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Geometric models employed for structural analyses are usually strongly simplified, in order to make
easier and faster the numerical solving. Sometimes this approach is valid and convenient as far as it does
not influence the analysis results. However, depending on the circumstances and the objectives of the
analysis, the model has to be accurately and precisely represented to capture the necessary outputs. This
is the case with architectural heritage. In fact, in this field, the surveyed objects are often characterised by
complex forms and remarkable damages, which can affect the geometry significantly. Nowadays, many
techniques are available to obtain very detailed models of the surface of the object, but they do not allow
to consider also interior damages or the constructive features. This information can be obtained through
a careful knowledge and anamnesis of the object to study, based on visual inspection and instrumental
measures. In this way, the creation of the model to undergoes to a structural analysis, consists in a
synthetic operation conducted by the operator in a conscious way. This paper aims to prove that the
results of a structural analyses can change significantly, depending on the accuracy and the level of detail
of the model. The study was conducted on a basic building element, that is a column, really existing and
belonging to a monumental fountain. The column was modelled in five different ways which differ in
the level of detail. An ultrasonic test was conducted on the real object to characterise cracks which were
taken into account in the most accurate models. A comparison among the five models was done from
a static and dynamic perspective, through the following analyses: static, buckling, modal and dynamic
with response spectrum.
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1. Introduction
1.1. Geometric models in structural analysis

Structural assessment is based on the definition of an analytical
model, that is a design scheme which takes into account geome-
try, constrains and loads. According to the aim of the assessment
itself, the analytical model can be more or less real. This means
that the surveying object undergoes a simplification process which
is conducted by the operator and so, influenced by his skill and
sensitivity.

Simple models have been always preferred because they allow
to make easier and faster the numerical solving of the structural
problems. This approach is widely followed also in the field of
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architectural heritage, despite complexities which characterise the
surveyed objects can reduce the reliability of the model and inval-
idate the results. For instance, it has been recently used by Boscato
et al., for the modelling of multi-leaf masonry walls damaged and
consolidated [1]. Complexities which affect the architectural her-
itage can be of different kind. They can be related to the geometry,
the construction materials and techniques, and they can also derive
from damages which modify the original shape of the building
elements, such as static displacements, deformations, cracks, and
loose of parts.

Nowadays, a lot of computer programmes allow to make reli-
able 3D models of the surveyed object to use in reverse engineering
modelling applications. For instance, Lidar (Light Detection and
Ranging or Laser Imaging Detection and Ranging) and photogram-
metry are two of the most known and widespread techniques,
used to do it. They allow to obtain very realistic models of the
surveyed object with a great accuracy. Typical applications con-
sist on the inventory of buildings which are in good conditions,
and the assessment of the building deflections [2] or the out-of-
plane of building elements (i.e. the facade) [3]. Moreover, they are
especially appreciated in organic un-rational contexts [4], that is
when the investigated object cannot be described through the rules
of the Euclidean geometry, in archaeological contexts [5,6] and in
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damaged areas, such as the historical centres interested by earth-
quakes [7].

However, these tools have some drawback which limit their use-
fulness in structural assessment. As regards the geometry of the
surveyed object, they do not allow to recognise either cracks and
voids which could be under the surface, or undercut zones, which
occur when the object is complex and cannot be easily framed
by several points of view. As a consequence, damages escape the
survey and many parts are lost in the model. As regards the con-
struction materials and techniques, tools do not allow to take
heterogeneities into account, which are very common in historic
buildings. Moreover, as regards the working process, they are very
time consuming. In fact, models have often such a number of points
that they are unmanageable both by the computers and the users.
All these drawbacks oblige the operator to check accurately the
results of the survey and eventually to implement them by means
of other non-destructive tests. This means that the critical inter-
pretation of data by the operator is always indispensable.

2. Research aim

This study aims to evaluate the influence of the geometry in the
structural assessment of architectural heritage, through the com-
parison of the results coming from the analysis of several 3D models
which reproduce the same building element, but with a different
level of detail.

