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Abstract. The use of Non-Destructive Testing (NDT) ap-
plied to construction materials allows to highlight and char-
acterize their features, especially in the case of old buildings.
The multi-technique high resolution 3D modelling described
here is aimed to investigate the conservation state of the cen-
tral column of a colonnade in the ancient church of Saints
Lorenzo and Pancratio, dating to about the second half of
the thirteenth century and located in the old town of Cagliari
(Italy). This column was considered of interest because its
longitudinal axis deviates from its ideal position and it ap-
pears the most deteriorated.

In this work we describe the integrated application of
3D diagnostic methods, i.e. Terrestrial Laser Scanner (TLS),
close range photogrammetry (CRP) and ultrasonic tomog-
raphy supported by petrographic investigations. They were
used to improve the diagnostic process of the conservation
state of the investigated column. The TLS technique was sup-
ported by CRP to obtain a natural colour texturized 3D model
of the column. The geometrical anomaly maps derived from
the data of the TLS-CRP survey show the presence of some
anomalies worthy of attention. Starting from the 3D recon-
struction with previous techniques we planned and imple-
mented a 3D ultrasonic tomography. Ultrasonic tomography
proved to be a successful tool in identifying internal defects,
as well as the presence of voids and flaws within the ma-
terials through the analysis of the propagation of ultrasonic
waves.

The integration of the three non-invasive techniques sup-
ported by petrographical analyses demonstrates its potential
in reducing ambiguities since each technique brings its clue
to the overall diagnostic process.

1 Introduction

For an adequate evaluation of the preservation state of the
cultural heritage, in recent years the trend has been the use
of independent multidisciplinary non-destructive diagnostics
(Adamopoulos and Rinaudo, 2019). The diagnostics of the
state of preservation of the architectural heritage is a topic
that involves scientists, the Institutions, civil protection and
also the economic aspect, because restorations and interven-
tions for the maintenance of the monumental structures are
also a source of economic revival (Montuori et al., 2014,
2016).

Non-destructive tests can be used to obtain the necessary
qualitative and quantitative parameters to plan the recov-
ery and preservation of a monumental structure. The multi-
technique high resolution 3D modelling described here is
aimed at investigating the state of conservation of a carbon-
ate column in the ancient church of Saints Lorenzo and Pan-
cratio in the Buoncammino district of the town of Cagliari
(Italy) (Fig. 1). The church dates back to 1263, and shows a
dedication to “Sanctum Brancasium [Pancratio]”. It is a Ro-
manesque building in calcareous ashlars of medium size with
two aisles divided by arches on squat columns (Coroneo et
al., 1993). One of these columns has been of prior interest
and is the object of this study as its longitudinal axis deviates
from its ideal position and presents many material detach-
ments as seen from a preliminary visual inspection.

The integrated application of different Non-Destructive
Testing (NDT) diagnostic methods is of paramount impor-
tance to locate damaged parts of the building material of
artefacts of historical buildings and to plan their restoration
(Bianchi et al., 2018; Casula et al., 2009; Fais et al., 2017,
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Figure 1. View of the old historic church of Saints Lorenzo and
Pancratio in the old city centre of Cagliari.

2018). In this work we describe the integrated application
of 3D diagnostic methods, namely Terrestrial Laser Scanner
(TLS), close-range photogrammetry (CRP), and 3D ultra-
sonic tomography supported by petrographic investigations
to produce data that can better visualize and detect defects in
the shallow and inner parts of the investigated column and
evaluate its state of conservation. A detailed petrographic
study including thin section analysis and scanning electron
microscopy (SEM) can greatly improve the interpretation of
the non-invasive diagnostic techniques and especially the un-
derstanding of the behaviour of the ultrasonic signal propa-
gation (Anselmetti and Eberli, 1997; Eberli et al., 2003; Fais
etal., 2015, 2019a, b; Soete et al., 2015; Weger et al., 2004).

The non-invasive integrated approach is helpful in decid-
ing whether any repair is needed, and how to choose the op-
timal repair techniques and prioritize interventions.

