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Abstract: This work aims at enhancing the current methodologies used for generating as-built
CAD models suitable for advanced numerical simulations. To this end, this paper proposes the
use of a wearable mobile mapping system that allows one to improve the digitalization stage in
terms of flexibility and time required. The noise showed by the resulting point cloud, based on
the simultaneous location and mapping (SLAM) solution, demands a post-processing stage that
introduces the use of a parameter-free noise reduction filter. This filter improves the quality of the
point cloud, allowing for the adjustment of surfaces by means of parametric and non-parametric
shapes. These shapes are created by using reverse engineering procedures. The results showed
during this investigation highlight a novel application of this sensor: the creation of as-built CAD
models for advanced numerical simulations. The results of this investigation are complemented by a
valuable contribution with respect to the use of an advanced restoration solution, by means of textile
reinforced mortar. To this end, the CAD model is used as the geometrical base for several numerical
simulations by means of the finite element method. All this procedure is applied in a construction
with structural problems.

Keywords: geoinformatics; wearable mobile mapping; historical construction; masonry; finite
element method; pushover analysis

1. Introduction

The modern concept of the restoration and conservation of historical constructions
demands the use of multidisciplinary and scientifically proved approaches able to study
the building from different points of view. Inside this context, the analysis of the structural
stability of the building plays an essential role in the design of a proper restoration action
or conservation plan. Nowadays, there are plenty of applications able to simulate the
structural stability of historical constructions, from classical approaches based on the
limit analysis theory to modern computational strategies that use the discrete or the finite
element method (FEM) [1]. FEM could be considered as one of the most powerful and
versatile strategies, able to simulate different scenarios such as material losses, construction
stages, seismic events or settlements among others [2—4]. Within this context, there are
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several investigations that highlight the necessity of having rigorous structural mapping
and the consequent numerical implementation, especially against seismic events on which
the construction could suffer redundant structural damages [5-8]. According to this, a
proper survey and building mapping is required for an adequate numerical simulation,
demanding the proper integration of different approaches coming from the geoinformatics.
This discipline is able to provide a set of remote sensing approaches, such as static terrestrial
laser scanning or photogrammetry (especially by means of the structure from motion
approach), that can create as-built CAD models [2,3,9-11]. These methods allow one to
digitalize historical structures in form of point clouds. Then, these point clouds are post-
processed to adapt it to further numerical evaluations. One of the most recent methods to
pass from the point cloud to the numerical model is the Cloud2FEM method developed by
Castellazzi et al. [12]. This method transforms the point cloud into a solid model by means
of voxel elements. Another recent method is the approach proposed by Gonizzi et al. [13].
This approach is based on the use of a retopologization of the mesh, allowing to create
as-built CAE models. Both strategies require a point cloud with the absence of holes, not
controlling the level of detail introduced in the numerical simulation as well as requiring
further post-processing in the case of introducing different types of materials or even
construction joints. In contrast to this, it is possible to find alternatives in the literature based
on the use of the latest advances in reverse engineering procedures [3,14]. This approach is
able to manage the level of detail of the final model as well as to represent the construction
imperfections [14] or even complex deformation by means of non-uniform rational basis
splines (NURBS) surfaces with great accuracy [3], making it possible to manage incomplete
point clouds. These types of surfaces are mathematical models based on the use of basis
splines (B-splines) curves that allow one to model complex non-parametric surfaces with
great accuracy. To this end, the NURBS surface uses a set of control points with different
weights, as well as a set of B-splines on orthogonal directions which can be defined by
a bi-variable local coordinate system made up by U and V axes. Large values of control
points along its local direction (U or V) imply higher computational costs but more accurate
results in this direction [15]. In all the cases previously showed, the digitalization of the
structure is required by means of remote sensing strategies.

Since its early development in 1980, hybrid solutions such as the mobile mapping
system (MMSs) have emerged as a potential alternative to structure from motion (SfM)
and static laser scanning approaches [16]. These devices combine the spatial referencing
provided by a position unit with the geometrical data captured by a mapping sensor (laser
scanner head or a digital camera) [16] through the use of the so-called simultaneous location
and mapping approach (SLAM) [17]. This combination places this approach as the most
effective digitalization strategy, especially in complex scenarios on which a large number of
scan stations, or even a complex photogrammetric network are required [16,18]. The studies
carried out by Fillipo et al. [19]; Barba at al. [20] or Sanchez-Aparicio et al. [21] highlights
its efficiency, making it possible to minimize in around 10 times the effort required for
digitalizing this scenario by means of a static laser scanner. Inside the different MMSs
available nowadays, the wearable mobile mapping solutions (WMMS) are one of the most
used. Basically, these devices are adapted to be easily carried by a person, making it
possible to digitalize a scenario simply by walking. Its flexibility allows one to digitalize a
wide variety of Cultural Heritage (CH) scenarios, which are commonly characterized by
the presence of complex and narrow spaces [20-23], or even large surfaces [18,19]. Barba
et al. [20] present a work on which a WMMS is used in the inner part of the Chapel of the
Holy Shroud with the presence of narrow spaces. Nocerino et al. [22] use this solution
to digitalize an underground Word War fortress. It is worth mentioning that the main
application of the point cloud obtained by this type of sensor is mainly focused on the
extraction of basic cartographic products, such as plants or sections [19,21], as well as for the
dissemination and valorisation of CH scenarios [22]. Its use within the diagnosis of historical
constructions, i.e., for the creation of advanced numerical simulations, is an open issue
nowadays without research works focused on this. In this sense, Sanchez-Aparicio et al. [21]



Remote Sens. 2021, 13, 1252

30f28

make a comparison, from the structural point of view, between a WMMS and a high
precision static laser scanner. To this end, two different 2D finite element simulations were
created and simulated. One was based on the data captured by a WMMS and another one
based on the terrestrial laser scanner (TLS) point cloud. The results obtained highlights the
potentialities of this approach in contrast with the traditional ones, obtaining a discrepancy
of about 3% in terms of safety factor and showing the same collapse mechanism [21].

