), which were compared with the experimental modal properties obtained
from the dynamic identification tests, in the calibration of the numerical model. Model
validation is fundamental since incorrect assumptions and/or inaccurate results obtained
in the inspection and non-destructive testing can lead to wrong conclusions on the seismic
vulnerability of the structure. Thus, and taking into account the methodology used in the
dynamic identification tests, three independent calibrations were performed for different
parts of the building (south wall, chapels and arcades). In the calibration of the south wall,
the foundation level (total height of the wall) and Young’s modulus of the masonry were
adopted as variables to calibrate. On the other hand, in the other two calibrations, only
Young’s moduli of the masonries were used as variables to calibrate.

For example, Table 6 presents the attempts carried out for the calibration of the south
wall modal properties. After these attempts, the assumptions that better matched the
experimental results were obtained for the foundation level of 3 m and Young’s modulus of
the masonry equal to the one estimated from the sonic tests (16 GPa). This last high value
was not adopted at the beginning of the calibration but after the calibration process seemed
to be adequate (for the equivalent stiffness of the wall) and was adopted.

Table 6. Frequency calibration and attempts features for the longitudinal wall.

Experimental Frequency Numerical Frequency Attempts Calibration
(Hz) (Hz)
5.7 1.83 E=17GPa
5.7 3.24 foundations level = 1.5 m, E = 5 GPa
5.7 5.0 foundations level =3 m, E = 15 GPa
5.7 5.76 foundations level =3 m, E = 16 GPa

Once the experimental and numerical mode shapes were related, it was possible to
perform an automatic calibration of Young’s moduli that minimises the difference between
the experimental and numerical frequencies using the method proposed by Douglas and
Reid (1982) [35]. A weighting factor to emphasise the calibration of the first mode was con-
sidered, mainly because the first mode has the greatest impact on the dynamic performance
and can be identified experimentally with high accuracy.

Regarding the nonlinear material properties, the tensile strength was determined to
be equal to 200 kPa. Again, this value was considered acceptable because the arches are
made of very high-quality masonry. The tensile behaviour of masonry is assumed to be
exponential, while the compressive behaviour is parabolic.

In the conventional application of the self-weight in a pushover analysis (application
of the loading by steps using the full geometry), relevant stress concentrations arose at the
arch connections, and the mid-span of the arches was observed (low tensile strength of
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the masonry and low axial force for the first steps). Thus, the use of the phased analysis,
where it is possible to assign a sequence for the application of the different portions of
the structure and their self-weights, was needed. Portions of the structure are assigned
to a given phase (the arches were applied in the last phases), with the corresponding
weight assigned in steps as a conventional static load application. Here, the number of
utilised phases was chosen mainly to eradicate unrealistic damage in the structure due to
the self-weight, besides as a better representation of the construction process. Thus, using
the phased analysis, it was possible to significantly reduce the initial damage (maximum
crack width) to the structure by 87%, from 1.3 mm to 0.17 mm, when compared to the
corresponding conventional application of a uniform assigned self-weight for all structural
elements. The material properties are summarised in Table 7.

Table 7. Material properties for the FEM before and after modal calibration and after phased
sensitivity analysis.

Location Young’s Modulus Density ft fe Gt G
[GPa] [kg/m®] [MPal] [MPal [N/m]  [kN/m]
Prior After Prior After Prior After After After

Arcade arches 35.0 35.0 0.2 2240 0.2 0.2 59 59 50 28

Arcade columns 35.0 35.0 0.2 2240 0.2 0.2 59 59 50 28

Arcade filling 29 24 0.2 2140 0.15 0.15 3.9 3.9 50 6.3

Longitudinal walls 18.0 18.0 0.2 2140 0.2 0.2 30 30 50 25

Chapels filling 1.0 1.0 0.2 2000 0.1 0.1 1.7 1.7 25 2.7
Transverse walls of

the chapels and 2.9 2.9 0.2 2140 0.15 0.15 48 48 50 7.7

main fagade

Using the phased analysis for the self-weight application, the pushover analysis for
seismic action was performed on the entire FEM model (Figure 17) using a horizontal
load pattern proportional to the mass. Given the complexity and asymmetry of the struc-
ture, pushover analyses were applied to the four directions: north, south, east and west.
Henceforth, these directions will be discussed in terms of the relative outward direction in
each elevation: north as the positive transverse direction, south as the negative transverse
direction, east as the positive longitudinal direction and west as the negative longitudinal
direction (Figure 18). The capacity curves presented in this study represent the applied
horizontal acceleration (ratio between the sum of the horizontal forces proportional to the
mass and the self-weight in “g”) as a function of the displacement at the control point,
where the top of the highlighted column in Figure 18 meets the arcade fill. The location of
the control point was based on the expected response of the structure, namely the most
vulnerable elements and highest displacements.