The TLS technique was supported by a CRP survey based
on the structure from motion (SfM) methodology in order
to obtain a natural colour texturized 3D model of the col-
umn. The geometrical anomaly maps derived from the data
of the TLS-CRP survey show presence of anomalies worthy
of attention. Starting from the 3D reconstruction by previ-
ous techniques a 3D ultrasonic tomography was planned and
implemented in an optimal way on the column. The use of
information based on the propagation of ultrasonic signals
through the investigated materials represents one of the most
common approaches for the elastic-mechanical characteriza-
tion of the stone materials (Christaras et al., 2015; Cuccuru
et al., 2014; Vasanelli et al., 2015; Wang and Li., 2015) and
helps to detect defects and/or heterogeneities inside them.
Velocity variations can be related with variations in the pet-
rographical characteristics (especially texture) and/or with
zones of different elastic-mechanical conditions. In fact, the
ultrasonic analysis is based on the principle that the propaga-
tion of the ultrasonic signal depends on the density and the
elastic constants of the materials. Therefore, any variation in
the velocity of propagation of the ultrasonic signal indicates
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Figure 2. The interior of the church of Saints Lorenzo and Pancra-
tio: (a) the two barrel vaulted naves; (b) the columns that support the
round arches (the investigated column is highlighted in light blue).

non-uniformity of the material or presence of defects or dis-
continuities.

The combined use of geophysical and petrographical tech-
niques represents a convincing method to identify the qual-
ity of the building stone materials in the shallow and inner
parts of the investigated architectural structures (Casula et al.,
2009; Fais and Casula, 2010; Fais et al., 2017, 2018, 2019a).
Especially in complex situations, added value can be gained
from the multitechnique datasets if the integration is appro-
priately performed and the intrinsic characteristics of the ma-
terials are known.

2 Materials and Methods
2.1 Materials investigation

The monument was built with local limestone ashlars and is
characterized by two barrel vaulted naves (Fig. 2a) divided
by round arches that rest on squat columns. The investigated
column (Fig. 2b) is in the Doric order. It is built with the local
Pietra Forte limestone, which was widely used in the past for
its excellent geomechanical characteristics.

The first step of our methodology is an accurate mi-
croscopic examination of petrographic thin sections and a
scanning electron microscope (SEM) analysis of the above
carbonate materials to identify their textural characteristics
and especially the nature and distribution of their porosity.
Knowledge of these rock properties is fundamental to inter-
pret the acoustic behaviour of the study carbonate rocks (Fais
et al., 2019a) while providing the best criteria for understand-
ing their alteration processes. The Pietra Forte represents the
top facies of the upper Miocene Calcari di Cagliari Auct.
(Gandolfi and Porcu, 1967; Cherchi, 1974). This lithology
is characterized by well cemented and poorly porous bioher-
mal and biostromal shelf limestones. According to the Dun-
ham classification of carbonate sedimentary rocks (Dunham,
1962) Pietra Forte can be classified as boundstone, mainly
made up of Lithotamnium algae and organogenic mollusc re-
mains cemented by sparry calcite (Fig. 3a). Microscopically,
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Figure 3. Textural characteristics of the Pietra Forte limestone:
(a) lithotamnium algae (Lith) and sparry calcite cement (Sp), OM
plane polarized light; (b) microporosity and algal growth structures
(AGS), SEM image.
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Figure 4. Shallow macroscopic characteristics of the investigated
column.

Pietra Forte is a very compact carbonate with micropores
less than 4 um in size, mainly related to the algal structures
(Fig. 3b). The amount of micropores is about 1 %—4 %. How-
ever, this lithotype is also characterized by secondary pores
due to post-diagenetic dissolution processes that develop in
karst cavities at the macroscale. The amount of macropores
is relative because it depends on several factors, such as the
degree of fracturing and water circulation which favours the
karst phenomena.

At the preliminary macroscopic observation (Fig. 4) the
studied column is characterized by shallow chemical alter-
ation such as oxidation which colours the building material
red, mainly at the base of the shaft. In the capital some mate-
rial detachments occurred due to physical causes. The signs
of previous restoration works are clearly visible in various
sectors of the shaft (Fig. 4). These include mortar applica-
tions at times combined with stone fragments as filling ma-
terials.