Another relevant issue for the restoration of historical constructions concerns the use
of suitable retrofitting techniques. These types of interventions demand the development
of extensive experimental campaigns, monitoring tasks as well as numerical analysis that
allows one to have a complete knowledge of the construction and its history [24]. Nowadays
there are plenty of applications that allow one to restore historical constructions depending
on the symptoms showed. Within this complex context, the use of textile reinforced
mortars (TRMs) has gained remarkable attention over the last few years [25]. This type
of solution is a composite material made up by fibre roving embedded in an inorganic
matrix, improving the mechanical behaviour of masonry structures against axial loads,
in-plane shear/flexure and out-of-plane flexure. Several studies can be found in the most
recent literature highlighting its suitability and efficiency in historic masonry structures,
especially in the case of strengthening against seismic actions [26-28], demanding the use
of experimental campaign as well as the development of proper numerical models able to
simulate its particular mechanical behaviour against different events [26].

Under the basis previously exposed, this work aims at improving the current method-
ologies for generating as-built CAD models for advanced 3D numerical simulations. To
this end, the proposed approach investigates the use of a WMMS solution with the aim
of minimizing the time invested for creating 3D CAD models by means of reverse engi-
neering approaches. Additionally, this paper evaluates the use of a parameter-free noise
reduction filter. These types of filters are not commonly used due to the robustness of
the static approaches [3,10]. However, investigations carried out by Nocerino et al. [16],
Fillipo et al. [19] and Barba et al. [20] highlight the presence of a certain noise in the MMS'’s
point clouds that could hinder the creation of surfaces required for reverse engineering.
With respect to the previous work carried out by the authors [21], this work proposes a
methodology for using the WMMS point cloud as a geometrical base for 3D CAD models.
This methodology includes the use of several automatic segmentation approaches based
on the random sample consensus (RANSAC) method, the use of NURBS approaches as
well as the use of an anisotropic filter in order to enhance the quality of the 3D point cloud
obtained by the WMMS.

Apart from contributing to the improvement of creating as-built CAD models, this
work advances in the knowledge of the structural behaviour of novel constructive solu-
tions, more specifically TRM retrofitting techniques. To this end, a retrofitted masonry
construction was analysed: the Romanesque church of San Pedro in Becerril del Carpio
(Palencia, Spain), allowing one to obtain conclusions about the efficiency of this type of
solution against vertical and horizontal loads.

After the Introduction, Section 2 describes the study case used as well as its current
conservation status. Section 3 presents the methodology used for generating an advanced
numerical simulation using a WMMS. Section 4 shows the numerical simulations carried
out, confronting the structural performance of the church with and without TRM layers on
the extrados of its vaults. In Section 5, the discussions and conclusions are drawn.

2. The Romanesque Church of San Pedro (Becerril del Carpio, Palencia, Spain)
2.1. Description of the Structure
The Catholic church of San Pedro is located at the municipality of Becerril del Carpio

in the province of Palencia (Castilla y Ledn, Spain) (Figure 1). The construction of the
church started in 1262, showing some elements, such as the apse, in the Late-Gothic style.
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Figure 1. Location of the Romanesque church of San Pedro (Becerril del Carpio, Spain).

The church has a unique nave with a length of 23.71 m and a width of about 8.78 m.
This nave shows a Late-Romanesque barrel vault with around 0.31 m thickness and an eight
ribbed vault in the apse and a tower at its beginning [21] (Figure 2). Between the barrel and
the ribbed vault, is possible to observe a triumphal arch supported by two columns with
Gothic capitals. Both constructive elements were built with a regular sandstone masonry.
The vertical walls that support the vaults respond to a typical three leaf masonry wall made
up by two faces of regular sandstone and an infill core. The north-east wall has an average
width of 0.87 m with a total of four buttresses made up with regular sandstone. On the
other hand, the south-east wall has an average width of 1.43 m without the presence of
buttresses (Figure 2b). The tower was built with a regular limestone masonry, showing
in the east part of it a space made up by regular sandstone and brick masonry. The body
annexed to the main nave serves nowadays as sacristy and is covered by an eight-side
ribbed vault (Figure 2c).

Figure 2. Planimetry of the church: (a) main elevation; (b) top view; (c) longitudinal section and
(d) transversal section.
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2.2. Intervention Works Carried Out during 2011

In 2007, the conservation status of the church was considered deficient. This status was
promoted by the lack of conservation actions, such as the presence of biological colonies,
moistures as well as garbage. All these elements were accelerating the degradation of the
different assets placed within the church. Additionally, a modification of the soil properties
promoted the presence of a settlement on the north part of the church. In response of
this soil modification, the main nave of the church suffered a large movement to adapt its
shape to the new boundary conditions. Several cracks appeared along the tower and the
annexed body as well as out-of-plane movement in the north part of the main nave within
the presence of several plastic hinges along the vaults (Figure 3).

