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In this paper, a numerical modelling-based damage diagnostics methodology is proposed for cultural her-
itage structures (CHSs) made of masonry. Firstly, an integration of 3D documentation data (i.e. point
clouds and virtual tours) is developed for the rapid numerical model generation of CHSs. This allows
to directly exploit non-comprehensive point clouds (e.g., associated to outer surfaces only) for the solid
finite element model generation, where the lacking information is merged with off-site interactive and
immersive frameworks. Secondly, a number of nonlinear static and dynamic analyses are conducted on
the generated solid model to account for various load scenarios (e.g., earthquakes, soil settlements, etc.),
considering a nonlinear continuum constitutive law. Thirdly, a crack pattern matching indicator is in-
troduced to quantitatively identify the most likely load scenario which originated the damage pattern
present in the CHS, by comparing numerical and actual crack patterns. The proposed methodology al-
lows to rapidly generate and extract the numerical model that reflects the current (damaged) state of the
CHS. This also allows to identify the parts of the CHS susceptible to further damage. The effectiveness of
the proposed methodology is promisingly assessed on an actual historical masonry structure, the Morris
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1. Introduction

Cultural heritage structures (CHSs), such as palaces, fortresses,
mosques, churches, lighthouses, castles, etc., mostly made of ma-
sonry, represent a considerable portion of the world heritage [1].
Accordingly, CHSs conservation is of primary importance to guar-
antee CHSs survival to next generations.

The first task towards CHSs conservation consists in acquiring
an accurate knowledge of the CHSs. This task is already very chal-
lenging given the complex evolution of CHSs along the centuries,
characterized by several impacting events such as repairs, modifi-
cations, demolitions and reconstructions, earthquakes, foundation
settlements, shelling, materials ageing, thermal effects, etc. These
events could have induced cracking in historical masonries, which
result in complex crack patterns whose interpretation is typically
arduous [2-4].

The diagnostic process, which attempts to interpret how crack
patterns may have originated on CHSs (i.e., the causes of damage),
is of primary importance to the knowledge of the CHS [5,6]. In-
deed, damage diagnostics is essential and preparatory to optimally
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design structural health monitoring (SHM) systems [7-9] and to
reliably assess the structural performance of the CHS [10,11].

It should be stressed that the actual crack pattern of the CHS
has to be known to perform damage diagnostics. The actual crack
pattern in CHSs is typically obtained through visual damage sur-
veys [12]. When the whole crack pattern cannot be inspected vi-
sually, damage identification procedures, such as [13,14], could be
used to localize and quantify damage on CHSs.

Given the complex geometries and the nonlinear structural be-
haviour of CHSs, their structural assessment is generally under-
taken through advanced numerical modelling strategies [15]. Three
main families of modelling strategies can be distinguished for
masonry structures: (i) block-based models [16-18], where each
block of the structure is explicitly modelled, (ii) continuum mod-
els [19-21], where an equivalent fictitious homogeneous contin-
uum is used for masonry, (iii) geometry-based models [22-25],
where the structure is modelled as a rigid body typically employ-
ing limit analysis solutions. Nowadays, although geometry-based
models appear appealing for the analysis of domes and vaulted
structures (and macro-block limit analysis based on observed dam-
age may provide satisfactory results when dealing with seismic ac-
tions [25]), continuum modelling appears the most efficient mod-
elling strategy for CHSs, given the capability to deal with complex
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large-scale structures with a feasible computational demand [15].
To this regard, many nonlinear constitutive continuum models,
based either on fracture mechanics, damage mechanics, or plas-
ticity theory, have been lately utilized for masonry and historical
structures [15].

From the pioneering work of Mastrodicasa [2] based on empiri-
cal evidence to relate crack patterns to foundation settlements, re-
cent advancements in crack diagnostics employed numerical tech-
niques. Although many numerical strategies have been lately pro-
posed for historical masonry structures, few approaches have been
specifically developed to deal with damage diagnostics.

Mostly, qualitative comparisons of the actual crack pattern to
the results of numerical analyses can be found in the literature
[26]. For example, the identification of the causes of damage in the
Church of the Nativity in Bethlehem has been carried out in [27] by
means of a nonlinear continuum 3D approach. In [28], the dam-
age assessment of an Italian medieval castle has been performed
through a continuum modelling approach to account for founda-
tion settlements. Furthermore, the origin of cracks in double-wall
industrial masonry chimneys (due to thermal effects) has been in-
vestigated in [12] by using the extended finite element method, as
well as an isotropic continuum approach.

To the best of the authors’ knowledge, only a very few examples
of quantitative damage diagnostics approaches can be found in the
literature. Among these, a quantitative methodology for diagnosing
crack patterns in masonry structures using photogrammetry and
distinct element modelling has been originally developed in [29],
with an application to a foundation wall in the Baptistery of San
Giovani in Florence, Italy. Such idea has been more recently cou-
pled with an automated data-driven procedure in [30] to speed-up
the identification process for settlement-induced cracking.

Another well-known challenge that arises when dealing with
numerical modelling of CHSs is the generation of the geometrical
model. Indeed, CHSs often show complex and irregular geometries,
leading to time-consuming tasks. To address this issue, few point
cloud-to-numerical model techniques have been lately developed
[31-34] to attempt to exploit point clouds (typically surveyed on
CHSs for documentation purposes [35]) to aid the generation of
the numerical model.

