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ABSTRACT

in the present paper a comparative numerical and
experimental study of three 13" century masonry lowers
preserved in Alba (ltaly) is described. In the case of “Toms
Sineo”, an increasing tit mechanism has been simulated.
Cracking and crushing of the masonry have both been taken
into account, as well as the influence of geometrical
nonfinearity. However, the main vertical crack detected in
“Torre Astesiano” Is probably due to thermal loading. A
staggered analysis reveals that the correct crack pattern can
be obtained when a reasonable variation of femperature is
applied to the tower walls. Morgover, the analysis reveals
that, although the static stress field is not influenced in a
significant way, damage is responsible for high strain
localization in the cracked area and for & change of the
dynamic properties of the tower. In the third case, the fower
called "Torre Boning”, the presence of the ornamental stone
layers is responsible for tensife stress concentrations which
have caused damage and splitting of fragments. In all cases,
the numerical analysis has given a valuable picture of
possible damage mechanisms providing useful hints for the
introduction of structural monitoring.

. 1. INTRODUCTION

The damage assessment of historic masonry buildings is
often a complex task. It is crucial to distinguish between
stable damage patterns and damage evolution leading to a
catastrophic structural collapse [1]). Some damage patterns
can be subsequently activated by unpredictable events like
earthquakes, or by improper functional extensions and
restorations. In addition, the limited ductility of the masonry,
combined with the large scale of the tower, provides a rather
brittle structural behaviour [2]. '

In the following, a survey is presented of several
numerical simulations which have been carried out on three
medieval towers in Alba, Italy. The buildings have been
recently analyzed and monitored because of emerging
damage patterns [1,3] due to some seismic events during
the last few years. Non-destructive evaluation techniques
have been adopted to assess the present situation of the
towers without disturbing them [4,5]. The numerical analyses
range from linear static to a nonlinear simulation of masonry
cracking and crushing which can also consider the effect of
thermal loads. The evaluation of eigen-frequencies and
modal shapes, preliminary to further dynamic analyses, has
been also included. Many of the aspects faced in this study
are fairly typical and are present in similar tower structures
that occur widely in Italy [8,7].

2. DESCRIPTION OF THE TOWERS

These masonry buildings from the 13" century are the tallest
and mightiest medieval towers preserved in Alba. The
geometry of the towers and the buildings they are
embedded in was fully acquired and organized within a CAD
system.

The positions of the openings and the variations in the
thickness of the tower walls were carefully recorded together
with the positions of the main cracks cbserved in the two
structures.

Torre Sineo (Figure 1) is square, 39m high and leans to
one side by about 1%. Wall thickness ranges from 0.8 to
2m. The bearing walls are s sacco, ie, they consist of brick
facing enclosing a mixture of rubble and bricks bonded with
lime and mortar. For a height of 15m, the fower is
incorporated in a later building.

From the architectural standpoint, Tome Sineo is
characterized by Roman arch windows on all sides at each
floor. The loggia has elegant double arch windows. The
deviation from verticality of the Sineoc Tower was measured
with an optical instrument (Sokkia SEF 4110R). One side of
the tower leans to the north. Maximum eccenfricities of
39cm to the north and 3cm to the west were measured at
the top. Measurements performed at different heights
suggest that the tower experienced a rigid body filting, ie no
significant deviation from straighiness was recorded. A
cracking network can be observed on both the internal and
the external views of Tome Sinso. The most significant
cracks are located inside the tower, mainly between the
sixth and the eighth floor. On the outer surfaces, minor
cracks are observed mostly near the windows and in
particular between the sixth and the seventh fioor. The
cracking pattern and the slant of the tower are schematically
summarized in Figure 1c-d.

Torre Astesiano (Figure 2) has a similar structure, but has
a rectangular base. The filling material is more organized
with brick courses amanged in an almost regular fashion,
which, however, are not connected with the outer wall faces.
In this case too, the total thickness of the masonry ranges
from 2m at the bottom to 0.8m at the top. Total height is
about 36m and the taower does not lean to any side. It is also
incorporated in a later building approximately 15m high built
after the tower had been completed. From the architectural
standpeint, Torme Astesiano has large windows only in the
upper part. In fact, the intermediate floors are illuminated by
narrow slits. Architectural ornamentations at the loggia level
are defined by three brick comices in relief and two
concentric rhombi, on all four sides. The cracking
configuration is not characterized by cracks distributed over
the entire surface of the masonry, but rather by a long
vertical crack in the upper part of the southem facade
(Figure 2c).
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Figure 1 Torre Sineo: (a) elevation view; (b) plan of the tower with the surrounding building;
(c) west side; (d) south side; (e) details of the crack pattarmns
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Figure 2 Torre Astesiano: (a) south view; (b} plan of the tower;
{c) elevation with details of the crack pattern and the surrounding building
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(a)

West side
(b) (c)

Figure 3 Torre Bonino: (a) elevation view with details of the damaged stone layer;
(b) plan; (c) west elevation of the tower

Torre Bonino (Figure 3), just under 35m high, is the least
imposing of the towers analysed. The bearing walls are
similar to those of Torre Astesiano save that the lower
storeys are coated with a layer of plaster over 10cm thick.
The thickness of the walls ranges from 1.8m at the base to
0.6m at the top. The square shaped structure has been
incorporated in a valuable building from the Italian Art
Mouveau period. It is worth noting the presence of a stone
layer in the upper intermediate part of the tower, which is
particularly damaged and recently experienced moderate
splitting of fragments.