() (d)

Figure 3. Conservation status before the intervention: (a) structural movement of the tower; (b) large
deformation in the main nave; (c) cracks, moisture and detachment on the ribbed vault and (d) pres-
ence of moisture, erosions, detachment and garbage at the entrance of the annexed body.

According to this condition, a diagnosis work was carried out with the aim of investi-
gating the origin of the different damages observed. In line with the result obtained during
the diagnosis phase, a restoration project was carried out in 2011 acting in different parts
of the church: (i) the assets and (ii) the structure. The latter was retrofitted by adding an
armoured concrete solution made up by a concrete HA-25 (equivalent to a C25/30 in the
Eurocode 2) as well as a steel B-500S (equivalent to a S500 in the Eurocode 2) (Figure 4a) [29].
Complementary to this action, the extrados of the vaults was retrofitted with a TRM solu-
tion. This composite solution was made up by a lime matrix with carbon fibres, adding
a total of three layers, each one with an average thickness of 10 mm (Figure 4b,c). The
original roof of the church, made up by an infill layer until the tiles, was replaced by a
timber solution with cross-laminated beams supported at both side of the nave and covered
by a waterproof solution and ceramic tiles (Figure 2¢,d) (Figure 4d).
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Figure 4. Restoration works at structural level: (a) addition of armoured concrete to one of the
buttresses of the main nave; (b) preparation of the extrados surface of the ribbed vault for the
application of the textile reinforced mortar (TRM) layers; (c) application of the TRM solution and
(d) final appearance of the roof.

3. From the Point Cloud to the As-Built CAD Model

As it was stated in Section 2, the structure of the church has suffered large deformations
as a result of a soil settlement. This situation has promoted the presence of complex out-of-
plane deformations at the south part of the nave, the tower, as well as the ribbed vaults of
the main nave (Figure 3). All of this demands the use of remote sensing methodologies
able to create, in an efficient way, an as-built CAD model for further numerical simulations.
According to this, a three-fold workflow was proposed as follows: (i) 3D digitalization
of the heritage site by using a WMMS system equipped in a small backpack; (ii) point
cloud post-processing by applying noise reduction filters and (iii) CAD modelling through
the use of parametric and NURBS surfaces. All these stages are described in detail in the
following sections.

3.1. Wearable Mobile Mapping System (WMMS)

The WMMS used for the present work was the ZEB-REVO mobile mapping sys-
tem [30]. This device is commercialized by the company GeoSLAM [31] and it is made up
by a 2D rotating laser scanner head, Hokuyo UTM-30LX-F (Hokuyo Automatic Co., Ltd.
Osaka, Japan) rigidly coupled to an Inertial Measurement Unit (IMU) on a rotary engine.
The data captured by both sensors is stored in a processing unit located in a small backpack
(Figure 5). All these devices are carried by an operator, whose movement provides the
third dimension required to generate the 3D point cloud. The 3D point cloud is generated
by combining the information coming from the scanning head and the IMU sensor, using
to this end the full SLAM approach of the robotic operative system (ROS) library [32]. It
must be taken into consideration that the previous process is an incremental procedure, in
which each segment is aligned with respect to the previous one. The error accumulation
derived from the incremental procedure is minimized by a global registration on the basis
that the starting and ending points are the same (closed-loop solution).
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Figure 5. Wearable mobile mapping system used: (a) main components and (b) photo taken during

the data acquisition.

This sensor has a default range of 0.60-30 m for indoors environments and 0.60 to
15 m for outdoors, capturing 40,000 points per second. This device is also equipped with a
GoPro camera that allows one to record a video while the laser is capturing the scene. The
manufacturer ensures an accuracy of 1-3 cm for a 10-min scan, with the closing of a single
loop [30]. Table 1 shows further technical specifications.

Table 1. Technical specifications of the wearable mobile mapping solution (WMMS) used.

WMLS Zeb REVO
Measuring principle Time of flight
Operating time 4h
Field of view 270° (H) x 360° (V)
Wavelength (nm) 905
Scanner resolution (°) 0.625H x 1.8V
Orientations system MEMS IMU
Scanner dimensions (mm) 86 x 113 x 287
Total weight (kg) 4.10
Scanner weight (kg) 1.00
Dimensions (mm) 220 x 180 x 470
. 0.60-30 m indoors
Working range (m) 0.60-15 outdoors
Measurement rate 40,000 points per second
Accuracy (cm) 1-3

3.2. Digitalization of the Structure

The WMMS device previously described was used for digitalizing the church. Prior
to the data acquisition with the WMMS device, an on-site inspection was carried out with
the aim of designing the most appropriate data acquisition protocol, taking into account
the suggestions proposed by di-Filippo et al. [19], with the following statements standing
out: (i) ensuring the accessibility to all the areas; (ii) removing obstacles along the way and,
(iii) planning a closed-loop in order to compensate for the error accumulation. During the
data acquisition, a closed-loop path was followed with the aim of compensating the drift
of the system (Figure 6). In order to ensure a homogenous density of the point cloud, the
walking speed was constant, paying a special attention to transition areas such as corners
or entrances.
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Figure 6. Path followed during the data acquisition.