In this paper, a general quantitative methodology for damage
diagnostics in cultural heritage masonry structures based on con-
tinuum modelling is proposed and tested on an actual CHS. To this
aim, two main novelties are introduced.

The first one consists in the integration of 3D documentation
data (i.e. point clouds and virtual tours) for the rapid numeri-
cal model generation of CHSs. Basically, this represents the exten-
sion of a point cloud-to-numerical model procedure (Cloud2FEM
[34,36,37]) to deal with non-comprehensive point clouds (for ex-
ample associated to outer surfaces only, which is the most com-
mon case in real applications). Particularly, the lacking information
is merged with off-site interactive and immersive frameworks.

The second one consists in the introduction of a crack pattern
matching indicator to quantitatively identify the most likely load
scenario which originated the damage pattern present in the CHS,
by comparing numerical and actual crack patterns.

This paper is structured as follows. Section 2 summarizes the
research aim of the paper. Section 3 discusses the point cloud-
to-numerical modelling and the damage diagnostics methodology.
Section 4 shows and discusses the results obtained on an actual
CHS. Section 5 summarizes the main conclusions of this research
work.

2. Research aim

The aim of this paper is to propose a general quantitative
methodology for damage diagnostics in cultural heritage masonry
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structures based on numerical modelling. The methodology is able
to identify the most likely load scenario which originated the dam-
age pattern present in the CHS. To achieve this aim, two main tasks
are developed. The first concerns the rapid generation of the CHS
numerical model from point clouds (supported by virtual tours),
while the second concerns the extraction of the model that reflects
the current damaged state of the CHS.

More in detail, an integration with virtual tours is firstly intro-
duced to deal with non-comprehensive point clouds for the gener-
ation of a consistent solid Finite Element (FE) model. Secondly, a
crack pattern matching indicator, based on the comparison of nu-
merical and actual crack patterns, is introduced to quantitatively
identify the most likely load scenario which originated the dam-
age pattern present in the CHS, after the conduction of a number
of nonlinear static and dynamic analyses on the generated model.

The effectiveness of the methodology is assessed on an actual
historical masonry structure, the Morris Island lighthouse in South
Carolina (USA).

3. Materials and methods

In this section, the CHS used to assess the methodology is
firstly introduced to ease the presentation. Then, the point cloud-
to-numerical modelling framework is detailed. Finally, the method-
ology for damage diagnostics is formulated.

3.1. Morris Island lighthouse

Three different masonry lighthouses were subsequently built on
Morris Island. A first permanent lighthouse was built from 1757
to 1777 and it was completely destroyed by fire. Then, a second
lighthouse (an octagonal brick tower) located further South on
Morris Island was constructed in 1801. This lighthouse served the
Charleston harbour until 1860, and it was completely destroyed in
the American Civil War to impair navigation to Charleston’s har-
bour. After the war, a new masonry lighthouse (the current one)
was constructed in 1876 as a symbol of federal strength [38]. The
current lighthouse has a circular cross-section (base and top diam-
eters about 8.0 m and 4.5 m, respectively) and several openings
located on the same radial plane. The structure decreases in thick-
ness while approaching the top. The wall thickness at the bottom
is about 1.15 m, which is composed of 8 interconnected clay brick
layers with Flemish bond.

The 1886 Charleston earthquake (6.7-7.1 magnitude [39] with
an estimated peak ground acceleration equal to 0.33 g [40]) in-
duced two large cracks in the masonry structure (which were
never repaired [38]). In 1938, the lighthouse was abandoned as
a jetty system involuntarily induced the erosion of Morris Island
[38], which also induced the structure to lean. Then, an automatic
beacon was installed, and the lighthouse remained in commission
until 1962 [41].

Presently, the non-profit organization Save the Light, Inc.
[42] manages the historical structure aiming at preserving it [41].
This CHS is persistently threated by salt spray, high winds, biolog-
ical degradation by sea birds, and foundation settlements, as well
as potential future hurricanes and earthquakes [41]. The Morris Is-
land lighthouse is used in this research to assess the effectiveness
of the methodology proposed in this paper.

3.2. Point cloud-to-numerical modelling

In this section, the rapid generation of the numerical model of
a CHS from point clouds is shown and discussed. The Cloud2FEM
procedure developed by Castellazzi et al. [34,36,37] is here em-
ployed.
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Such workflow semi-automatically exploits dense point clouds
to generate solid FE models. Particularly, a fully comprehensive
point cloud (i.e.,, comprising inner and outer surfaces of the struc-
ture) is firstly sliced over the vertical direction. Then, closed poly-
lines are automatically extracted on each slice by connecting rep-
resentative points of the inner and outer borders. Thanks to the
automatic classification of inner and outer polylines developed in
[43], their subtraction gives directly closed polygons. Each slice is
digitalized, i.e., transformed into pixels with a certain resolution,
and stacked vertically generating a 3D object made of voxels. Fi-
nally, voxels are transformed into 8-node hexahedral elements, and
a conforming 3D solid FE mesh is obtained. For more details, the
interested reader is referred to [34,36,37].

It is important to emphasize that if the point cloud does not
include the inner surfaces of the structure, as it often occurs in
complex CHSs due to budget limitations (and it is the case of
Morris Island lighthouse), the aforementioned workflow lacks in-
formation to reliably generate a FE model. Accordingly, integra-
tion with off-site interactive and immersive frameworks (i.e., vir-
tual tours), which are increasingly utilized in CHS for documenta-
tion purposes [44,45], is herein originally introduced to deal also
with non-comprehensive point clouds.