3. Materials and methods

In order to argue the theme, it was chosen to focus the atten-
tion on the study of a column, which is a basic building element
very common in architectural heritage, characterised by several
parts variously moulded. It was chosen to refer to an existing case
study, that is the monumental fountain in the middle of the eastern
cloister of the former Monastery of Santa Maria in Gradi in Viterbo
(Fig. 1). The monument is suitable for the purpose of the research,
because it consists of eight slender columns linked by an entabla-
ture, having a similar geometry and a different damage pattern. The
paper is organised in several parts which will be described above.

3.1. Analysis of the case study

In the first part of the paper, the monument is described accord-
ing to the standard methodological approach used for architectural
heritage [8], widely used in practice [9], that is by providing infor-
mation about its history, geometry, construction technique and
materials, past interventions and visible signs of damage. Historical
notes come from bibliographical sources and from the inscriptions

Fig. 1. The monumental fountain inside the Monastery of Santa Maria in Gradi in
Viterbo.

which is engraved on the monument itself. The geometric survey
was conducted by using both analogic and digital metres (Leica
Disto D2) and by following the triangulation and trilateration sur-
veying methods. The construction materials and technique were
surveyed by visible investigation, and the acquired information was
supplemented by data coming from bibliography. Past interven-
tions were reconstructed through the analysis of some historical
photographs. The visible signs of damage were surveyed on site,
and cracks depth was investigated through an ultrasonic (US) no-
destructive test. The US system used consists on a Boviar Solgeo
CMS pulsar-receiver and two piezoelectric transducers, a transmit-
ting (TT) and areceiving (RT). The US pulse was 50 kHz. The depth of
cracks was estimated by comparing the time-of-fly (t.o.f.) of the US
wave, across the cracked and the uncracked parts of the element.

3.2. The finite element model of the column

In the second part of the paper, the attention was paid on one
among the eight columns that constitute the monument. A column
with both deep and superficial cracks was chosen, in order to make
some consideration about the relevance of this condition. The same
element was modelled in 3D, in five ways which differs for the level
of details. All virtual models were created with Autocad [10].

The structural analysis was done through a finite element
approach, that is a technique widely used in architectural heritage.
The finite element analysis (FEA) was conducted through Ansys
Workbench, which is a general-purpose finite-element software
[11]. The numerical representation of the column was done by
adapting to this case the simplified micro-modelling strategy which
is usually implemented for masonry [12]. According to this strat-
egy, each unit that constitutes the building element is autonomous
and is represented by solid elements, while interfaces are imple-
mented through contact regions. Solid 186 elements (elements
characterised by 20 nodes and having three degrees of freedom per
node) were used to define the stone elements and the pins, while
Contact 174 (3D surface-to-surface contact elements) were used to
define the interfaces. A bonded contact behaviour was assigned to
the contact regions. Cracks were modelled by subtraction of vol-
umes. The entablature was not included in the model but its effect
was indirectly considered by replacing it with a point mass ele-
ment (Mass 21). The mesh was generated by using a hexahedron
dominant method and a sizing control of 3 cm.

Next to the geometry modelling, construction materials were
defined too. Because of the high artistic and historic value of the
monument, no direct tests were carried out on the monument to
estimate the mechanical features of its construction materials. For
this reason, data used for the analysis were derived by literature.

3.3. Structural assessment of the selected building element

Finally, a comparison among the five models was done from a
static and dynamic perspective, through the following analyses:
static, buckling, modal and dynamic with response spectrum.

The first was conducted considering the structure subjected to
its dead-load and an arbitrary 1kN horizontal force. The models
were constrained with fixed support, so that columns behaved as
cantilever beams. The buckling phenomenon was studied by load-
ing the five models with their own dead-load and with an arbitrary
1 kN axial force. Modal analysis was done by considering 25 eigen-
modes, in order to involve more than the 90% of the total mass
in all directions. The seismic performance was studied through a
dynamic analysis with response spectrum. The approach consists
of several phases, which are: the selection of the principal vibra-
tional modes, the evaluation of the seismic action, the assessment
of its effects on each mode, and their combination.
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Seismic action was evaluated using the ground acceleration
spectrum designed on the basis of the specifications contained in
the National Italian Building Code and in the annex Explicative Doc-
ument [13,14]. The basic seismic hazard of the site (lat. 42.413432,
long. 12.112943) was defined through a maximum expected peak
ground acceleration (ag) equal to 0.217 g, a maximum spectral
amplification factor (FO) equal to 2.36 and a cut-off period for begin-
ning of the constant velocity part of the spectrum (TC*) equal to
0.321 s. A Life Safety Limit State (SLV) was considered, with a con-
sequent probability of exceedance (Pvr) of 10%. A nominal life (Vn)
equal to 50 years, a class of use (Cv) equal to 2, and an occupancy
category (Cu) equal to 1 were selected. The return period (Tr) asso-
ciated to the SLV is equal to 475 years. The soil was classified as a
ground type B (soft rocks) with topographic category T1 (flat land).