3. NUMERICAL MODELLING OF MASONRY TOWERS

Complete three-dimensional FEM models of the towers have
been built using twenty-node iso-parametric solid brick
elements so that the analysis could be camied out using the
commercial software DIAMA. Al least five nodes are present
in the thickness of the tower's wall. The models take into
account the presence of openings and the varation of the
wall thickness at different levels.

On the other hand, the presence of wood floors has been
disregarded. Each structure is mainly subjected to its dead
load. As far as Tome Sineo is concemed, the effect of an
increasing tilt of the foundation has also been considered
combined with the load provided by the wind action exerted
on the upper region of the tower.

The main mechanical parameters of the models have
been directly determined by single [8] and double flat-jack
tests [9]. Details of the experimental procedure can be found
in [10].

3.1 Elastic analysis and model validation

A first elastic analysis was performead taking into account the
presence of the dead load. In the Sineo Tower case [11], the
effect of tilt has been considered in an indirect way,
imposing inclined ground acceleration. This allows the linear
problem in the framework of small deformation and small
displacement hypotheses to be solved. The vertical stress in
the whole Torre Sineo structure is depicted in Figure 4b. In
Figure 4a, on the other hand, only the foundation floor wall is
shown. “Vertical siresses are predicted that are in good
agreement with experimental flat-jack results. Point B that is
located beneath a large opening in the upper floor is lightly
loaded 'mth a stress of about 0.3N/mm° (vs measured
0.297N/mm°). On the other side, point C |s mare heavily
loaded w!th a stress greater than 0.7N/mm’ (vs measured
1.059M/mm?). Point D, placed on the external wall opposite
to the tit of the tower, shows a veriical stress of about
0.5N/mm’ (vs a measured one of 0.502N/mm").

The very high stress measured at point A, equal to
2. AMimm®, is not predicted by the numerical analysis, but it
is likely to be ascribed to a local heterogeneity of the
masonry wall and to the comesponding stress concentration.
Discrepancies between calculated and measured local
values in historical structures should warn scientists when
they are dealing with structural assessment about the
degree of unavoidable uncertainties.

A good overall agreement between the calculsted and
measured stresses is obtained also in the case of Tarre
Astesiano and Torre Bonino.

The analysis reveals that the structures are in elastic
conditions, since the level of siresses is everywhere smaller
than the intrinsic strength. This is still valid when the effect
of the wind load is taken inte account,
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Figure 4 (a) Grid of the Torre Sinec model and contour plot of the vertical stress field [N/mm?];
(b) details of the ground floor wall where the vertical stress field [N/mm’] has been calculated and measured in situ;
(c) First torsional modal shape related to the fourth natural frequency

Table 1
Medal analysis results for the three towers

Tower: | 'ﬂ:udal aig;n-fregu;ncias @!421
Sineo 1.54 1.32 | 5.07 592
Astesiano 1.54 1.51 | 5.56 587"
Astesiano (cracked) 1.16 1.52 | 4.16° 551
Bonino 0893 | 096 | 487" | 533

* First torsional mode

The linear investigation was extended to a modal analysis
in order to give a first estimate of the dynamic response of
the structure. The first four natural frequencies of each tower
are shown in Table 1. In most of the cases, the first two or
three modal deformations are basically connected to
bending in the two orthogonal directions. An example of the
first torsional shape of Torre Sineo (linked 1o the fourth
natural frequency) is shown in Figure 4c. In the case of the
Astesiano Tower, two different situations have been
investigated to emphasize the influence of the main crack in
the south fagade.

A more detailed dynamic study of the struclures is
currently under development in order to give a structural
interpretation of the damage growth due fo some recent
seismic events. Moreover, note that the eigen-frequencies in
Table 1 strongly depend on the Young's modulus which
must be measured experimenially,

The good agreement between measured and numerically
calculated stresses provides the necessary validation of the
FEM models;, therefore, the analysis was extended to
consider more in details the different loading scenario
encountered in the three cases.
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3.2 General aspects in non-linear analysis

The non-linear behaviour of the masonry is modelled in the
following using a crack model based on total strain [12].
More detailed models can be adopted in case of laboratory
specimens [13], but they become extremely demanding from
the computational point of view when real-scale structures
are considered. In addition, due to the heterogeneity, which
afflicts both stifiness and strength of the masonry, it is useful
to adopt models that minimize the number of mechanical
parameters to be determined experimentally. In absence of
direct determination, parameters like the Poisson ratio and
the fracture energy have been assumed based on
destructive experimental tests camied out on similar
masonry structures. Both tensile Mode | cracking with linear
softening and compressive crushing are taken into account.
Since a fixed crack model was chosen, the shear retention
behaviour is explicitly evaluated by the code upon the
provided factor B = 0.01. The main mechanical parameters
used in the analysis are summarized as follows: Young's
Modulus E equal to 5000N/mm”; Poisson's ratio v equal to
0.2; density equal to 1600kg/m’, tensile strength £, E-gual to
0.3N/mm®; fracture energy Gr equal to 50J/m* and
compression strength f. equal to 2N/mm".
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4. TORRE SINEO: INCREASING TILTING SCENARIO