Virtual tour environments made by spherical panoramas
[44] are an appealing alternative to gather indoor data, as they
are typically less expensive and faster to perform than laser scan-
ner/photogrammetric surveys. Even though virtual tours do not
generally provide quantitative geometric information, their qualita-
tive contribution appears sufficient to generate consistent FE mod-
els. Indeed, the possibility of the user to off-line inspect the inner
parts of the structure while creating the slices is essential in most
practical cases, e.g. in presence of shafts, wall openings, thickness
walls irregularities, non-structural parts, debris, furniture, etc. This
can be further eased when the virtual tour is organized through
hotspots (see e.g., [41]), so that the user can follow the slices cre-
ation by virtually moving within the structure. Finally, the inte-
gration with virtual tour environments is straightforwardly facil-
itated by the graphical tools (i.e., offsetting, adding, moving, re-
moving, joining of polylines) lately developed in the open source
Cloud2FEM software [37].

It should be pointed out that the point cloud data related to
non-structural parts should be cleaned in order to guarantee the
generation of a suitable model for structural purposes. To this aim,
the point cloud cleaning, that is typically a manual operation, can
be conducted either a priori on the 3D point cloud (i.e., prior
to the slicing operation) or directly into the Cloud2FEM software
[37] at the 2D slice level. Once the point cloud is cleaned from
non-structural parts, it can be used to generate the 3D solid FE
mesh. Indeed, the intrinsic error (noise) of the surveying technique
(laser scanning or photogrammetry) is typically one order of mag-
nitude lower than the accuracy needed in the 3D FE model, and
hence it can be neglected.

An example of point cloud-to-numerical modelling with non-
comprehensive point cloud and virtual tour integration is given in
Fig. 1 for the Morris Island lighthouse. In particular, Fig. 1 shows:
the point cloud of the lighthouse, externally-only acquired as spec-
ified in [41]; the slicing of the point cloud with 0.4 m steps
(102 slices in total), where the internal geometry has been semi-
automatically reconstructed with the support of the virtual tour
through graphical tools (e.g. offsetting and joining of polylines
[37]); an example of integration of the lacking information at
the slice level (slice 49); the virtual tour environment organized
through hotspots [41], where an example of non-structural part
that can be inspected by means of the virtual tour and taken into
account into the slices is also shown; the resulting “Voxel model”,
obtained by adopting a 0.4 x 0.4 m plan grid. It should be pointed
out that the choice of the voxel size (0.4 x 0.4 x 0.4 m) has
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been here adopted in agreement with the suggestions given in
[34,36,46], where the adoption of the voxel size based on the di-
mension of structural details (e.g. openings) and/or on the geomet-
rical irregularity of the structure is suggested. In order to assess
the effectiveness of the Voxel model and to verify its geometry, a
total volume-invariant smoothing operation has been conducted on
the bounding surfaces of the Voxel model. The resulting watertight
mesh made of triangles has been filled with tetrahedrons, obtain-
ing the “Smooth model”, see Fig. 1. The Voxel model validation is
shown and discussed in Section 4.1.

3.3. A methodology for damage diagnostics

In this section, the methodology for damage diagnostics is pre-
sented. The solid continuum FE model generated according to the
workflow described in previous section is employed.

In the following, a homogeneous isotropic plastic-damaging 3D
continuum [47], based on tensile and compressive damage scalar
variables, is assumed for masonry (Section 3.3.1). Then, the crack
pattern matching indicator (Section 3.3.3) is formulated consider-
ing the tensile damage variable, which indicates material cracking.
Of course, the damage diagnostics methodology herein presented
remains valid for any suitable nonlinear constitutive law for quasi-
brittle materials while adopting the appropriate variable that indi-
cates material cracking.

3.3.1. Material constitutive law

Here, the isotropic continuum plastic-damage material be-
haviour based on the model proposed by Lee and Fenves [47] is
adopted. It considers tensile and compressive responses governed
by two independent damage variables (i.e., tensile damage 0 < d; <
1, and compressive damage 0 < d. < 1). Consequently, the uniaxial
stress-strain relationships can be represented by:

Ot = (1 — dt)E(é‘t — 85),
oc = (1-do)E(ec — €?). (M

where o; is the uniaxial tensile stress, o, is the uniaxial compres-
sive stress, E is the material Young’s modulus, &; and &, are the
uniaxial tensile and compressive strains, and ¢f and &! are the uni-
axial tensile and compressive plastic strains.