Thanks to these data, the acceleration spectrum was deter-
mined. It was applied in two orthogonal horizontal directions (the
vertical contribution was ignored), and the results were variously
combined considering +1 and +0.3 coefficients. Finally, the seismic
effects were combined with those coming from the static analysis,
in order to obtain the overall result.

Since the monument is made of a brittle material, the maximum
load stress criterion (also known as Rankine criterion) was used to
interpret data coming from the analysis. It consists in the compar-
ison between the principal stress values in each element with the
maximum admissible values of the material, both in tension and in
compression.

4. The monumental fountain in the former Monastery of
Santa Maria in Gradi in Viterbo

4.1. Architectural description of the monument

The column chosen to argue the theme of this study, belongs
to a monumental fountain, which is in the centre of the south-
ern cloister of the former Monastery of Santa Maria in Gradi, built
between 1217 and 1243, now main centre of the Tuscia University
[15]. The monument is an extraordinary example of Renaissance
architecture in Viterbo [16]. The inscription engraved in the frieze
of the entablature attests that it was built in the 1480, and defines
it “fons amphiteatrumque”, that is a fountain surrounded by a per-
gola. The latter consists of eight slender-stone columns surmounted
by eight pieces of entablature which, as a whole, create an ele-
gant fence. Geometric survey revealed that columns are 330cm
high and very slim, in comparison with composite-type columns
designed according to the recommendations contained in Treatise
on Architecture know at that time, such as the one wrote by Leon
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Battista Alberti [17]. In fact, the ratio between the height and the
base-diameter of the shaftis 11/1 instead of 8-9/1, the base and the
capital are 2/3 and 3/2 of the modulus, instead of 1/2 and 1/1 respec-
tively, where the modulus is the lower diameter of the shaft, which
in this case is 32 cm. Columns lay upon a cube-shaped pedestal with
50 cm sides. One among the faces of the pedestal is enriched by a
moulded frame. The base of the column is decorated with two torus
(convex, semi-circular moulding) and one scotia (concave mould-
ing). The shaft (the highest element which constitutes the column)
is plain and its diameter range from 29 cm to 32 cm because of the
existence of the entasis (convex curve to the surface of the shaft).
Capitals have different decorative motifs, all referable to Floren-
tine models, very widespread in Viterbo [18]. However, they all
have a calathos (inner-core of the capital), an abacus (the flat slab
at the top of the capital) and four volutes. The entablature is 77 cm
high and consists of an architrave with two bands on the outside,
a plane frieze with the inscription carved in the internal side, and
a moulded cornice. A plan of the monument is shown in Fig. 2(A).
Here, the columns are labelled with capital letters from A to F, by
following a clockwise order.

4.2. Construction techniques and materials

All the elements which constitute the monument are made
of peperino stone which is the widespread construction mate-
rial in Tuscia landscape (the ancient Etruria land which included
North Latium, Umbria and Tuscany Italian regions), used in his-
toric architectures above all from the Mediaeval Ages. Peperino
is the common name used to identify a stone of volcanic origin
which belongs to the group of Ignibriti (Ignimbrite Cimina). It was
extracted from local quarries in Cimini Mounts, near Viterbo. The
variety used in the monument has a grey colour and it is char-
acterised by the presence of blackish impurities, that is mineral
inclusions (feldspar, biotite, pyroxene) having a few millimetres
diameter, embedded in the basaltic matrix [19].