According to these considerations, a unique loop was necessary to digitalize the
outdoors as well as the indoors of the church, investing a total of 16 min. Then, a full SLAM
approach was applied, allowing one to fuse the data captured by the IMU and the line
scanner. To this end, the ROS library was used [32] by applying the parameters suggested
by di Filippo et al. [19]. This stage required a total of 18 min to be completed, allowing one
to obtain a complete digitalization of the church made up by 27 million points (Figure 7).
The absolute error of this 3D point cloud in comparison with a TLS one was of 0.007 m [21].

Figure 7. General view of the point cloud obtained.
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3.3. Point Cloud Post-Processing

Considering the product derived from the previous stage, a noise filtering stage was
performed with the aim of improving the quality of the point cloud for the subsequent
stages. In the case of the WMMS point cloud, the noise is dependent on the laser scanner
as well as of the drift that appears during the pose estimation carried out by the SLAM
algorithm. In this case, it was decided to split the whole point cloud of the church in
nine different test areas, considering that in each area the SLAM drift could be neglected
(Figure 8). Each of these test areas were aligned with respect to its homologous TLS point
cloud. The TLS point cloud used was the point cloud captured during the experimental
works carried out by Sanchez-Aparicio et al. [21]. After the proper alignment, a segmenta-
tion phase was carried out with the aim of deleting the non-overlapped areas between the
WMMS and the TLS point cloud.

B 7ot B zone2 zone3 [ 7ones Zone5 zonc6 [ zore? [ zoves [ zoneo
(a)

i

1?
\ j[o

Figure 8. Test zones considered for evaluating the performance of the noise reduction filter: (a) 3D
view and (b) plant view.

Nowadays, there are plenty of filters that attempt to reduce the noise of point clouds.
An example of this variety of filters is the fast cluster statistical outlier removal (FCSOR) [33].
This filter improves the traditional statistical outlier removal (SOR) filter by getting a
homogeneous point cloud and performing the statistical analysis over different voxelized
parts at the same time. The process is faster, obtaining better results than the traditional
SOR filter. Within the emerging field of deep learning there are some filters such as
PCPNET [34] and PointCleanNet [35] which estimate local shape properties from noisy and
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outlier-ridden point sets. Both methods, based on PointNet library [36], compare the noisy
point clouds with the clean point cloud in order to train a convolutional neural network
that allows one to reduce the noise. For this work, it was decided to use the algorithm
proposed by Xu and Foi [37]. This denoising strategy is based on aggregation of multiple
polynomial surfaces computed on directional neighbourhoods. These neighbourhoods
are locally adapted in accordance with the shape of the point cloud by using the local
polynomial approximation-intersection of confidence intervals strategy over each point of
the point cloud. Finally, a dense aggregation of moving least squares is applied to denoise
the point cloud. As suggested by Xu and Foi [37], this algorithm is able to reduce the noise
while preserving fine features as well as sharp edges. It is worth mentioning that the TLS
point cloud obtained by Sanchez-Aparicio et al. [21] in this church was considered with the
aim of evaluating the performance of this algorithm. Thus, the discrepancies of the WMMS
point cloud and the TLS point cloud could be considered a valid metric for evaluating
the quality of the denoised WMMS point cloud. These discrepancies, before and after the
application of the filter, were obtained by using the cloud-to-cloud comparison available in
the open-source software CloudCompare® [38]. Before applying the filter (Figure 9a) the
maximum discrepancies between clouds is 3 cm and 78% of the points have an error below
1 cm. After applying the filter (Figure 9b), the maximum discrepancies are 2 cm and 95% of
the points have less than 1 cm of difference.

30,000
27,000
24,000
21,000
18,000

15,000

Count

12,000

0
0.000 0.006 0.012 0.018 0.023
Discrepancies (m)

(a)

30,000
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24,000
21,000

18,000
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15,000
12,000
9000
6000

3000

0 —
0.000 0.006 0.012 0.018 0.023
Discrepancies (m)

(b)

Figure 9. Histograms of the relative discrepancies between the terrestrial laser scanner (TLS) and
the WMMS in the test zone 3: (a) before applying the filter, the maximum error is 3 cm and around
80% of the data are below 1 cm of error and (b) after the application of the noise reduction filter, the
maximum error is 2 cm and 95% of the data are below 1 cm of difference.
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As highlighted by Rodriguez-Gonzalez et al. [39]; the use of Gaussian estimators (i.e.,
mean and standard deviation) would be not appropriate to evaluate the discrepancies
between two point clouds. According to this, the normality of the samples was evaluated
by means of the QQ-plot. The results obtained by the application of the QQ-plots showed
that the discrepancies do not follow a normal distribution (Figure 10), requiring to use non-
parametric indexes such as the median (m) and the NMAD values (Equations (1) and (2)).