Accounting for the crack width plot in Figures 19 and 20, the north arcade is the most
vulnerable portion of the structure (0.10 g). The two transverse arches in the south aisle,
connecting the south arcade with the lateral nave wall, are critical for providing transverse
stiffness to the south arcade and improving its seismic performance.

Considering all the conducted pushover analyses, the least vulnerable for the struc-
ture is in the positive longitudinal direction (0.37 g), mainly due to the in-plane stiffness
provided by the arcades, longitudinal wall and chapels. The arcades can deform more
in their plane before the structure fails. However, severe damage is endured in the pro-
cess (Figure 19a). Instead, in the negative longitudinal direction, the capacity is equal to
0.12 g, with the north arcade failing under comparatively little displacement due to the
differences in stiffness and strength between the free span of the arches and the nave room
walls together with the front facade (Figure 19b) given by the transverse arches. For the
pushover applied in the negative transverse direction, the structure presents a low increase
in capacity (0.11 g) with respect to the positive one (Figure 20b). Hence, the transverse
direction structure is considered the most vulnerable for the structure, even if by a small
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amount (Figures 18 and 20a). Hence, this direction was chosen as the subject of study for
the DEM analysis.
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Figure 18. Capacity curves for the global FEM model (control point highlighted in red).
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Figure 19. Pushover in the longitudinal direction for the FEM model (crack width resulting from
pushover analysis: (a) positive longitudinal direction; (b) negative longitudinal direction (the arrows
indicate the seismic action direction).
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Figure 20. Pushover in the transverse direction for the FEM model (crack width resulting from
pushover analysis: (a) positive transverse direction; (b) negative transverse direction (the arrows
indicate the seismic action direction).
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Finally, a nonlinear dynamic analysis with time integration was performed for a partial
FEM model of the north arcade (Figure 21a). Taking into account the results obtained in
the pushover analysis in the transversal directions, an artificial accelerogram, generated
in the SIMQKE_GR 1.3 software and compatible with the response spectrum for Type
2 earthquakes of Eurocode 8 [36] and scaled for a PGA equal to 0.12 g (about the PGA
expected for Lisbon and soil type C), was applied in the orthogonal direction to the arcade
(Figure 21b). Rayleigh damping with coefficients equal to 0.522787 (o« proportional to the
mass matrix) and 0.000823 (3 proportional to the stiffness matrix) was adopted. The results
of this analysis allowed us to verify that the north arcade presents a similar behaviour
to one obtained from the pushover analysis for the same seismic action, namely collapse
mechanism and displacements (Figure 21c).
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Figure 21. Nonlinear dynamic analysis: (a) partial FEM model of the north arcade; (b) accelerogram;
(c) maximum displacements.

5.2. Discrete Element Model

For comparison of seismic analysis methods, a partial DEM model was also produced
for the church of the Carmo Convent. The model was developed in 3DEC software [37].
Based on the scope of this work, only the north arcade was modelled, as it was identified
as the most vulnerable part of the church based on the FEM analysis (Figure 22). This
model contains 360 blocks, each with 6 degrees of freedom. The geometry was modelled in
Rhino3D [12] and imported into 3DEC using a script produced by Itasca. After importing
the geometry, the foundations were fixed, preventing translational movements. The edges
of the blocks were then triangulated to increase the number of contacts between blocks and,
therefore, improve the calculation of their interaction.

The material properties were defined according to those used in the FEM model to be
able to perform the best comparison between the two modelling approaches. The density
and Young’s modulus were set according to the values in Table 7. To apply the self-weight
in 3DEC, gravity is “turned on”, and the program performs an automatic computation
based on the density of the blocks. For this model, 10,000 cycles were run to obtain a
negligible unbalanced force (1.0 x 10~ N) and obtain the stability of the structure under
its self-weight. Considering that in DEM, the blocks are distinct, material properties must
also be defined for the interface between blocks. Thus, additional properties of joint normal
stiffness, joint shear stiffness and friction angle are required. Joint shear stiffness was
assumed to be 40% of the joint normal stiffness, according to the findings of previous
studies [38]. The friction angle was defined based on experimental values found in the
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literature [39—42]. Finally, the joint tensile strength was assumed to be equal to that of
the masonry in the FEM model (200 KPa), and the cohesion can be assumed as twice that
value [38].