The mechanical parameters of the stone were investigated by
Berry and Sciotti [20], and they were referred to for this research.
Mechanical tests were carried out by the scholars on some sam-
ples of stone variously oriented. They revealed that the material
can be considered isotropic, despite the presence of the impuri-
ties. It is characterised by a unit weight of 2630 kg/m?, a modulus
of elasticity of 27,000 N/mm?2, a Poisson’s ratio of 0.2, a uniaxial
tensile and compressive strength of 2.16 N/mm? and 35.20 N/mm?
respectively.

Because of its morphology (mineralogical composition, grain
size and texture), the most important causes of degradation which
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Fig. 2. (A) Plan of the fountain inside the former Monastery of Santa Maria in Gradi in Viterbo. Columns are sectioned at 0.70 m from the soil; (B) Map of the cracks in the
column G. a: cementitious patches; b: major cracks (width >2 mm); c: minor cracks (width <2 mm).
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affect this material are physical. In fact, they produce the weakening
of the stone without changing the chemical structure [21]. Quick
thermal changes, freeze-thaw cycles of the water which is into the
pores of the stone, the crystallisation of the salts and the biodete-
rioration, contribute to the development of dangerous stresses in
the outer layers of the material, which can produce micro-cracks,
detachments and exfoliations.

As regards the construction technique, a visual inspection
revealed that each column consists of several monolithic elements
which not always coincide to the morphological parts of the archi-
tectonic element of the column as they are described in art history
textbooks. These parts are: the plinth (the lower part of the base,
which is prism-shaped), the upper part of the base (which is
moulded), the shaft without the astragal that is part of the capi-
tal, the latter, the architrave, the frieze and the moulded cornice.
The connecting elements had not been directly investigated, but
it can be supposed that wrought iron pins were used to join the
columns and the entablature parts. This hypothesis is supported by
literature examples [22] and by the comparison with other local
and coeval building elements directly investigable, such as some
parts which belong to the ruined church of Santa Maria in Gradi
(in the same architectural complex), destroyed during the Second
World War and not yet reconstructed.

Mechanical properties of pre-industrial wrought iron are not
easy to determine, as it was revealed by many scholars who dealt
with this theme [23]. Some studies reveal that they are compara-
ble to those of modern structural steel [24]. Values referred to in
this study come from the Breymann’s treatise on construction [25].
Wrought iron is characterised by a unit weight of 7788 kg/m3, a
modulus of elasticity of 196,133 N/mm?, a Poisson’s ratio of 0.3, a
uniaxial tensile and compressive yield strength of 137.29 N/mm?,
a uniaxial tensile and compressive strength of 392.27 N/mm? and
343.23 N/mm? respectively.

4.3. Past damages and restoration interventions

From the end of the fifteenth, until the eighteenth century, not
much information is known about interventions conducted on the
former Monastery and on the fountain itself [26,27]. The earliest
useful documents dealing with the monument date back to the
beginning of the twentieth century, and consist of photographs and
descriptions provided by Scriattoli [28] and Pinzi [29], two local
historians, who recorded and denounced the degradation of the
fountain and the architectural complex as a whole. In 1986 the local
historian Carosi published some photographs aimed to record the
inscription in the entablature [30]. They prove that a serious static
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problem affected the monument in the eighties, and that a scaf-
fold (whose signs are still now visible) was installed to support the
entablature and prevent its fall. In a photograph taken at the begin-
ning of the nineties the scaffolder is no longer visible, because a
restoration work was carried out meanwhile [31]. This intervention
is proved by the existence of some invasive signs of mortar injec-
tions and cementitious patches, still now visible in several parts
of the monument. Moreover, one of the columns was reinforced
through three iron hoops, then removed.

4.4. Current damages

From an overview, the monument shows a lot of damage signs
[32]. Some of these consist of the biological colonisation, which
interest above all the shadowed parts, the encrustations, the exfo-
liation of the peperino stone, the expulsion of the grains which
characterise the material, the absence of some little parts, above
all in the bases and in the capitals, the presence of a lot of vertical
cracks, perhaps due to the seismic events that interested the cen-
tral regions of Italy from August 2016, and that lightly hit also the
city of Viterbo in November of the same year.

Not all columns are equally damaged. Some of them do not show
cracks or these are very little and smeared in the shaft. Some others
show a high number of subvertical cracks whose thickness ranges
from 1 to 2 mm, or exceptionally 3 mm.