The surface of the column is quite rough and irregular due
to the natural macropores caused by the dissolution phenom-
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ena of calcium carbonate, especially in sectors with a higher
concentration of fossils.

2.2 3D Modelling with Terrestrial Laser Scanner
(TLS) and Close Range Photogrammetry (CRP)

Generally speaking; TLS and CRP technologies are contact-
less proximal sensing NDT techniques useful to compute
3D models of buildings and architectural elements like wall,
cylindrical shaped bodies like columns; pillars and other
types of architectural artefacts. In this work we performed
a synergistic application of the two techniques to carry out
a very effective integration of the 3D model of the targeted
column supplemented by the corresponding radiometric pa-
rameters such as TLS reflectance and natural colour textur-
ing.

2.2.1 Close Range Photogrammetry (CRP)

CRP is a technique derived from computer graphics, which
starting from a discrete number of 2D colour pictures can re-
construct the 3D structure of a target surface or object (West-
oby et al., 2012; Blistan et al., 2020). The final results of
the application of CRP are 3D models based on unified point
clouds similar to the ones produced by TLS. CRP is also used
to create high resolution digital surface models or models of
complex geometry objects using single lens commercial un-
calibrated Reflex digital cameras or sometimes smartphone
cameras (Bianchi et al., 2018; Fais et al., 2018, 2019a). As
for the TLS, for every point cloud generated with CRP the
position is measured in an arbitrary reference system and the
natural colours of the pixels are measured and expressed in
general with a Red Green Blue (RGB) colour scale.

In this study the photogrammetric survey was carried out
using a Nikon D-5300 Single-lens Reflex digital camera
mounted on a tripod (Fig. 5a). A set of about 50 high qual-
ity 2D images was acquired evenly spaced all around the
study column with a good level of exposition and successive
images were acquired with an overlap of at least 30 %. Im-
ages are first visually inspected and processed with Agisoft
Metashape® software. After a fine registration procedure of
the images a unified point cloud is generated using the al-
gorithm of the structure from motion (SfM) photogrammetry
and formatted as input for the JRC 3D Reconstructor® soft-
ware by Gexcel, which is used for cloud processing and is
applied in the following stage of the processing.

During the process of generation of the unified aggre-
gated high density point cloud, CRP data processing was per-
formed with the Agisoft Metashape® facility starting from
the addition of acquired photos, matching points and an ac-
curate selection of image pairs to be followed respectively by
the generation first of a sparse and finally of a high density
cloud. At this stage we chose the high accuracy and prese-
lection of generic pairs options while the depth of filtering
option was settled as aggressive and the quality parameter as
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Figure 5. (a) The Nikon D5300 Camera. (b) The Leica HDS-6200
TLS.

high and ultra-high. A point cloud of ten to twenty million
points was generated as a high resolution 3D model of the
studied column to be used as input for the software JRC 3D
Reconstructor® by Gexcel used finally to perform automatic
filtering, meshing, and inspection procedure.

2.2.2 Terrestrial Laser Scanner (TLS)

As a general concept, TLS can be defined as an automated
total station by which a laser beam is projected on the scene
over a regular spaced grid using a servocontrolled mirror sys-
tem (Fais et al., 2017). High rate repeated measurements of
distances between the emitter of the laser beam and the re-
flecting surface of the illuminated objects are detected. Ow-
ing to the high level of automation of modern TLS used in
architectural applications, different point clouds of millions
of points per second are acquired all around the field of view
of targeted objects (Davis et al., 2017). For every point of the
acquired clouds the position is routinely measured in an arbi-
trary reference system (i.e. a point inside the sensor); while
the radiometric parameter associated with TLS methodology
is the reflectivity or reflectance that can be defined in first
approximation as the ratio between the amount of energy re-
flected by the target and the amount of energy emitted by the
laser diode.