Figure 22. DEM model of the north arcade (control point highlighted in red).

A calibration of the joint normal stiffness was performed based on the first mode
of the north arcade in the transverse direction (Table 8 and Figure 23), accounting for
its highest contribution to the seismic behaviour. Next, the calibration was performed
through iterative eigenvalue analyses to obtain a numerical frequency that matches the
experimental value.

Table 8. Material properties for the FEM model after calibration.

Joint Normal Joint Shear Friction Cohesion Joint Tensile
Stiffness (MPa/m) Stiffness (MPa/m) Angle Stiffness (MPa/m)
2200 880 35 400 200

Figure 23. First mode of the north arcade in the transverse direction (DEM model).

The whole structure is made of good-quality limestone masonry with thin mortar
joints. Only the arcade filling has substantially different interfaces with thicker mortar
joints. However, because of its location on the structure, it has little impact on the overall
performance, and only a type of masonry was adopted.

In order to perform a pushover analysis, instead of applying a horizontal acceleration
to the structure, which is not possible in 3DEC, a uniform distributed load was applied
across the arcade, equal to the total inertial forces. In this way, this load pattern is not exactly
proportional to the mass of each unit. Thus, it corresponds to a simplified method for
applying the inertial forces caused by an earthquake. However, it allows for a reasonable
approximation of a load factor that relates only to the mass of the arcade. The value
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obtained from the partial DEM model, equal to 0.13 g, is similar to the one from the FEM
(0.10 g) (Figure 24). The displacements at failure are nearly identical for both analyses. Even
if similarities in the response are to be expected as the two models use the same material
properties, when applicable, it also validates the comparison of the damage mechanisms,
namely the out-of-plane collapse of the north arcade (crack width for FEM and joint slip
for DEM). The two numerical approaches present similar failure mechanisms, with the
most severe damage concentrated in the arches closest to the walls and transept and at
the columns close to the base, locations with high differences in stiffness between adjacent
elements and the least ability for structural deformation.
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Figure 24. Pushover in the positive transverse direction for the DEM model: (a) capacity curve (see
control point in Figure 18), (b) joint slip action in the structure at the maximum load (the arrow
indicates the seismic action direction)..

Finally, regarding the expected seismic hazard of the church of Carmo Convent,
a horizontal peak ground acceleration (PGA) of 0.22 g and 0.25 g are expected for an
earthquake of Type 1 and 2, respectively (return period: 475 years; soil factor: 1.46; and soil
type C, deep deposits of dense or medium-dense sand, gravel or stiff clay with thickness
from several tens to hundreds of meters) [36,43]. Although the seismic capacity is lower
than the seismic action, the confidence in the numerical results should be increased using
other types of analysis, such as limit analysis and nonlinear dynamic analysis with time
integration with different types of earthquakes for the full FEM model, to then perform
seismic assessment based on limit states defined in terms of displacements. Moreover, it is
recommended to evaluate the efficiency of strengthening techniques (for example, steel
ties/cables, steel grid, glass roof, anchors, etc.) to improve the seismic performance of the
arcades and the external walls of the nave. The stakeholder’s decision for the strengthening
should take into account not only the level of the increase in the seismic capacity but also
the impact caused on the monument. For example, it could be acceptable not to strengthen
the building if the strengthening techniques to provide the required design seismic capacity
cause a very high impact on the monument, changing its identity, or if strengthening
reaches a seismic capacity lower than the one of design but causes a minor impact on
the monument.

6. Conclusions

This paper aims to evaluate the effect of the underlying metro line and operating trains
on the dynamic performance of the church ruins of the Carmo Convent, Lisbon, Portugal.
Accounting for the assessment framework and threshold levels of particle velocities in
international standards, monitoring acquisitions were performed with a geophone in
three locations at the base of the structure, i.e., at the base of two columns and a corner of
the north chapel. Accounting for the processed results, the level of induced ground-borne
vibrations was several times lower than the maximum allowed, and thus, no risk of metro-
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induced ground-borne vibrations was identified for the monitored period, mainly due to
the presence of the underlying metro station and the low speed of passing trains.