Cracks depth were surveyed through an ultrasonic ND test con-
ducted immediately after the seismic event. The survey revealed
that the average velocity of the ultrasound wave measured on
undamaged parts of the columns is 1504 m/s (std 85.25). To mea-
sure the depth of the cracks a pitch-catch setup was chosen [33],
thus the transmitting and receiving transducers were put on the
opposite sides of the crack itself. The average velocity of ultrasound
waves is 2531.50m/s (std 74.93) and 3361.57 m/s (std 227.21) in
the case of small or wide cracks respectively. Such values allowed
to estimate crack depth from 40 mm to 60 mm.

A detailed description of the crack pattern on each column is
provided here after, while the map of the cracks in column G is
showed in Fig. 2(B).

e Column A shows few subvertical cracks in the shaft, stretching
from the capital to the base. The first torus, and the lower part of
the base lack some parts. Cementitious patches are visible in the
superior part of the shaft.

e Column B is the most damaged. A lot of crack is spread in the
shaft. Some of them are in the boundary surface between the
original stone and the cementitious patch. They are mainly due to

=i

Stylised models

— Real model —

Detailed models

Fig. 3. Comparison between the five 3D models used for the FEA, and the architectonic 3D model (on the right).
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Table 1

Main results of the static analysis.
Column model 1 2 3 4 5
Max displacement mm 1.354 1.355 1.337 1.339 1.341
Max principal tension stress N/mm? 1.306 1.289 1.447 1.449 1.451
Max principal compression stress N/mm? —2.456 —2.642 -2.639 -2.624 —2.609

—_

the different thermal linear expansion coefficient of the concrete
mortar (1.12:1072°C~1) and the peperino stone (4.30-10-6°C-1),
Column C shows a lot of small cracks spread in the shaft. The base
lacks some parts.

Column D shows very few cracks in the lower part of the shaft
and it lacks some parts in the base.

Column E shows few subvertical cracks in the shaft, stretching
from the capital to the base. In the lower part one of the crack
is about 2 mm width. The base has a crossing crack in the lower
part and it lacks little parts in one torus.

Column F shows few subvertical cracks in the shaft. The base has
some crossing cracks in the lower parts and it lacks little parts in
one torus, in the lower part of the base and in the superior part
of the plinth.

Column G shows spread subvertical cracks in the shaft, stretching
from the capital to the base. The width of cracks ranges from
less than 1 mm to about 2 mm. In the lower part of the base, a
crossing crack is present too. Cementitious patches are visible in
the central part of the shaft.

Column H shows a lot of very small cracks spread in the shaft. A
cementitious patch is visible in the plinth.

5. Geometric model of the selected column

According to the purpose of this study, column G was chosen
among these that constitutes the monument. Since the width of
cracks ranges from less than 1mm to about 2 mm, it is possible
to distinguish between small (minor than 1 mm) and wide (major
than 2 mm) cracks, in order to made models that take only the latter
or both of them into account. On the contrary, cementitious patches
were omitted because their depth and adhesion to the stone were
not characterised.

Column G was modelled in five ways, which differ in terms of
detail and fidelity to the real object. The five models are reproduced
in Fig. 3 and their features are described here after:

e Model 1; the column is widely simplified, and all its elements
are reduced to several stylised geometric volumes; a cube for the
pedestal, a truncated cone for the base and the capital, a cylinder
for the shaft.

Model 2; it is similar to the first but in this case, pins are intro-
duced too, in order to reproduce the real construction technique.
All pins are 3 cm square-shaped iron rebars. Pins are between the
pedestal and the base (17 cm); the base and the shaft (10 cm); the
shaft and the capital (10 cm).

Model 3; the column shows all architectural details described in
the first part of this paper, except for the capital. In this case, in
fact, only the calathos and the abacus are modelled, while the
volutes and all other decorative parts are omitted.

Model 4; the previous model is completed with the principal
cracks (2 mm width) which are in the shaft, in order to reproduce
a simplified damaged geometric model. Cracks are modelled as
subtracted volume. Each crack is like to a tiny slice 0.2 cm thick
and 5.5 cm deep, while the length is variable.