In this work the TLS survey was planned and carried out
with a Leica HDS-6200 phase shift TLS (Fig. 5b). In prac-
tice, after an examination of the target object, the survey
was scheduled to select the best place to locate the station
points. The survey was carried out on 4 station points in-
side the church evenly spaced around the studied column.
We collected four points cloud (one for every station point)
of some millions of points. Every station point cloud was ro-
tated and translated with respect to each other; one of them
was used as an intrinsic reference system (IRS). The clouds
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Figure 6. Flow chart of the TLS and CRP data acquisition and pro-
cessing.

elaboration process of TLS data is performed with the aid of
JRC 3D Reconstructor® by Gexcel and can be summarized
as follows: point cloud input and format conversion, point
cloud pre-processing and automated filtering or manual edit-
ing with the elimination of data out of tolerance and unusable
points, cloud to cloud draft alignment and fine registration
with bundle adjustment algorithms, cloud aggregation, 3D
modelling and computation of morphological maps, output
in a format suitable for input on AutoCAD® styled facilities
(Fig. 6).

In particular, the point clouds were filtered, registered, and
aggregated to form the model of the investigated building el-
ement. Moreover, in a second step we aggregated the data
of the four previously described very dense point clouds to
compute the 3D model of the column under study inside the
ancient church of Saints Lorenzo and Pancratio.

2.2.3 ND - Inspection Procedure

At this stage of our procedure we applied the INSPECTION
module of the JRC 3D Reconstructor® software by Gexcel
to TLS and CRP aggregated point clouds to compute their
geometrical anomalies as residuals compared to a best fit-
ted cylindrical geometrical model adopting the correspond-
ing high density 1 mm step mesh as reference (Fig. 7). The
resulting highlighted surface anomalies precise at better that
1 mm are useful for comparison with other diagnostic tech-
niques capable of investigating the internal structure of the
Calcari di Cagliari column. In Fig. 7 below a view of the 3D
model obtained after registration and aggregation of all the
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point clouds pertaining to this monument is represented. The
radiometric information represented in colour scale denotes
the geometrical anomalies pattern of the materials of the
outer surface of the investigated column and are expressed
in mm.

2.3 Ultrasonic test

Starting from our knowledge of the textural characteristics of
the building carbonate material and from the 3D reconstruc-
tion that was made with previous techniques (TLS and CRP),
a 3D ultrasonic tomography was planned and carried out. The
ultrasonic experimental investigation on the column was de-
signed to determine the size and location of internal potential
defects, and to detect cracks and karst cavities which hinder
the transmission of the ultrasonic signal thus lowering the
propagation velocity of the longitudinal wave.

Ultrasonic measurements were carried out by the trans-
mission method according to the ISRM (2007, 2014) us-
ing a Portable Ultrasonic Non-Destructive Digital Indicating
Tester (PUNDIT Lab Plus) device (Proceq, Schwerzenbach,
Switzerland). The output signals were recorded by a portable
oscilloscope (Fluke 96B) interfaced with a laptop. The trans-
ducers were piezoelectric with a frequency of 24 kHz. Con-
sidering that the surface of the column is quite rough and ir-
regular due to natural causes, special care was used in choos-
ing the best coupling between transducer and material. As
coupling agent silicone snug sheets were used. This kind of
coupling agent is especially advantageous in contributing to
a better transmissibility of the ultrasonic signal, filling the
irregularities at the interface while avoiding soiling the ma-
terial and interfering with it. Moreover, in carbonate materi-
als such as Pietra Forte, which is often affected by a differ-
ent kind of porosity the use of visco-liquids such as epoxy
or grease should be avoided because they can penetrate into
the pores and induce variations in the longitudinal velocity
propagation. The wave velocity between source and receiver
transducer pair can be directly estimated by considering the
source-receiver distance divided by the travel time. This ve-
locity is the result of effects of the characteristics of the ma-
terial along the ray path. In a complex situation, automated
arrival picking techniques could not consistently detect first
arrivals. We therefore carefully hand-picked arrivals of P-
waves for the tomography analysis. In order to obtain the
spatial variation of the longitudinal wave velocity within the
column, inversion of the velocity (i.e. tomography) is neces-
sary. Travel time of the longitudinal elastic waves was mea-
sured along a great number of measurement paths between
stations located on the perimeter of the investigated column
(Fig. 8a), and each station was alternatively used as a trans-
mitter and a receiver. For each travel time a minimum of five
measurements were assessed. The acquisition scheme also
assured a good ray coverage of the investigated material vol-
ume (Fig. 8b). Therefore, the column to be imaged was criss-
crossed by a great number of discrete rays (1800). Each ray
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between stations was divided in small segments, each corre-
sponding to a pixel element. The size of the pixels was de-
termined by the number of source-receiver paths. The travel
time of the longitudinal ultrasonic signals along the ray paths
(source-receiver paths) was recorded together with the rela-
tive position and orientation of each ray in the investigated
volume deduced from the TLS datasets. A tomographic in-
version was applied to the data producing the 3D velocity
model. The 3D representation of the distribution of the lon-
gitudinal wave velocity inside the investigated column was
produced from the first break times by the SIRT tomographic
inversion algorithm (Mendes, 2009). To obtain the initial ve-
locity values for the iterative inversion, a methodology based
on the use of the cross-correlation function (Fais and Casula,
2010) was applied.