NMAD = 1.4826 - MAD, 1)

MAD = m-(Ix;-my 1), 2)

QQ Plot of Sample Data versus Standard Normal
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Figure 10. QQ-plots of the relative discrepancies between the TLS and the WMMS in the test zone
3: (a) before and (b) after the application of the noise reduction filter. In blue, the deviation of the
quantiles position of the sample in comparison with expected quantiles for a normal distribution. In
red, the trend line for a perfect Gaussian population.
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Table 2 shows the statistical results obtained in the different test areas. As it was
expected, the median value obtained was low due to the decision to evaluate small areas
which were registered by means of the ICP algorithm. The NMAD values before noise
reduction were in accordance with the expected errors of the WMMS point cloud. Both
estimators, median and NMAD, improve with the application of the anisotropic filter. This
improvement is also visible from a qualitative point of view (Figure 11).

Table 2. Statistical results over different zones of the point clouds. On the left, it is shown the results
before applying the anisotropic filter and on the right, the results after the filter has been applied.

Without Noise Reduction With Noise Reduction

Cases Bias Dispersion Bias Dispersion

Median (m) NMAD (m) Median (m) NMAD (m)
Case 1 0.005 +0.004 0.003 40.002
Case 2 0.005 +0.004 0.003 +0.003
Case 3 0.005 +0.004 0.004 +0.003
Case 4 0.005 +0.005 0.004 +0.003
Case 5 0.005 +0.005 0.003 +0.003
Case 6 0.005 +0.005 0.002 +0.002
Case 7 0.010 +0.009 0.008 +0.005
Case 8 0.007 +0.007 0.005 +0.005
Case 9 0.014 +0.011 0.010 +0.009

Figure 11. Noise reduction stage within the test zone 5: (a) reference point cloud coming from the
TLS campaign; (b) original WMMS point cloud and (c) filtered WMMS point cloud.
3.4. Reverse Engineering

The current section shows the semi-automatic reverse engineering procedure used to
obtain the as-built CAD model from the WMMS point cloud (Figure 12).
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Web ———  NURBS modelling

Boolean operators, Loft surfaces

Figure 12. Graphical workflow proposed for creating the as-built CAD model. The red rectangles
are those stages used for modelling the masonry wall. The green and orange rectangles include the
strategies for modelling the arches and the vaults, respectively. RANSAC: random sample consensus.

In a first stage, the procedure defined by Sanchez-Aparicio et al. [40] for extracting and
evaluating the deformation of vertical walls was applied. The results allow us to classify
the walls into two groups (Figure 13): (i) vertical/leaning walls and (ii) walls with complex
out-of-plane deformations. The vertical/leaning walls were modelled by adjusting its
points to the best-fit plane. The parameters of this plane are those obtained by the random
sample consensus (RANSAC) shape detector algorithm [41]. On the other hand, the walls
with complex out-of-plane deformations were modelled by using the surface deformation
approach suggested by Barrazzetti et al. [15]. This approach allows one to model complex
surfaces, i.e., organic shapes, vaults or deformed constructive elements, by a progressive
modification of a seed surface, transforming it into a NURBS surface that follows the point
cloud closely. The modification of this surface is carried out by varying the weights, control
points and knot vectors of the NURBS surface until the adjustment is reached. To this end,
a planar seed surface with a total of 32 subdivisions along the U and V axis was considered.
These parameters allow one to model the north walls with great accuracy (Figure 13).

Plane extraction

Best-fit plane

Vertical/Leaning wall

Wall with complex deformation

_— =
NURBS creation Deformation analysis

Figure 13. Workflow used for modelling walls.
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The different arches of the main nave were modelled as follows: (i) the extraction and
vectorization of a transversal and longitudinal section at the middle of the arch by using
b-splines and (ii) the extrusion of the transversal section along the longitudinal one. On the
contrary, the vaults were modelled by using the surface deformation approach previously
defined. On the one hand the barrel vault was modelled directly, meanwhile the ribbed
vaults were modelled by using a three-fold approach. Firstly, a segmentation based on
curvature was applied, allowing one to split the ribs from the webs. Then, the ribs were
modelled in a similar way to the arches, simplifying its original shape to a rectangular one
with the same inertial values. Finally, the different webs of the vault were modelled using
the surface deformation approach. Both approaches allow to one obtain an accurate CAD
representation able to represent the different irregularities of the vaults. As Figure 14 shows,
around 75% of the points could by represented with a total agreement in comparison with
the original point cloud. The major discrepancies are about 1 cm, appearing on areas with
strong curvature variation. These discrepancies are in line with other research works [15]
and could be improved by using a higher number of subdivisions. It is worth mentioning
that the extrados of the vaults, which were not captured by the WMMS, were modelled by
applying the offset operator proposed by Barattezzi et al. [15], using to this end the values
extracted in Sdnchez-Aparicio et al. [21]. The infill of the vaults was modelled manually by
assuming the criteria adopted in the previous work [21].
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Figure 14. Discrepancies between the point cloud and the as-built CAD model: (a) barrel vault and
(b) ribbed vault.
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All the constructive elements and materials were integrated in a unique CAD model
by using different Boolean operators as well as different Loft surfaces. As a result, it was
possible to create an as-built CAD model able to capture the complex deformations of the
church for further numerical simulations (Figure 15).

Figure 15. As-built CAD model: (a) general view; (b) plant view and (c) transversal section. In red
it is highlighted some areas of the church with complex deformations properly modelled by the
proposed approach. In yellow, grey and green the different masonries identified, in orange the infill
of the vaults.