Model 5; the previous model is completed with all other minor
cracks (minor than 2 mm width) which are in the shaft and in
the base, in order to reproduce a complete damaged geomet-
ric model. As in the model 4, cracks are modelled as subtracted

: stylised without pins; 2: stylised with pins; 3: detailed with pins; 4: detailed with pins and main cracks; 5: detailed with pins and all cracks.

volume. Each crack is like to a tiny slice 0.1 cm thick and 5.0 cm
deep.

6. The structural assessment

The comparison among the five models was made through
the following analyses: static, buckling, modal and dynamic with
response spectrum.

Data related to the static analysis are summarised in Table 1.
In all the models, the maximum displacement occurs on the top of
the capital, thatis the free-end-of the element. Differences between
values related to each model are on the order of the micron, so they
are negligible.

As regards stress, all the values are far below those admissible
for the materials, but some interesting differences exist between
the stylised models and the detailed, in terms of range, location
and stress patch. As regards the stylised models, the introduction of
wrought iron-pins causes a reduction of the tensile stress (—1.30%)
and an increase of the compression (+7.57%), due to the increase
of the dead-load that reduce the effect of bending. Comparing the
models 2 and 3, tensile stress increases of 12.26% while the com-
pression decreases of 0.11%. This is due to the fact that the model
3 is lighter than the model 2, so the contribution of the dead-load
is minor, and the effect of bending is amplified. Moreover, as it is
shown in Fig. 4, in the former the maximum value is in the lower
end of the shaft, while in the latter it is in the scotia (i.e. in the
base) that is the smallest section of the geometric model. This is
true also for the models 4 and 5. In these cases, as regard stress
values, the maximum compressive stress is 0.57% and 1.14% lower
in the model 4 and 5 than in the model 3, respectively, while the
maximum tension stress is 0.14% and 0.27% higher. This effect is
due to the different distribution of the mass due to the presence of
the cracks in turn.

Resultsrelated to buckling are summarised in Table 2. Asregards
the stylised models, the critical load decreases slightly (0.05%)
when the pins are taken into account. The same result occurs among
the detailed models. The critical load in the models 4 and 5 is
0.12% and 0.46% lower than in the model 3, respectively. This result
depends on the presence of the cracks which leads to the loss of
the polar symmetry in the distribution of the mass of the element.
Comparing the stylised and the detailed models on the whole, the
critical load is lower in the former than in the latter. This is due to
the different distribution of it along the height of the column itself.
In fact, capitals are lighter in detailed models than in stylised, and
the entasis causes a concentration of the mass in the lower part of
the shaft.

As regards the modal analysis, the highest values of the partici-
pating masses in the three spatial direction, related to the vibration
frequencies are summarised in Tables 3 and 4.

Modal analysis reveals that the first five natural frequencies are
around 3, 55 and 79 Hz for all the five models, and that the principal
vibrational frequencies (i.e. thus involving the higher percentage
of mass) are around 3 and 79 Hz. The modal shape associated to
the principal vibrational frequencies, related to each stylised and
detailed model are shown in Figs. 5 and 6 respectively.

For all the models, a bending-torsional and an axial modal shape
are associated to the natural frequencies that are around 3 Hz, and
79 Hz respectively. Because of the polar symmetry of the models,
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Fig. 4. Chart of the stress values in the column as a whole, and at the interface between the base and the shaft.
Table 2
Critical buckling load.
Column model 1 2 3 4 5
Y reaction component (Yrc) kN 33.59 33.60 32.96 32.96 32.95
Load multiplier (LM) - 112.61 112.51 118.61 118.47 118.10
Critical buckling load (LM x Yrc) kN 3782.57 3780.34 3909.38 3904.77 3891.39

1: stylised without pins; 2: stylised with pins; 3: detailed with pins; 4: detailed with pins and main cracks; 5: detailed with pins and all cracks.

Table 3
Stylised models. Participating mass ratio, corresponding to the principal vibration
frequencies.