Two main limitations on the usage of this model for masonry
can be observed:

- Isotropic response. Generally, masonry shows an anisotropic be-
haviour at pre-peak, peak, and post-peak responses. However,
the mechanical characterization of anisotropic continua can be
a very challenging task due to the many parameters that need
definition, as well as the fact that masonry mechanical char-
acterization is typically very poor in historical buildings due to
budget limitations and restrictions for destructive testing. While
this aspect has a significant role at the small-scale specimen
level, it is less impacting at the large-scale level of CHSs, where
multi-leaf very thick masonries are typically found. Indeed, it
appears reasonable to think that the anisotropic nature of the
masonry material will be more significant in single-layer walls
rather than in very thick walls (which will plausibly tend to
a more isotropic response). Additionally, it should be stressed
that the tensile strength of the homogeneous continuum is a
fictitious material property which attempts to describe the ma-
terial behaviour in tension. This is an intrinsic limitation of con-
tinuum models. For this reason, tensile strength is typically cal-
ibrated or used as varying quantity in parametrical analyses.
Nonetheless, the isotropic plastic-damage model herein consid-
ered has been extensively tested for masonry and compared
with other modelling approaches (e.g., in [48,49]), confirming
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Fig. 1. Point cloud-to-numerical modelling of the Morris Island lighthouse based on Cloud2FEM software [37] and integration with virtual tour. From left: Point cloud of the
exterior surfaces (from [41]); Slicing of the point cloud; Example of integration of missing (inner) information on a slice; Two screenshots of the virtual tour environment
(from [41]); Resulting voxel model (12,410 8-node elements, total volume 794.24 m?); Smooth model (92,942 4-node elements, total volume 794.28 m3).

its ability to deal with both flexural and shear wall failures with
the same mechanical set-up.

Plastic cyclic response. Modelling the cycling response of ma-
sonry is another very challenging task. This becomes clear by
observing that the rocking mechanism (flexural failure) in ma-
sonry walls is characterized by nearly-zero energy dissipation
(i.e., no significant plastic deformations due to the cyclic open-
ing and closuring of sub-horizontal cracks), whereas the shear
failure is mainly governed by friction and is characterized by
a significant energy dissipation (i.e., significant plastic defor-
mations along the masonry joints) [50]. The isotropic plastic-
damage model herein considered assumes crack opening as
plastic deformation and a full stiffness recovery upon crack clo-
sure. Accordingly, this model appears not to be best suited to
model rocking mechanisms of masonry walls. However, crack
closure is typically nonperfect in large-scale CHSs given their
multi-leaf very thick masonries (e.g., debris may fall in the
cracks, preventing their closure), see for example the damage
pattern of the CHS in [51]. With this in mind, the plastic cyclic
response of the model herein considered appears sufficiently
suitable for historical masonries in large-scale CHSs.

3.3.2. Load scenarios

A number of nonlinear static and/or dynamic analyses are con-
ducted on the generated model to simulate the effects of sev-
eral load scenarios. The choice of the load scenarios to be in-

cluded in the study depends on the specific CHS, on its history,
on its territorial hazards, and has to be carried out only after
having reached a sufficient level of knowledge on the CHS. An
example of load scenarios selection is shown and discussed in
Sections 4.2-4.3.

3.3.3. Crack pattern matching indicator

A crack pattern matching indicator is here introduced to quanti-
tatively identify the most likely load scenario which originated the
damage pattern present in the CHS. Such indicator is based on the
comparison between the actual crack pattern and numerical crack
patterns, obtained in a number of nonlinear simulations.

Firstly, a definition of zones is performed on the generated
FE model according to the actual crack pattern experienced by
the CHS. In particular, the portions of the FE model where actual
cracks are present are defined as “Fissure zone” through a set of
elements, characterized by the volume Vg. Then, the rest of the
FEs of the model are defined as “Intact zone”, characterized by the
volume V;. This operation is especially facilitated by the rational ar-
rangement of the Voxel model, which allows a simple and straight-
forward element set definition by the user. It should be herein an-
ticipated that the definition of Fissure and Intact zones, that is car-
ried out in agreement with the actual crack pattern of the CHS
(that has to be known in detail), has a limited influence on the
crack pattern matching indicator, as shown in the following (see
Section 4.2.2).
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Secondly, nonlinear simulations (accounting for the load scenar-
ios defined in Section 3.3.2) are conducted. In the post-processing
phase, the average tensile damage in the Fissure zone dr and in
the Intact zone d; are computed for each load scenario as:

—
szvF/dthF,
Ve
8—1/d av 2)
I—VI t I
Vi

The crack pattern matching indicator p, which can be seen as a
normalized distance between the average damage values in Fissure
and Intact zones, is defined as:

0 with dp < A 3
p= %Wl’thd_pzk (3)

where A is a damage threshold specified by the user (in the
present study A = 10%).

Note that, when the Fissure zone is not characterized by a sig-
nificant damage level there is no interest in evaluating the crack
pattern matching indicator. It should be also stressed that the case
d; = 0, which would lead to a p with no meaning, does not occur
in actual cases as shown in the following.

High values of p indicate a numerical crack pattern mainly
characterized by tensile damage in the Fissure zone and a mostly
undamaged Intact zone, i.e., a numerical crack pattern is in agree-
ment with the actual one. Conversely, low values of p point out
the origin of tensile damage in the Intact zone and/or a Fissure
zone without significant damage, i.e., a numerical crack pattern is
in disagreement with the actual one.

It should be highlighted that the value of p has a relative mean-
ing, depending on the definition of zones. Once defined Fissure and
Intact zones, the highest value of p will indicate the load scenario
that best fits the actual crack pattern, i.e. the most likely load sce-
nario which originated the damage pattern present in the CHS. The
influence of the zone definition on the crack pattern matching in-
dicator p is shown in Section 4.2.2.

Finally, it should be highlighted that, although the approach is
based on a rapid generation of the FE model from point clouds and
virtual tours, the definition of fissure and intact zones is manually
conducted based on the knowledge of the current damaged state
of the CHS. Nonetheless, the rational (voxel-based) discretization
of the FE model allows a very straightforward assignation of fissure
and intact zones.