4. Structural Analysis

This section outlines the different considerations and results obtained during the
structural analysis of the church. In this case, it was decided to use the FEM strategy for
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evaluating the influence of the TRM solution from a static and a dynamic point of view.
Firstly, a numerical mesh was generated by using the as-built CAD model previously
generated. Then, the different materials were considered by defining specific constitutive
models. Finally, several numerical analyses were carried out with the aim of evaluating
the structural performance of the church against vertical and horizontal loading. All these
stages were performed in the commercial FEM package TNO Diana® [42].

4.1. Numerical Mesh

Due to the complexity of the model, it was decided to create a fine mesh based on
linear elements according with the recommendations exposed by Lourenco and Pereira [43].
Taking this into consideration, the average size of the element was about 0.15 m, ensuring
at least three elements along the thickness of the vertical walls. Concerning the vaults,
and taking into consideration the non-linear areas that will appear during the different
numerical simulations, the average size of the element was reduced to 0.10 m. In both
cases, solid tetrahedral elements were used. The TRM layers were modelled by using a
set of curved shell elements for defining the matrix in which the textile is embedded as
an equivalent grid without the possibility of slippage [26]. This modelling strategy was
also used for defining the armoured concrete placed at the foundation level. As a result
of these considerations, the numerical model was made up by a total of 507,595 elements
(Figure 16): (i) 17,028 shell elements for simulating the TRM layers and (ii) 490,567 solid
elements for simulating the masonry, concrete and infill layers of the church. On the one
hand, the shell elements chosen were three-node triangular isoperimetric curved shell
elements with a total of five integration points along its thickness. This assumption is in
line with the suggestions made by Oliveira et al. [26]. Regarding the solid elements, it
was decided to use four-node, three-side isoparametric solid pyramid elements with linear
interpolation and numerical integration as suggested by Lourenco and Pereira [43]. This
combination of elements, shell and solid, is common when real-scale historical structures
are simulated [44,45]. Finally, a set of control nodes were chosen with the aim of evaluating
the displacements suffered on key parts of the church (Figure 16).

TRM Layers
I Regular Masonry
I Tuff Masonry

I Irregular Masonry

Figure 16. General view of the numerical mesh. The point A refers to the control node placed at the
intrados of the barrel vault. Point B refers to the control node used for the pushover analysis in the
+X direction. The control node placed at the same height but at the intrados of the tower was used
for the analysis in the —X direction. Points C, D refer to the nodes used for the pushover analysis in
the direction +Y and -Y, respectively.
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4.2. Constitutive Models and Material Properties

The mechanical behaviour of the masonry elements was defined by using a macro-
modelling approach. More specifically, the total strain crack model implemented was
used in the non-linear FEM package TNO Diana®. In this case, a post-peak exponential
softening law was used for the tensile regime. Meanwhile, the compressive behaviour was
simulated by using a post-peak parabolic and exponential softening. The Young modulus,
density and compressive strength of the masonries were determined in accordance with
Table C8A.2.2 of the Italian standard NTC 2008 [46]. Due to the absence of specific mechan-
ical tests, a knowledge level of LC1 was assumed. Thus, the compressive strength of the
masonry was reduced by 1.35. The Poisson ratio for all the masonries was established as 0.2,
meanwhile the non-linear properties of these elements were obtained from the following
considerations [47]: (i) a ductility index of 1.6 mm and (ii) a tensile strength comprised
between 0.2 and 0.1 N/mm? with a mode I fracture energy of 0.05 N/mm. The infill of the
vaults was modelled by assuming the properties of the irregular masonry showed within
Table C8A.2.2. Table 3 shows the numerical values of the properties considered.

Table 3. Mechanical properties of the different materials used during the numerical simulation.

Regular Masonry Irregular Masonry Tuff

Parameter (Limestone) with (Sandstone and Tuff) Masonry

Infill Core with Infill Core (Vaults)

Young modulus (Gpa) 1.44 1.02 1.08
Poisson ration (-) 0.20 0.20 0.20
Density (kg/m?) 2000 2000 1600
Tensile strength (N/ mm?) 0.10 0.10 0.10
Fracture energy in tensile regime (N-mm) 0.05 0.05 0.05
Compressive strength (N/ mm?) 222 1.48 1.41
Fracture energy in compressive regime (N-mm) 3.55 2.45 2.34

The concrete was simulated by following the total strain crack model, using to this end
the properties suggested by the Eurocode for a concrete type C-25/30 and a steel S500 [29].
On the other hand, the TRM layers were simulated by using a macromodelling strategy, as
suggested by Oliveira et al. [23]. The mechanical properties of each part of this composite
solution, matrix and fibre were obtained from the manufacturer (Table 4) as well as the
experimental results obtained in similar works [48]. For the mortar, a total strain crack
model with a plateau and parabolic function was assumed for the tensile and compressive
regime, respectively. On the contrary, the fibre was simulated as a perfect brittle material.

Table 4. Mechanical properties of the matrix and fibre materials used in the TRM layers.