Freq.(Hz)  Participating mass (%)
X Y V4 RotX RotY RotZ
Model 1 3.31 68.34 0.00 1084 1343 7.30  84.69
3.31 10.84 0.02 6832 8468 6327 1352
54.93 0.00 4.10 5.41 1.16 2.78 0.02
55.56 5.53 0.00 0.00 0.00 3.89 0.87
79.65 000 7933 0.02 0.26 0.11 0.45
97.38 0.07 0.00 0.00 0.00 2.40 0.00
Model 2 3.31 79.15 0.00 0.00 0.01  29.00 98.20
3.31 0.00 0.00 7913 98.09 4155 0.01
54.90 0.00 4.08 5.41 1.16 2.79 0.02
55.53 5.53 0.00 0.00 0.00 3.88 0.87
79.72 000 7934 0.02 0.25 0.11 0.45
97.23 0.00 0.00 0.00 0.00 2.39 0.00

Freq.: vibrational frequency; X and Z: horizontal directions; Y vertical direction; Rot
X: rotation around the X axis; Rot Y: rotation around the Y axis; Rot Z: rotation around
the Z axis.

the values of the mass involved in modal shapes associated to the
first four vibrational frequencies are coupled and alternate. In this

case, the values of the vibrational frequencies are very close; the
difference ranges from 0.00% to 1.15% and from 0.22 to 0.88% in the
stylised and in the detailed models respectively. The introduction
of the pins causes a significant increase of the percentage of mass
associated to the vibrational frequencies. As regards the transla-
tion on the plane orthogonal to the X and the Z axes, it is 15.81%
higher in the model 2 than in the model 1, while as regards the
rotation around the X and Z axes it is 15.95% higher in the former
than in the latter. On the contrary, the percentage of the mass asso-
ciated to the translation along the Y axis is constant. The passage
from the stylised model 2 to the detailed model 3, causes a negli-
gible decrease of these values (ranging from 0.05% to 0.55%) and a
change of the vibrational frequencies (+2.45% for the first and the
second, —1.39% for the fifth). These values are confirmed also in
the other two detailed models. Moreover, the direction of the first
and second modal shapes are exchanged because of the presence
of the moulded frame (according to the coordinate system, it is in
the plane orthogonal to the Z axis).

In the model 4, the presence of the principal cracks causes a
small decrease of the percentage of the mass associated to all modal
shapes. As regards the translation on the plane orthogonal to the
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Table 4

Detailed models. Participating mass ratio, corresponding to the principal vibration frequencies.

Freq. (Hz) Participating mass (%)
X Y V4 Rot X RotY Rot Z
Model 3 339 0.00 0.02 78.69 98.05 78.66 0.00
3.40 78.66 0.00 0.00 0.00 0.00 98.15
53.97 0.00 4.68 5.59 1.221 5.59 0.026
54.99 5.74 0.00 0.00 0.00 0.00 0.90
78.63 0.00 77.73 0.28 0.23 0.279 0.43
120.76 0.11 0.00 0.00 0.00 0.00 0.00
Model 4 339 0.44 0.02 78.22 97.51 45.96 0.57
3.40 78.22 0.00 0.44 0.55 24.35 97.59
53.96 0.00 4.66 5.58 1.20 2.93 0.24
54.97 5.73 0.00 0.00 0.00 3.80 0.90
78.61 0.00 77.72 0.28 0.23 0.14 0.44
118.26 0.10 0.00 0.00 0.00 1.64 0.00
Model 5 3.39 7.70 0.02 70.97 88.46 60.34 9.68
3.40 70.97 0.00 7.70 9.60 9.97 88.48
53.93 0.00 4.63 5.58 1.20 2.92 0.02
54.92 5.72 0.00 0.00 0.00 3.84 0.90
78.56 0.00 77.78 0.28 0.23 0.14 0.44
112.78 0.10 0.00 0.00 0.00 1.64 0.00

Freq.: vibrational frequency; X and Z: horizontal directions; Y vertical direction; Rot X: rotation around the X axis; Rot Y: rotation around the Y axis; Rot Z: rotation around

the Z axis.
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Fig. 5. Modal shapes related to the principal vibrational frequencies. Stylised models.