4. Results and discussion

In this section, the outcomes of the Voxel model validation
(Section 4.1), as well as the main results of the damage diagnos-
tics methodology applied on the Morris Island lighthouse using
nonlinear static (Section 4.2) and dynamic (Section 4.3) analyses
are shown and discussed. The mechanical properties assumed for
the masonry material are shown in the Appendix, parametrically
adopting the material tensile strength f;: 0.05, 0.08, 0.10, 0.15, and
0.20 MPa (denoted as ft050, ft080, ft010, ft015, ft020, respectively).
It should be pointed out that, in preliminary analyses, the tensile
strength value has been found to have a considerable influence on
the crack pattern of the structure. For this reason, in the following,
it has been adopted as varying between 0.05 and 0.20 MPa, that
appears a reasonable range for existing masonries.

4.1. Voxel model validation

The effectiveness of the Voxel model (Fig. 1) to gather the main
structural features of the Morris Island lighthouse is assessed in
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this section. In particular, its structural response is compared with
the Smooth model (Fig. 1), which was assumed as reference model
given the improved geometric representation and mesh discretiza-
tion. Indeed, the jagged geometry of the Voxel model (Fig. 1) could
appear, at a first sight, too poor for a reliable structural assessment,
notably in the case of circular and tapering geometries as in the
Morris Island lighthouse.

The outcomes of the Voxel model validation are shown in Fig. 2.
Firstly, a natural frequency analysis is performed on both models
by constraining the nodes at the base. As it can be observed in
Fig. 2(a), the first four modal shapes of the Voxel and Smooth mod-
els appear very akin. This is also confirmed by very similar natu-
ral frequencies with a deviation < 3% for the first four modes, see
Fig. 2.

Secondly, pushover analyses with mass-and-height-proportional
horizontal loads are performed on both models. A very good agree-
ment between Voxel and Smooth models is observed both in terms
of pushover curves and crack patterns, see, e.g., Fig. 2(b)-(c) for
two non-perpendicular horizontal load directions (X axis (+X), and
45° from the X axis (+X+Y), i.e., the case in which the voxel dis-
cretization is more jagged). Accordingly, although the Voxel model
has a simplified jagged geometry, its overall structural response
appears substantially equivalent to the Smooth model. Therefore,
this comparison serves as validation of the Voxel model, which is
then used in the further analysis.

4.2. Nonlinear static analyses

In this section, nonlinear static analysis results are shown.
Firstly, preliminary analyses are discussed in Section 4.2.1. Then,
the use of static analyses for damage diagnostics is discussed in
Section 4.2.2.

4.2.1. Preliminary analyses

Firstly, the influence of masonry tensile strength on pushover
analyses is investigated (Fig. 3). Particularly, Fig. 3(a) shows the in-
fluence of tensile strength on pushover curves. As expected, base
shear peaks increase while increasing f;. More interestingly, a sig-
nificant effect of f; is observed in terms of crack patterns, see
Fig. 3(b), where red colour indicates damaged states in tension.
Indeed, the main cracking mechanism, while increasing the ten-
sile strength from 0.05 MPa to 0.20 MPa, gradually turns from a
pseudo-vertical cracking along with the full trunk of the structure
to an inclined cracking in the bottom part of the structure.

Fig. 3 also highlights that the modelling of the indoor staircase
(see Fig. 1 top right) has a non-negligible influence on pushover
results. The indoor staircase has been modelled with rigid links
where stiff steel beams are located, as these beams are the only
points of connection between the staircase and the masonry struc-
ture. Particularly, Fig. 3(b) shows an example where the main
cracking tends to be more vertically pronounced on the structure
when considering the staircase. Accordingly, the model with indoor
staircase is considered in the following analyses.

The Morris Island lighthouse leaning (approximately 1.5°) is
clearly visible in Fig. 4, where the orthotropic top view of the point
cloud is shown. Here, the possibility of leaning-induced damage
in the lighthouse is preliminary investigated. Particularly, a foun-
dation settlement idealized as a rigid rotation in the direction of
leaning (in this case -X, i.e. a negative rotation around Y, Fig. 4) is
monotonically applied considering the weakest masonry material
(i.e. ft005) and geometric nonlinearity. As it can be noted in Fig. 4,
the sole gravity does not induce any damage in the structure, sug-
gesting that the leaning was not a main source of damage in the
lighthouse. Indeed, the first appearance of cracks in the structure
is due to a further rotation of the base of 6.44°. The progression of
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Fig. 2. Voxel model validation. (a) Natural frequency analysis results comparison: Mode 1 (Voxel frequency 1.29 Hz, Smooth frequency 1.31 Hz, deviation 1.5%), Mode 2
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4.85 Hz, Smooth frequency 5.00 Hz, deviation 3.0%). (b) Pushover curves comparison between Voxel and Smooth models (ft015) for two directions (+X and +X+Y). (c)
Pushover analysis crack pattern comparison between Voxel and Smooth models for two directions (+X and +X+Y).
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Fig. 3. Influence of masonry tensile strength on pushover analyses (case considered -X-Y). Five values of tensile strength f; are considered: 0.05, 0.08, 0.10, 0.15, 0.20 MPa.
The influence of the presence of the staircase is also shown for the case ft015. Nonlinear static analyses (pushover). (a) Influence of the masonry tensile strength on pushover
curves. (b) Influence of the masonry tensile strength on the crack pattern.
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Fig. 4. Settlement (rigid rotation) in the direction of leaning (-X) considering the weakest masonry (ft005). From left: top orthotropic view of the point cloud; FE model
subjected to dead load; first appearance of cracks due to a further rotation of the base of 6.44°; progression of the crack pattern at 6.82°; progression of the crack pattern at