The resulting 3D high resolution image is shown in Fig. 9.
The colour scale in the figure varies from blue to red repre-
senting the great variation in longitudinal velocity inside the
column.

3 Results and discussion

The integrated use of different NDTs such as TLS, CRP
and ultrasonic tomography corroborated by analyses of the
petrographic characteristics of the carbonate materials is of
paramount importance to assess the state of conservation of
the shallow and deeper zones of the stone materials that make
up monuments. Knowledge of the carbonate material condi-
tions and decay processes, as well as the mechanisms gov-
erning these processes depend on the intrinsic properties of
the investigated material, such as mineral composition, tex-
ture, nature and distribution of porosity. Therefore, in this
study, the workflow starts with an accurate examination of
the petrographic characteristics of the carbonate materials by
optical and SEM analysis of the thin sections (Fig. 3a, b)
of the investigated carbonate materials used to assemble the
column. The textural characteristics (e.g. secondary poros-
ity due to dissolution phenomena) of the carbonate material
are also reflected in the results of the macroscopic analy-
sis of the column (Fig. 4). According to this visual inspec-
tion the building carbonate stone and the restoration materi-
als suffer on account of the deterioration and decay at vari-
ous locations due to the aging process and intrinsic charac-
teristics of the carbonate stone material. At the macroscale
secondary pores due to post-diagenetic dissolution processes
typical of the Pietra Forte develop in karst cavities (Fig. 4).
Texture and porosity of the material predispose the stone
to different types of degradation and defects. Being a lime-
stone in bioherma and biosroma facies, the Pietra Forte is
characterized by multiple discontinuity surfaces due to the
growth structures of fossil organisms and the interfaces be-
tween adjacent fossils or bioclasts. The above discontinuities
represent preferential paths for the propagation of acid solu-
tions, which in the building stone that makes up the inves-
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Figure 7. Detail of the body of the column object of this study. (a) 3D model derived from the synergistic application of CRP and TLS;
(b) geometrical residuals (m) obtained by comparison of the CRP 3D model with the reference shape of a regular cylinder; (¢) geometrical
residuals (mm) obtained by comparison of the TLS 3D model with a regular cylinder. The comparison between the two techniques shows
there are no significant differences between TLS and CRP. The differences are visible in the small details: in panel (c) the more prominent
parts are more visible (graphic elaboration with JRC 3D Reconstructor® and CloudCompare, 2020).