The evaluation of the dynamic behaviour of the structure for the seismic action was
performed. The process in the current study navigated through various stages of investiga-
tion of performing an in situ visual inspection and NDT, allowing us to frame the damage
level of the church; further calibrating the models for natural frequencies of the arcades;
investigating the geometry of the arcade column interiors; updating the material properties
and geometry; evaluating the application of the self-weight; and performing numerical
analysis using the finite element method (FEM) and discrete element method (DEM). The vi-
sual inspection demonstrated that the main damage observed on the structure corresponds
to biological growth and staining on the masonry. The morphology of the cross-section of
the arcade columns was evaluated through GPR tests, which showed that these columns
are likely composed of two types of masonry (external leaf and inner rubble masonry). The
natural frequencies were estimated from dynamic identification tests based on ambient
vibrations. These tests allowed for the estimation of five modes of the arcades, which
ranged from 1.61 Hz to 3.91 Hz, and were used to calibrate the numerical models. Before
performing the seismic analysis of the FEM model, the vertical loading of the self-weight
was applied. First, the most conventional approach to apply the self-weight of the structure
was adopted, i.e., application of the total self-weight to the entire geometry of the building
in steps. This option does not accurately represent the procedure of constructing a masonry
building and caused unrealistic initial damage in the FEM model, mainly in the arches.
Thus, a phased analysis was performed, in which portions of the church and the respective
self-weights were applied in phases. For this procedure, the initial damage caused by the
self-weight loading was significantly reduced. The evaluation of the seismic behaviour
was performed using pushover analyses, with horizontal load patterns proportional to
the mass, aimed to evaluate the capacity of the structure and identify the most seismically
vulnerable parts of the church. A nonlinear analysis with time integration was also carried
out using a partial model of the north arcade. The seismic analysis of the updated FEM
model allowed us to conclude that the north arcade is the most vulnerable element of the
structure. The maximum horizontal acceleration for the north arcade is equal to 0.10 g
and is associated with the out-of-plane collapse of the central columns and arches. The
DEM model confirmed the collapse mechanisms and presented a similar capacity and
displacement to the ones obtained from the FEM analysis. However, it is recommended
to validate the results obtained in this study using other types of analysis, namely limit
analysis with macroblocks and nonlinear dynamic analysis with time integration for the
entire structure using different types of earthquakes. Finally, the efficiency of strengthening
techniques should also be evaluated to improve the seismic capacity of the arcades and
external walls of the nave (for example, steel ties/cables, steel grid, glass roof, anchors,
etc.), in which their impact on the monument should also be considered.

Author Contributions: Conceptualisation, N.M., N.B. and G.K.; methodology, N.M.; software, N.B.,
G.K., ]S, AB. and L.G.ES,; validation, N.B., N.M. and G.K; investigation, N.M., N.B., GK., A.B,,
J.S.,L.GES., C.C. and L.J.; data curation, N.B. and A.B.; writing—original draft preparation, N.B.;
writing—review and editing, G.K. and N.M.; supervision, N.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data is not available in any online database.

Acknowledgments: The authors would like to acknowledge José Arnaud and Célia Pereira of the
Carmo Archeological Museum for supporting this work and allowing access to the building and
Javier Ortega for his support in using and analysing the GPR scans.



Sensors 2024, 24, 6095 24 of 25

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.
11.
12.
13.
14.
15.
16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Coelho, M ].; Salgado, FM.; Rodrigues, L. The Role of Crosshole Seismic Tomography for Site Characterization and Grout
Injection Evaluation on Carmo Convent Foundations. In Proceedings of the 2nd International Conference on Site Charcterization
(ISC"2), Porto, Portugal, 19-22 September 2002; pp. 443—449.