6.83¢.
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Fig. 5. Example of diagnostics of a settlement with 8 radial directions of testing. (a) From left: ideal target crack patter selected in agreement with the one obtained with
ft010 and a settlement toward +X with a rigid rotation of the base equal to 9.8° (black elements show the Fissure zone, grey elements show the intact zone); band1
definition; band2 definition; crack pattern of ft005+X at 9.3°; crack pattern of ft010+X at 9.8°, and crack pattern of ft015+X at 10.3°. (b) Evolution of p along with the base
rotation using the Fissure and Intact zone definition as in target. (c) Evolution of p along with the base rotation for band1 and band2.

the crack pattern, which reminds the Heyman'’s intuitions in [52],
is shown in Fig. 4.

4.2.2. Damage diagnostics

Here, the damage diagnostics methodology is preliminary
tested on a synthetic settlement-induced crack pattern to show
the influence of the definition of Fissure and Intact zones on the
crack pattern matching indicator p (Fig. 5). For this purpose, a
numerically-obtained crack pattern is herein considered as actual
crack pattern.

In particular, the target “actual” crack patter is manually se-
lected according to the one obtained with ft010 and a settlement
toward +X with a rigid rotation of the base equal to 9.8° (Fig. 5(a)).
In other words, dark elements in Fig. 5(a) are assumed as Fissure
zone, while brighter elements are assumed as Intact zone. Then, 24
nonlinear static simulations are conducted by imposing base rigid
rotations in 8 evenly spaced radial directions and, for each direc-
tion, by considering 3 values of tensile strength (i.e. ft005, ft010,
ft015). The evolution of p along with the base rotation is shown in
Fig. 5(b). As it can be noted, p values obtained in +X analyses are
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Fig. 6. Nonlinear static analyses (pushover). (a) Actual main crack pattern of the lighthouse (North front on left, South front on right, edited from [41]). (b) Definition of
Fissure (yellow) and Intact (green) zones on the model (North front on left, South front on right). (c) Typical evolution of the average tensile damage variable in Fissure
and Intact zones, as well as p, along with the pushover analysis. (d) Results in terms of p along with 8 radial directions of load application for 5 values of masonry tensile
strength (from 0.05 MPa to 0.20 MPa). (e) Crack pattern of the best solution (+X ft005, North front on left, South front on right).

extremely higher (two order of magnitude) than the others. Partic-
ularly, p reaches the maximum value in the case ft010+X with a
base rotation of 9.8°, which was indeed the target condition. The
damage contour plots in correspondence of p peaks are shown in
Fig. 5(a) for ft005+X, ft010+X, and ft015+X.

Furthermore, two other coarser choices of Fissure and Intact
zones are considered, i.e. “band1” in and “band2” in Fig. 5(a), bear-
ing in mind the same “actual” crack patter (i.e. the ideal target
one). The evolution of p along with the base rotation for band1
and band2 is shown in Fig. 5(c). Also in this case, p reaches the
maximum value in the case ft010+X with a base rotation very
close to 9.8° for both band1 and band?2.

Accordingly, the proposed methodology appears to be effective
and not considerably influenced by the choice of Fissure and Intact
zones. Finally, it should be stressed that p has a relative meaning,
depending on the zone definition. Therefore, the comparison of p
values obtained with different zone definitions has to be avoided.

Then, the damage diagnostics methodology is tested with
pushover-like nonlinear static analyses on the actual main crack
pattern of the Morris Island lighthouse (Fig. 6). The main actual
crack pattern of the Morris Island lighthouse is composed of two
large through-thickness pseudo-vertical cracks in North and South

fronts, highlighted in yellow in Fig. 6(a). The definition of Fissure
and Intact zones on the model, conducted in agreement with the
actual crack pattern in Fig. 6(a), is shown in Fig. 6(b).

Mass-and-height-proportional horizontal loads are considered
to statically simulate the seismic action. Horizontal loads are ap-
plied in 8 evenly spaced radial directions. For each load direction, 5
different values of tensile strength (ft050, ft080, ft010, ft015, ft020)
are considered. Accordingly, the crack pattern matching indicator
p is computed for each of the 40 load cases considered. A typi-
cal evolution of the average tensile damage variable in Fissure (df)
and Intact (d;) zones, as well as p, is shown in Fig. 6(c) along with
the pushover analysis, i.e., along the top horizontal displacement.
The peak value that p reaches along with the pushover analysis
(marked with a cross in Fig. 6(c), represents the instant of the anal-
ysis that best fit the actual crack pattern.

Results in terms of peak p along with 8 radial directions of load
application for the 5 values of masonry tensile strength considered
are shown in Fig. 6(d). As it can be noted, p is significantly depen-
dent on the load direction and on f;. The best solution is obtained
in the direction +X with ft005, see Fig. 6(e). The damage contour
plots in Fig. 6(e) are indeed characterized by two main through-
thickness pseudo-vertical cracks in North and South fronts. This
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Table 1
Summary of best fits in pushover analyses with relative top hori-
zontal displacements.