Figure 8. Ultrasonic tomography data acquisition: (a) transducer
positions used for the tomographic reconstruction located on the 3D
CRP-TLS model of the column; (b) 2D cross-section of the straight
ray paths from the 3D acquisition scheme assuming a homogeneous
material.

tigated structure, caused dissolution of the calcium carbon-
ate and development of the secondary porosity favoring the
anisotropy and increasing the number and size of the defects.
These defects can be qualified and quantified both superfi-
cially and in depth using the geophysical methods applied in
the present study. The next step of the diagnostic procedure
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was the study of the cylindrical shape of the previously de-
scribed column that was 3D modelled by CRP and TLS tech-
niques and analysed very precisely. The residuals of CRP and
TLS 3D models, computed as the difference with respect to
a meshed cylinder of a 1 x 1 mm step fitted to the unified
clouds and taken as a reference, are comparable in dimen-
sion and shape and vary in the range =20 mm. In Fig. 7 the
areas coloured in blue represent negative anomalies, while
those in red represent the zones of the material characterized
by positive anomalies compared to the regular cylindrical ge-
ometry adopted as a reference. The resulting CRP and TLS
surface anomalies (Fig. 7) show the altered parts and defects
of the shallow materials. Weathering and alteration zones,
material detachments, heterogeneous distribution of macro-
porosity and variations in the texture of the stone material
cause strong morphological irregularities on the shallow ma-
terials and are characterized by the transition between nega-
tive to positive values of the geometrical surface anomalies
detected with TLS and CRP. This surface high data scattering
(see red coloured area in Fig. 7) also reflects the internal con-
ditions of the material as can be seen clearly in the 3D tomo-
graphic image (Fig. 9) where the velocity zones lower than
2000ms~! prevail and correspond to bad quality materials.
Consequently, the flaws and damage patterns highlighted by
the CRP and TLS models develop from the surface to the
inner part of the column as seen from the 3D tomography
model. The percentage of the defects in the carbonate build-
ing material comparing the 3D models from the CRP, TLS
and ultrasonic tomography is about 60 %.

The ultrasonic longitudinal velocity presents a great vari-
ability between 300 and 5500 ms~!, denoting great variabil-
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Figure 9. (a) Natural coloured textured 3D model of the column derived from CRP; (b) 3D ultrasonic tomography for the central column of

the Saints Lorenzo and Pancratio church.

ity in the elastic characteristics of the carbonate building ma-
terial. The elastic characteristics are generally poor due to the
presence of macropores (e.g. small karst cavities) and dis-
continuities in the Pietra Forte. The pattern of the longitudi-
nal velocity deduced by 3D tomography (Fig. 9) shows the
intrinsic heterogeneity of the carbonate rock (Pietra Forte)
in the shallow and inner part of the shaft of the investigated
column. In sound carbonate Pietra Forte stone the longitu-
dinal wave average velocity changes in the range of 5200-
7000ms~! as seen from the laboratory measurements de-
scribed in previous works (Cuccuru et al., 2014; Fais et al.,
2018, 2019b). The macropores (e.g. small karst cavities) and
the discontinuities within the column shaft caused a marked
decrease in longitudinal velocity values as results from the
3D tomography (Fig. 9). In a compressive element such as
the investigated column, the multitechniques diagnostic pro-
cess assumes particular importance.

4 Conclusions

By combining the results of CRP, TLS and ultrasonic tomog-
raphy investigations, an increase in the content of informa-
tion about the detected anomalies and their relations with the
shallow and inner conditions of the building materials is ob-
tained. The three methods complement each other and thanks
to the use of the multitechniques data volume in the diag-
nostic process the interpretation is freed from the limitations
intrinsic in the single method. The integration of the differ-
ent datasets proves to be more efficient if corroborated by the
knowledge of the petrographic characteristics of the investi-
gated carbonate material, especially the texture and the pore
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geometry. These characteristics affect the acoustic velocity,
the TLS reflectivity and the morphological aspect (geomet-
rical anomalies) of the shallow materials and thus the CRP
images. The great precision of the position and spatial dis-
tribution of the geometric anomalies detected by CRP and
TLS represented an efficient dataset for the best design and
acquisition of the 3D ultrasonic tomography. The latter was
effective in providing an accurate image of the longitudinal
velocity distribution inside the column enhancing the anal-
ysis and allowing a fine characterization of the materials in
terms of elastic properties. The combination of different tech-
niques and disciplines can be a solution to the non-invasive
diagnostic process on the conservation state of a monument
allowing to choose the optimal restoration and to check its
efficiency in time.
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