Compan, V.; Pachén, P.; Camara, M.; Lourenco, P.B.; Sdez, A. Structural safety assessment of geometrically complex masonry
vaults by non-linear analysis. The Chapel of the Wiirzburg Residence (Germany). Eng. Struct. 2017, 140, 1-13. [CrossRef]
Salachoris, G.P.; Standoli, G.; Betti, M.; Milani, G.; Clementi, F. Evolutionary numerical model for cultural heritage structures via
genetic algorithms: A case study in central Italy. Bull. Earthqg. Eng. 2024, 22, 3591-3625. [CrossRef]

Costamagna, E.; Quintero, M.S.; Bianchini, N.; Mendes, N.; Lourenco, P.B.; Su, S.; Paik, Y.M.; Min, A. Advanced non-destructive
techniques for the diagnosis of historic buildings: The Loka-Hteik-Pan temple in Bagan. ]. Cult. Herit. 2020, 43, 108-117.
[CrossRef]

Chaves, E.; Aguilar, J.; Barontini, A.; Mendes, N.; Compan, V. Digital Tools for the Preventive Conservation of Built Heritage: The
Church of Santa Ana in Seville. Heritage 2024, 7, 3470-3494. [CrossRef]

Elevation of Lisbon, Portugal [Internet]. Worldw. Elev. Map Finder. Available online: http://elevation.maplogs.com/poi/lisbon_
portugal.485.html (accessed on 3 June 2024).

Noé, P; Figueiredo, P. Igreja do Convento do Carmo [Internet]. Sist. Informagao Para o Patriménio Arquit. 2008. Available online:
http:/ /www.monumentos.gov.pt/site/app_pagesuser/sipa.aspx?id=6521 (accessed on 20 June 2024).

Gil, N.; Oliveira, C.S. A preliminary study on the seismic behaviour of the church of Convento do Carmo in Lisbon and its
confrontation with the historical perspective. Trans. Built Environ. 1995, 15, 311-318.

Bianchini, Cullimore, Jain, Mendes, Salazar and Scacco, “Carmo Convent—The Church Ruins,” Guimardes; Report of Integrated project;
University of Minho: Braga, Portugal, 2018.

Miranda, ].M.; Btll6, J.; Ferreira, H.; Matias, L.M.; Baptista, M.A. The 1531 Lisbon earthquake and tsunami. In Proceedings of the
15th World Conference on Earthquake Engineering—WCEE, Lisbon, Portugal, 24-28 September 2012; pp. 1-9.

Agisoft PhotoScan 1.4.0 build 5310; Agisoft LLC: St. Petersburg, Russia, 2017.

McNeel, R. Rhinoceros NURBS modeling for Windows; Robert McNeel & Associates: Seattle, WA, USA, 2008.

Frenz, R. ReCap 360—Advanced Workflows; Autodesk, Inc.: San Francisco, CA, USA, 2015.

ICOMOS-ISCS. Illustrated Glossary on Stone Deterioration Patterns; International Scientific Committee for Stone (ISCS): Champigny
Marne, France, 2008.

Miranda, L.F; Rio, ].; Guedes, ].M.; Costa, A. Sonic Impact Method—A new technique for characterization of stone masonry
walls. Constr. Build. Mater. 2012, 36, 27-35. [CrossRef]

Norme Tecniche per le Costruzioni; Ministero delle Infrastrutture e Trasporti. 2018. Available online: https://biblus.acca.it/
download /norme-tecniche-per-le-costruzioni-2018-ntc-2018-pdf/ (accessed on 14 June 2024).

Lourenco, P.B.; Ramos, L.E. In Situ NDT and MDT For Masonry Structures; Guimaraes: Lisboa, Portugal, 2017.

UMacquisition. Guimardes, Portugal: Historic Masonry Structures (HMS); University of Minho: Braga, Portugal, 2008.

Cunha, A.; Caetano, E. Experimental Modal Analysis of Civil Engineering Structures. Sound Vib [Internet]. 2006. Available
online: https:/ /www.academia.edu/210199/Experimental_Modal_Analysis_of_Civil_Engineering_Structures (accessed on 14
June 2024).

Secanellas, S.A.; Gallego, ].C.L.; Catalan, G.A.; Navarro, RM.; Heras, J.O.; Izquierdo, M.G.; Hernandez, M.G.; Velayos, J.J.A.
An Ultrasonic Tomography System for the Inspection of Columns in Architectural Heritage. Sensors 2022, 22, 6646. [CrossRef]
[PubMed]

Thompson, D.J.; Jones, C.; Gautier, P. Railway Noise and Vibration: Mechanisms, Modelling and Means of Control; Elsevier: Amsterdam,
The Netherlands, 2009.

ISO 4866—Amendment 2; Mechanical Vibration and Shock—Vibration of Buildings Guidelines for the Measurement of Vibrations
and Their Effects on Buildings. International Organization for Standardization: Geneva, Switzerland, 1996.