Direction  Tensile strength [MPa]  Top horizontal disp. [m]
+X 0.05 0.062
+X-Y 0.10 0.116
-Y 0.05 0.230
-X-Y 0.05 0.112
-X 0.05 0.133
-X+Y 0.05 0.060
+Y 0.10 0.545
+X+Y 0.08 0.130

outcome suggests that the actual crack pattern of the Morris Is-
land lighthouse could have been indeed induced by an earthquake.

Beyond the direction of load, the proposed methodology is also
able to roughly estimate the quality of the in-situ material (e.g.
tensile strength) and the intensity of the load (in this case repre-
sented by the top horizontal displacement). The summary of the
best fits for each direction of loading is presented in Table 1 in
terms of tensile strength and top horizontal displacement. In par-
ticular, the best solution (i.e. ft005+X) is obtained for a low-quality
material (i.e. low tensile strength) and for a small top horizonal
displacement (Table 1), i.e. for a relatively small-intensity event.
This aspect is further investigated in the next section through non-
linear dynamic simulations.

4.3. Nonlinear dynamic analyses

In this section, the damage diagnostics methodology is applied
to the Morris Island lighthouse through the use of nonlinear dy-
namic analyses to simulate the effects of an earthquake. The incre-
mental dynamic analysis (IDA) framework [53,14] is herein consid-
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ered to investigate also the most likely peak ground acceleration
(PGA) linked to the actual crack pattern of the structure.

To check the consistency of results, three different accelero-
grams are considered (from the Italian Accelerometric Archive,
ITACA [54]) and scaled to 5 PGA values (i.e., 0.05 g, 0.10 g, 0.15 g,
0.20 g, 0.30 g). Particularly, the following accelerograms are con-
sidered [54]: (i) San Felice sul Panaro, Italy, May 29th, 2012 (SANO
station, NS component, M,, 6.0), (ii) L’Aquila, Italy, April 6th, 2009
(AQA station, EW component, My, 6.1), (iii) Croatia, March 22nd,
2020 (KOG station, NS component, M, 5.3). Also in this case, 5 val-
ues of tensile strength and 4 radial directions are considered.

A total of 300 nonlinear dynamic analyses are performed by ap-
plying horizontal acceleration at the base nodes. The crack pattern
matching indicator is computed for each analysis at the end of the
simulation, adopting the Fissure and Intact zones as in Fig. 6(b).
Results in terms of p are shown in Fig. 7 for all directions, PGAs,
and tensile strength values considered. As it can be noted, higher
values of p are observed in the X direction for any considered ac-
celerogram, while the case with PGA equal to 0.05 g did not induce
any significant damage in the Fissure zone in any case.

In particular, the best solution, characterized by a p sig-
nificantly greater than all the other cases, is found to be
X_ft005_ag010 in any case. The damage contour plots of
X_ft005_ag010 are collected in Fig. 8 for the SANO, AQA, and KOG.
As it can be noted, although with some slight differences between
each other, they are mostly characterized by 2 main through-
thickness pseudo-vertical cracks in the North and South fronts, in-
deed in agreement with the actual crack pattern of the structure.

These outcomes confirm the insights of nonlinear static simula-
tions, i.e., that the most likely load scenario which originated the
crack pattern present in the Morris Island lighthouse is an earth-
quake with a predominant action along the X direction, consider-
ing a low-quality masonry material (i.e. ft005). Such low-quality
material property appears plausible as the lighthouse is exposed

i 8 8 8 8 1005
SANO Y X+Y 1 A =
8 f 7 7 7| X 7| XY ofto0s
6 ‘ ~|‘ 6 6 6 6 mfto10
4 Lt 1 @afto1s
Sq. \’Hr“‘lh‘li‘ i <. = ey . Bft020
Z 2o fedln i UL, =4 =4 =4 =4
Z B2 P < ° “ =
a2 |
4100 2 2 2 2
-6
B ‘ 1 1 1 1
40 0 0 0 o 0
4 005 010 015 020 0.30 0.05 0.10 015 020 0.30 005 0.10 0.15 020 0.30 005 0.10 015 020 0.30
PGA[g] PGA [g] PGATg] PGA[g]
8 8 8 8 prees
Y X+Y X & g
4 7 7 7| XY otoos
6 6 6 6 ofto10
afto15
s 5 8 o Bfto20
a4 a4 o4 34
3 3 3 3
2 2 2 2
1 1 1 1
0 0 0 0
0.05 0.10 0.15 0.20 0.30 0.05 0.10 0.15 0.20 0.30 0.05 0.10 0.15 0.20 0.30 0.05 010 0.15 020 0.30
PGA [g] PGA [g] PGA [g] PGA [g]
8 8 8 8 P
Y X+Y 5 .
7 7 7| X 7| XY @008
6 6 6 6 afto10
afto15
o " . o Bf020
a4 a4 a4 a4
3 3 3 3
2 2 2 2
0 0 0 0

0.05 0.10 015 020 0.30
PGA [q]

0.05 0.10 0.15 020 0.30
PGA [q]

005 010 015 020 030 0.05 010 0.15 020 0.30
PGA [g] PGA [g]