Properties Value
Young modulus (GPa) 4.00
Poisson ratio (-) 0.20
Thickness (m) 0.03
Density (kg/ m?) 1850
Mortar Compressive strength (MPa) 2.50
Fracture energy (N/mm) 3.44
Tensile strength (MPa) 0.55
Plateau and strain 0.0016
Power c 0.6
Young modulus (GPa) 160
Poisson ratio (-) 0.20
Carbon fibre Reinforcement ratio (mm?/m) 44
Density (kg/m?) 1780

Tensile strength (Mpa) 4300
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4.3. Structural Impact of the TRM Layers

This section has the aim of evaluating the impact of the retrofitted solution in the
response of the structure. To this end, several non-linear analyses were carried out, namely:
(i) gravitational analysis for evaluating the performance of the TRM layers against vertical
loading and (ii) seismic analysis for checking the contribution of these layers to the hori-
zontal capacity of the church. The regular Newton—-Rapson method in combination with
the arc-length control and the line-search technique were used as algorithms for solving
the non-linear problem. The convergence criteria established was based on energy, using a
threshold of 0.001. It is worth mentioning that the roof of the church was represented by
means of a superficial load, assuming the load used in Sanchez-Aparicio et al. [21].

4.3.1. Results Obtained from the Static Non-Linear Analysis

This section is devoted to showing the numerical results obtained during the non-
linear static analysis. In this case, two different numerical simulations were carried out
with the aim of evaluating the contribution of the TRM layers to the vertical capacity of
the church: (i) a simulation considering only the armoured concrete and (ii) an analysis
considering the armoured concrete as well as the TRM layers. In both cases, the load
increases until the collapse of the structure.

To evaluate the structural performance of the church against vertical loading, a non-
linear static analysis increasing gravitational loading until failure was carried out. The
control node selected for displacement monitoring corresponds to point A indicated in
Figure 16, which is located at the intrados of the barrel vault. As a result of these analyses,
it was possible to estimate the safety factor of the structure in terms of a load factor with
respect to the self-weight considering both scenarios, without strengthening and with the
retrofitting based on the TRM composite solution.

Figures 17-19 shows the results of these analysis. As it was expected, the church can
stand a large gravitational load before collapsing, suggesting that in the absence of a soil
problem the structure is safe (including or not the TRM layers). In the absence of the TRM
layers, the church has a safety factor of 8.86. Meanwhile, the presence of this composite
solution slightly increases the safety factor to 9.03, also incrementing the stiffness of the
structure (Figure 17). The collapse in both cases is similar, appearing with the inclination of
the north wall as well as the formation of plastic hinges in tensile and compressive regimes
at the vault of the main nave (Figure 18) (Figure 19). In the case of considering the TRM
layer, the cracks at the extrados appears at the beginning of the vault, more specifically in
the frontier between the vault retrofitted and the vault without TRM (Figure 19).

----- Without Reinforcement ~ —— With Reinforcement
10.00
9.50
9.00
8.50
8.00
7.50
7.00
6.50
6.00
5.50
5.00
4.50
4.00

Load Factor

-18.00 16.00 -1400 -1200 -10.00 -8.00 -6.00 -400 -2.00 0.00

u (mm)

Figure 17. Load-displacement curves obtained during the static non-linear analysis. The dash line
represents the structure with the TRM layers.
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(b)

Figure 18. First principal strains at the moment of collapse in absence of TRM layers: (a) view from
the extrados of the vault and (b) view from the intrados of the vault.

125.10;
0.00-10

(b)

Figure 19. First principal strains at the moment of collapse in presence of TRM layers: (a) view from
the extrados of the vault and (b) view from the intrados of the vault.
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4.3.2. Results Obtained from the Seismic Analysis

As several authors have highlighted [26-28], the use of TRM layers have a large
impact on the seismic performance of historical constructions. According to this, further
numerical evaluations were carried out with the aim of evaluating the contribution of the
TRM layers of the church, as well as to know the maximum allowable acceleration. From
the different non-linear numerical strategies able to simulate the seismic performance of
masonry constructions, the current work uses the pushover analysis.

The non-linear static (pushover) analysis is a numerical method proposed by many
standards such as Eurocode 8 for estimating the seismic performance of a structure. This
method is well documented in the existing literature [43,49]. During this stage, the structure
is subjected to gravity loading as well as a monotonic lateral loading pattern that represents
the inertial forces acting on the structure during a seismic event. In this work, a total of
four analyses using transversal lateral forces proportional to the mass were carried out to
evaluate the seismic performance of the church in the longitudinal (+X, —X) and transversal
directions (+Y, —Y) (Figure 16). The results of these analyses are given in terms of the
so-called capacity curves, describing the displacement at some predefined control nodes
(Figure 16) against the base shear factor, i.e., the ratio between the horizontal forces acting
at the base of the structure and its total self-weight. It is worth mentioning that the control
points considered during this analysis were placed on critical areas (Figure 16): (i) at the
top of the tower for the pushover at the direction X and (ii) a point at the top of the walls
placed at the middle of the nave for the pushover analysis carried out at the direction Y.

As in the previous section, the regular Newton-Raphson method, combined with the
arc-length control and the line-search technique, was adopted to obtain the solution of the
arising non-linear equations system. This method allows one to predict the deformations
and damage as well as the weak areas of the church. It is worth mentioning that the
equilibrium of the equation system is guaranteed by using the same criterions as those
exposed in the previous section.