Karanikoloudis, G.; Lourenco, P.B.; Mendes, N.; Serra, ].B.; Boroschek, R. Monitoring of Induced Groundborne Vibrations in
Cultural Heritage Buildings: Miscellaneous Errors and Aliasing through Integration and Filtering. Int. J. Archit. Herit. 2021, 15,
205-228. [CrossRef]

NP 2074; Assessment of the Influence of Impulsive Vibrations on Structures, Portuguese Standard. IPQ Portuguese Institute of
Quality: Caparica, Portugal, 2015. (In Portuguese)

Teves-Costa, P; Batllo, J.; Matias, L.; Catita, C.; Jiménez, M.].; Garcia-Fernandez, M. Maximum intensity maps (MIM) for Portugal
mainland. J. Seism. 2019, 23, 417-440. [CrossRef]

Maio, R.; Estévao, ].M.C,; Ferreira, T.M.; Vicente, R. The seismic performance of stone masonry buildings in Faial island and the
relevance of implementing effective seismic strengthening policies. Eng. Struct. 2017, 141, 41-58. [CrossRef]

Santos, C.; Ferreira, T.M.; Vicente, R.; Mendes da Silva, ].A.R. Building typologies identification to support risk mitigation at the
urban scale—Case study of the old city centre of Seixal, Portugal. J. Cult. Heritage 2013, 14, 449-463. [CrossRef]

Ferreira, T.M.; Vicente, R.; Mendes da Silva, J].A.R.; Varum, H.; Costa, A. Seismic vulnerability assessment of historical urban
centres: Case study of the old city centre in Seixal, Portugal. Bull. Earthq. Eng. 2013, 11, 1753-1773. [CrossRef]


https://doi.org/10.1016/j.engstruct.2017.03.002
https://doi.org/10.1007/s10518-023-01615-z
https://doi.org/10.1016/j.culher.2019.09.006
https://doi.org/10.3390/heritage7070164
http://elevation.maplogs.com/poi/lisbon_portugal.485.html
http://elevation.maplogs.com/poi/lisbon_portugal.485.html
http://www.monumentos.gov.pt/site/app_pagesuser/sipa.aspx?id=6521
https://doi.org/10.1016/j.conbuildmat.2012.04.018
https://biblus.acca.it/download/norme-tecniche-per-le-costruzioni-2018-ntc-2018-pdf/
https://biblus.acca.it/download/norme-tecniche-per-le-costruzioni-2018-ntc-2018-pdf/
https://www.academia.edu/210199/Experimental_Modal_Analysis_of_Civil_Engineering_Structures
https://doi.org/10.3390/s22176646
https://www.ncbi.nlm.nih.gov/pubmed/36081108
https://doi.org/10.1080/15583058.2020.1802532
https://doi.org/10.1007/s10950-019-09814-5
https://doi.org/10.1016/j.engstruct.2017.03.009
https://doi.org/10.1016/j.culher.2012.11.001
https://doi.org/10.1007/s10518-013-9447-2

Sensors 2024, 24, 6095 25 of 25

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Maio, R.; Ferreira, T.M.; Vicente, R.; Costa, A. Is the use of traditional seismic strengthening strategies economically attractive in
the renovation of urban cultural heritage assets in Portugal? Bull. Earthq. Eng. 2018, 17, 2307-2330. [CrossRef]

Varum, H.; Vicente, R.; Rodrigues, H.; Mendes da Silva, ].A.R. Seismic Evaluation of Old Masonry Buildings: Performance and
Strengthening. In Proceedings of the 8th International Conference on Computational Structures Technology, Las Palmas de Gran
Canaria, Spain, 12-15 September 2006; pp. 1-20.

Griinthal, G. European Macroseismic Scale 1998 (EMS-98). In Cahiers du Centre Européen de Géodynamique et de Séismologie 15. Cent.
Eur; Géodynamique Séismologie: Walferdange, Luxembourg, 1998.

Lemos, ].V. Discrete element modelling of the seismic behaviour of stone masonry arches. Comput. Methods Struct. Mason. 1997, 4,
220-227.

DIANA 10.3. Finite Element Modelling Software; DIANA FEA: Delft, The Netherlands, 2022.