Fig. 7. Nonlinear dynamic analyses. Accelerograms on the left, histograms with values of p for several load directions, PGAs, and tensile strength values on the right. SANO

accelerogram (top), AQA accelerogram (middle), and KOG accelerogram (bottom).
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KOG SANO x2

Fig. 8. Crack patterns of the best solutions, obtained in any case with X_ft005_ag010: SANO, AQA, and KOG. SANO x 2 shows the crack pattern obtained by applying two

subsequent dynamic analyses with X_ft005_ag010 and the SANO accelerogram.

to salt sprays which can induce accelerated material ageing (e.g.,
due to in-pore salt crystallization [55,56]). Furthermore, IDA-style
nonlinear dynamic simulations can also estimate the intensity (i.e.
PGA) of the most likely earthquake, in this case 0.10 g. This small-
intensity event appears reasonable, as the largest earthquake ever
recorded in the area is the 1886 Charleston earthquake, which has
an epicentre about 15 km far from the Morris Island lighthouse
and an estimated epicentral PGA equal to 0.33 g [40].

Once the most likely load scenario which originated damage is
identified, it is also possible to identify the parts of the structure
susceptible to further damage. By way of example, the lighthouse
damaged by a X_ag010_SANO event (with ft005) is subjected to an-
other identical seismic event. The resulting crack pattern is shown
in Fig. 8. By comparing SANO with SANO x 2, a further extension
and branching of the existing cracks can be observed, without in-
ducing the collapse of the structure.

5. Conclusions

In this paper, a methodology for damage diagnostics in cul-
tural heritage masonry structures based on numerical modelling
has been proposed to quantitatively identify the most likely load
scenario which originated the damage pattern present in the CHS.

Firstly, the rapid generation of the CHS numerical model
from point clouds has been enhanced to also deal with non-
comprehensive point clouds (e.g., related to external surfaces only)
through an integration with off-site virtual tours.

Secondly, after the conduction of a number of nonlinear static
and dynamic analyses on the generated model, a crack pattern
matching indicator has been introduced to quantitatively identify
the most likely load scenario which originated the damage pattern
present in the CHS. Such indicator has been based on the com-
parison of numerical and actual crack patterns. Accordingly, the
methodology allows the extraction of the model that reflects the
current damaged state of the CHS, with the possibility to also iden-
tify in-situ material properties, event intensity, and the parts of the
CHS susceptible to further damage.

The effectiveness of the methodology has been assessed on the
historical Morris Island lighthouse in South Carolina (USA). The
results, based on 24 pushover analyses and 300 nonlinear dy-
namic simulations, highlighted the consistency of the crack pattern
matching indicator introduced. Particularly, the most likely load
scenario identified to be the cause of the actual damage on the
lighthouse appeared reasonable and consistent with the CHS his-
tory.

10

Acknowledgements

This project has received funding from the European
Union’s Horizon 2020 research and innovation programme under
the Marie Sklodowska-Curie grant agreement No 101029792 (HO-
LAHERIS project, "A holistic structural analysis method for cultural
heritage structures conservation"). The authors would also like to
thank Rebecca Napolitano, Anna Blyth, Denis Blyth, and Save the
Light, Inc. for sharing data and metadata on the lighthouse. Finally,
Nicolo Lo Presti is gratefully acknowledged for providing technical
support on the Cloud2FEM software.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.culher.2023.02.004.

Appendix

In this appendix, the mechanical properties of the masonry
material assumed in the continuum model are shown. The
isotropic continuum is characterized by a Young’'s modulus equal
to 2500 MPa, a Poisson’s ratio equal to 0.2, and a density equal
to 1650 kg/m3. Such properties have been adopted in agreement
with the suggestions of the Italian Standards [57,58] for existing
clay brick masonry.

To characterize the model proposed by Lee and Fenves [47], the
following parameters are assumed according to [48]: angle of di-
latancy equal to 10°, smoothing parameter of the Drucker-Prager
type plastic potential equal to 0.1, ratio between biaxial and uniax-
ial compressive strengths equal to 1.16, and ratio at initial yield of
the second stress invariant on the tensile meridian to the one on
the compressive meridian equal to 0.667.

The model is finally characterized by uniaxial stress-strain re-
lationships in tension and compression, assumed as bilinear and
trilinear curves, respectively. In this study, the material tensile
strength f; is parametrically adopted, and the following values are
considered: 0.05, 0.08, 0.10, 0.15, 0.20 MPa (ft050, ft080, ft010,
ft015, ft020, respectively). The compressive strength has been set
equal to 4.50 MPa, that is very close to the upper bound for
solid clay brick masonry suggested in the Italian Standards [57,58].
Given that the structure is relatively recent, if compared with Euro-
pean heritage structures, it appears reasonable to adopt a compres-
sive strength close to the upper bound. Furthermore, this is also in
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Table 2
Uniaxial stress-strain and damage evolution
relationships for the nonlinear continuum.

Compressive behaviour

Stress [MPa] Inelastic strain dc
4.50 0 0
4.50 0.002 0
0.45 0.008 0.9

Tensile behaviour

Stress [MPa]

fe 0 0
fi/10 0.001 0.9

Inelastic strain d;

line with the first American Standard Building Code Requirements
for Masonry [59]. Table 2 presents the properties defining the uni-
axial stress-strain and damage evolution relationships, adopted in
agreement with [48].
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