The result of the pushover analysis highlights the influence of the TRM layer in the
seismic performance of the structure, especially in the lateral direction (+Y, —Y). In this
situation, the maximum load factor of the church increases from a value of 0.55 and 0.52 to
0.64 and 0.59 (Figure 20). The asymmetric values obtained from the different evaluations
are in line with the asymmetric arrangement of the structure (Figures 20-24). In both cases,
the presence of TRM layers allows one to prevent the creation of diagonal cracks along
the main barrel vault. In this situation, the damage is focused on the vicinities of the main
nave (Figures 22 and 24).

//\x

Base Shear Factor
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Displacement at the control node(mm)

Figure 20. Mass-proportional pushover capacity curves in the four main directions (red colour for the
+Y, green colour for +X, blue for the —Y and black for the —X). Dash lines represent the behaviour of the
structure without the TRM layer. The control points used for each curve has been placed between markers.
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With regard to the longitudinal direction, it is possible to observe that the TRM
layers do not have a considerable influence on the seismic performance of the church. In
both cases, the collapse is produced by the overturning of the main facade of the tower
(Figure 25), which is a local failure mode. This point clearly reflects that pushover analysis,
although being a very useful and powerful tool for seismic performance assessment,
sometimes might present some limitations, especially with respect to a more comprehensive
non-linear time history analysis. This direction represents the most vulnerable direction of
the church with a maximum capacity of 0.29 (Figure 20).
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Figure 21. Distribution of the first principal strains at the collapse point in the transversal direction
+Y without considering the TRM layers: (a) 3D view and (b) plant view.




Remote Sens. 2021, 13, 1252 22 of 28

The verification of the structural safety for the seismic action was carried out following
the Spanish seismic code [50]. In particular, the assigned peak ground acceleration value
for this area is lower than 0.04 g. Adopting a force-based seismic assessment criterion [43],
it can be concluded that the church meets the requirements in all the situations, being the
minimum capacity obtained for the positive X direction (0.20 g). Thus, pushover analysis,
besides bringing invaluable results regarding the seismic safety level of the structure, was
also used in this study to judge the effectiveness of the TRM-based retrofitting strategy as
well as to evaluate the overall mechanical performance in terms of damage progression
and the identification of potential vulnerabilities or weak areas.
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Figure 22. Distribution of the first principal strains at the collapse point in the transversal direction
+Y, considering the TRM layers: (a) 3D view and (b) plant view.
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Figure 23. Distribution of the first principal strains at the collapse point in the transversal direction
—Y without considering the TRM layers: (a) 3D view and (b) plant view.
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Figure 24. Distribution of the first principal strains at the collapse point in the transversal direction
—Y, considering the TRM layers: (a) 3D view and (b) plant view.
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Figure 25. 3D view at the moment of the collapse: (a) without TRM layers and (b) with TRM layers.
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5. Conclusions

From this study, it was possible to extract different conclusions with respect to the
WMMS sensor as well as the use of composite solution for retrofitting masonry structures.
On the one hand, the use of WMMS devices show several advantages, such as the great
performance or the flexibility of it. Regarding the first one, the time invested for digitalizing
the church was reduced by about 7.5 times in comparison with traditional techniques. With
respect to the second one, the great portability makes it possible to digitalize complex and
narrow spaces. However, the data provided shows noise which hinders the creation of a
CAD model and requires the use of noise reduction filters. Regarding this, we propose
the use of a parameter-free noise reduction filter that increases the quality of the point
cloud, minimizing its discrepancies with respect to a TLS point cloud by about 37%, with
some areas in which the decrease is about 60% (Table 2). This improvement is lower in the
inner zones due to the presence of ornamental parts. Additionally, it is possible to observe
an increase in the quality from a visual point of view, that makes the reverse engineering
stage easier (Figure 11). The time required for this stage could be considered acceptable,
investing a total of 50 min for filtering a point cloud of 27 million points. This stage was
carried out in a PC Mountain Studio3D i5 Ivy with Intel Core i5-3570K processor and
32 Gb RAM with operating system Windows 10 64 bits. The use of this filter, which is
parameter-free, allows one to improve the application of reverse engineering procedures
by any person who is not an expert in the field.

Regarding the reverse engineering strategy, the use of RANSAC approaches with
curvature segmentation strategies and NURBS-based approaches allows one to properly
model the deformations of a structure, increasing the automation of the process. However,
the presence of shadows in the original point cloud as well as the necessity of splitting the
different materials requires the intervention of the user in order to obtain a reliable CAD
model for further numerical evaluations.

Finally, from this work it is possible to conclude that the use of TRM solutions, which
are invasive solutions, increase the lateral capacity of the structure evaluated by about
115% in contrast with an increment of 102% for the vertical loading. This system seems to
be efficient in seismic areas.

Future works will be focused on the use of complementary modelling strategies
such as the retopologization of the mesh. This approach will allow one to reduce the
amount of user intervention during the CAD modelling stage which contains several steps
that are performed in a manual way, requiring the investment of large amount of time.
Additionally, an extensive experimental campaign will be planned, devoted to obtaining
more data about the mechanical behaviour of the masonries by means of sonic testing or
even the use of operational modal analysis for updating the numerical model. This data
will be complemented by additional structural analysis (e.g., 3D limit analysis) in order to
double-check the results obtained. Finally, it is planned to develop a 3D numerical model
with the TLS data. This model will be used to compare the numerical results obtained with
a 3D FEM model generated with the WMMS and the TLS point cloud.
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