Borri, A.; Corradi, M.; Castori, G.; De Maria, A. A method for the analysis and classification of historic masonry. Bull. Earthq. Eng.
2015, 13, 2647-2665. [CrossRef]

Douglas, B.M.; Reid, W.H. Dynamic tests and system identification of bridges. J. Struct. Div. 1982, 108, 2295-2312. Available
online: https:/ /trid.trb.org/view /188041 (accessed on 14 June 2024). [CrossRef]

NP EN 1998—1: 2010; Eurocode 8: Design of Structures for Earthquake Resistance—Part 1: General Rules, Seismic Actions and
Rules for Buildings. IPQ: Caparica, Lisbon, 2010.

Itasca Consulting Group 1. 3DEC—Three-Dimensional Distinct Element Code; Itasca Consulting Group, Inc.: Minneapolis, IL,
USA, 2016.

Sarhosis, V.; Sheng, Y. Identification of material parameters for low bond strength masonry. Eng. Struct. 2014, 60, 100-110.
Available online: https:/ /linkinghub.elsevier.com /retrieve/pii/S0141029613006007 (accessed on 21 June 2024). [CrossRef]
Lemos, J.V.; Campos Costa, A. Simulation of Shake Table Tests on Out-Of-Plane Masonry Buildings. Part (V): Discrete Element
Approach. Int. |. Arch. Heritage 2016, 1-8. Available online: https://www.tandfonline.com/doi/full /10.1080/15583058.2016.1237
587 (accessed on 26 June 2024). [CrossRef]

Sarhosis, V.; Garrity, S.W.; Sheng, Y. Influence of brick-mortar interface on the mechanical behaviour of low bond strength masonry
brickwork lintels. Eng. Struct. 2015, 88, 1-11. Available online: https:/ /linkinghub.elsevier.com/retrieve/pii/S014102961400755X
(accessed on 3 July 2024). [CrossRef]

Oliveira, D.V.; Grecchi, G.; Mccall, A.; Noh, J.; Speer, E.; Tohidi, M. Seismic Analysis of the Roman Temple of Evora, Portugal.
15 WCEE [Internet]. Lisbon. 2012. Available online: https:/ /repositorium.sdum.uminho.pt/bitstream /1822 /22022 /1/2012_
Seismic%20analysis%200f%20the%20Roman%20Temple%200f{%20%C3%89vora, %20Portugal.pdf (accessed on 5 July 2024).
Vasconcelos, G.; Lourenco, P.B. Experimental characterization of stone masonry in shear and compression. Constr. Build.
Mater. 2009, 23, 3337-3345. Available online: https:/ /linkinghub.elsevier.com/retrieve/pii/S0950061809002177 (accessed on 14
June 2024). [CrossRef]

NP EN 1998—3: 2017; Eurocode 8: Design of Structures for Earthquake Resistance—Part 3: Assessment and Retrofitting of
Buildings. IPQ: Caparica, Lisbon, 2017.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10518-018-00527-7
https://doi.org/10.1007/s10518-015-9731-4
https://trid.trb.org/view/188041
https://doi.org/10.1061/JSDEAG.0006057
https://linkinghub.elsevier.com/retrieve/pii/S0141029613006007
https://doi.org/10.1016/j.engstruct.2013.12.013
https://www.tandfonline.com/doi/full/10.1080/15583058.2016.1237587
https://www.tandfonline.com/doi/full/10.1080/15583058.2016.1237587
https://doi.org/10.1080/15583058.2016.1237587
https://linkinghub.elsevier.com/retrieve/pii/S014102961400755X
https://doi.org/10.1016/j.engstruct.2014.12.014
https://repositorium.sdum.uminho.pt/bitstream/1822/22022/1/2012_Seismic%20analysis%20of%20the%20Roman%20Temple%20of%20%C3%89vora,%20Portugal.pdf
https://repositorium.sdum.uminho.pt/bitstream/1822/22022/1/2012_Seismic%20analysis%20of%20the%20Roman%20Temple%20of%20%C3%89vora,%20Portugal.pdf
https://linkinghub.elsevier.com/retrieve/pii/S0950061809002177
https://doi.org/10.1016/j.conbuildmat.2009.06.045

	Introduction 
	Church Ruins of Carmo Convent 
	Non-Destructive Tests 
	Geometrical and Damage Survey 
	Sonic Tests 
	Dynamic Identification Tests 
	GPR Surveys 

	Vibration Assessment 
	Seismic Vulnerability 
	Finite Element Model 
	Discrete Element Model 

	Conclusions 
	References