X and the Z axes, it is 0.60% lower than in the model 3, while as
regards the rotation around the Xand Z axes it is 0.57% lower. On the
contrary, the percentage of the mass associated to torsion around
the Y axis is significant. In the model 3, the 78.66% of the mass is
involved in the first modal shape, while in the model 4, it is 45.96%
in the first modal shape, and 24.35% in the second. In the model 5,
the presence of all cracks causes a further significant decrease of

the percentage of mass associated to all modal shapes. It is 9.78%
lower than in the model 3 both in the case of translation on the
plane orthogonal to the X and the Z axes, and rotation around the
X and Z axes.

Regardless of the model, modal analysis revealed that the values
of the principal vibrational frequencies are very close. For this rea-
son, the seismic dynamic analysis was done by combining results of
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Fig. 6. Modal shapes related to the principal vibrational frequencies. Detailed models.
Table 5
Main results of the response spectrum analysis: maximum principal stress values (N/mm?).
Load combination coefficients Column model
X axis Z axis 1 2 3 4 5
+0.3 +1 25.482 24.752 24.543 24.550 24.556
-0.3 -1 -26.267 —25.098 -25.789 -25.791 —25.801

1: stylised without pins; 2: stylised with pins; 3: detailed with pins; 4: detailed with pins and main cracks; 5: detailed with pins and all cracks.

the modal analysis using a CQC (Complete quadratic combination)
method. In such circumstances it is preferable because it takes the
interaction of modes into account when these are closely spaced.
As regards the dynamic analysis, data related to the most seri-
ous load combinations, among those analysed, are summarised in
Table 5. According to these, results coming from the static analysis
are combined with the 30% and 100% of the results coming from

the dynamic analysis, both in positive and negative directions (in
relationship to the coordinate system).

The analysis reveals that the principal stresses are much higher
in the detailed models than in the stylised. Values are around
25N/mm? both in compression and in tension. In the first case they
are always in the range of the admitted ultimate strength values
for the stone material, while in the second they are much higher.
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They could lead to the onset of new cracks if a new seismic event
occurs.

As regards the two stylised models, tensile and compressive
stress values differ for 2.95% and 4.66% respectively. Comparing the
models 3 and 4, the tensile and compressive stress values differ for
0.84% and 2.75% respectively. When cracks are taken into accounts
these values decrease but the difference is negligible. As regards
their distribution, the maximum stresses are always in the bottom
part of the shaft, in the case of the stylised models, and in the scotia
(in the base), in the other cases, as in the static analysis.

7. Conclusions

The paper dealt with the influence of the geometric model on
the structural analysis of a column.

The choice of a too much stylised model causes a wrong estima-
tion of the volume, the mass, the stresses values and stress patches,
and the modal shapes. By referring to the case study, the error
between the model 1 (the most stylised) and the model 5 (the most
detailed) is 4.8% in terms of volume, 2.0% in terms of mass, 6.2% and
11.1% in terms of compressive and tensile stress in static analysis,
1.8% and 3.8% in terms of compressive and tensile stress in dynamic
analysis, 2.9% in terms of critical bucking load, 4.2% in terms of
percentage of mass associated to the principal modal shapes.

Considering the real constructive technique is important for at
least two reasons. Firstly, they allow to take into account the real
unit weight and stiffness of the different materials which could
exist in the element. Moreover, the case study reveals that when
the real constructive technique is taken into account, a more careful
estimation of the percentage of mass associated to the principal
modal shapes comes out.

However, a stylised model which takes the constructive technic
into account is still not sufficient. In fact, it allows neither to deter-
mine the true values of stresses, nor to locate the maximum values
exactly. For this reason, a detailed model is to prefer.

Finally, also the damage assessment of the element is significant.
In this study, the omission of cracks would cause the underestima-
tion of the compression stresses in dynamic analysis, and tensile
stresses in static analysis, that is dangerous in brittle materials like
to stone.

In modal analysis, cracks influence the percentage of the mass
which affect not only the bending but also the torsional deforma-
tion, despite the slenderness of the column.

Moreover, the case study reveals that the omission of the minor
cracks leads to a negligible difference in terms of stresses but not
in terms of bucking load and mass associated to the modal shapes.

Overall, the meaningful differences derived from the compari-
son of the results referred to all the models, suggests the importance
to take care in the choice of the model, and in the implementation
of results coming from other diagnostic tests, in a more complete
and integrated strategic approach to the study and the assessment
of the architectural heritage.
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