Torre Sineo is the tower that shows the most remarkable
deviation from verticality. In order to assess the structural
stability of tower body in the case of increasing ftilt, a
nonlinear analysis has been performed. However, the
overall assessment with respect to possible soil ground
instability is presented at the end of the Section. The
analysis has been carried out taking into account both
mechanical = and geometrical non-linearity. Mechanical
nonlinearity concemns the non-linear strass-strain constitutive
equation due to smeared crack arising once the tensile
strength is overcome,

However, geomelrical non-lingarity means that the
geometry is updated after sach load step. This is necessary
to have a correct estimate of the stresses induced both by
the tilt and the bending of the tower itself.

First of all, the dead load and the wind load were applied
to the structure. At the end of this first loading step, no
damage had ansen in the structure.

After that, the tilt was increased. The diagram in Figure 5a
shows the evolution of the calculated displacement at the
top of the tower with respect to the tilt. A tilt of 1% refers to a
displacement of the tower top equal to 42cm, slightly greater
than the actual amount, due to the fact that the analysis
considers also the wind action (with a2 mean speed of 25m/s,
corresponding to a renewal time of 50 years).

Tilt [%]

'] bl ] 43 ;J:I -] L5 J.IH

Displacement of the top [em] @)

As the tilt is increased, the first cracks appear in the
model. The region that is most sensitive to cracking is
placed in the lower part of the tower. As shown in Figure 5b,
in the foundation floor wall, principal tensile stresses arise in
the circumferantial direction and their magnitudes are higher
close to the apertures in the tower, When the tensile
strength is reached, the cracks start to open.

In Figure 5c, discs represent the plane of cracks at gauss
points in the cracked elements. It is worth noting that such
cracks will develop in the sub-vertical radial direction.

The presence of the internal cavity plays its unfavourable
effect. In fact the first and wider cracks develop because of
the stress intensification close to the re-entrant comers of
the tower,

It is worth noting that, although the displacement of the
tower top evolves almost linearly with the tilt, the damage
increases in the structure. After the foundation region, the
parts close to the openings in the upper segment of the
tower start to crack. This can be seen in Figure 8b which
refers to a ftilt of about 3%. Moreover, this evidence is in
good agreement with results from termography [11] which
indicate that the area close to the openings is particularly
sensitive to damage. When the tilt is greater than 3%, also
crushing of elements, due to the achievement of the ultimate
compressive strength, comes into play. It can be concluded
that the value of tit equal to 3%, and the corresponding
horizontal displacement of the tower top equal to 125cm,
should be considersd as the ultimate conditions for the
structure.

(b (<)

Figure 5 (a) Evolution of the Torre Sineo top displacement with respect to the tilt;
(b} Crack pattern relative to the 3% tilt of the foundation;
(c) detail of the crack pattern in the most damaged zone
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Figure 8 Reference hottest day of the year: daily temperature {continuous),
South-East solar radiation (dashed), North-West solar Radiation (dotted)

4.1 Soil structure interaction

The damage scenario described above can take place only
if not preceded by an overall collapse of the tower
foundation and or instability of the ground-tower structure.

The composition of the ground in the towers area is as
follows: first 4.00m incoherent reported material (density
1Eﬂﬂkgfm3'}l: next 6.00m of cdayey sills (density
1850+1930kg/m”, effective intemal friction ¢@'=26%;
effective cohesion ¢'=13KPa; mean over consolidation ratio
OCR = 2,28, mean initial void index e;=0.856; mean
compression index ¢==0,325; ¢=0.021}); then a deeper layer
of compacted sand and gravel (5m} based on marl rocks.
The water level corresponds to the base of the clayey silts
layer. Since the tower foundation lies below the first
inccherent  layer, it is reasonable to assume both
deformation and bearing capacity of the foundation mainly
depend on the clayey silts layer.

The bearing capacity of the tower foundation can be
estimated based on the Brinch-Hansen expression and
further modifications to take into account the eccentricity of
the load [14], the deepness of the foundation level [15], and
finiteness of the foundation footprint [16]. Even considering
a tower tilt of 5% the soil bearing capacity is almost twice the
weight of the tower; therefore collapse of the foundation is
unlikely to occur prior to unacceptable masonry damage.

The elastic deformability of the foundation ground has
been estimated from the edometric settlement of the tower
and tums out fo be equal to 3570kPa/m (Winkler stiffness).
More accurate nonlinear stress strain constitutive laws can
be adopted only when more detailed historical data are
recorded [17]. The soil stiffness has been lumped in plane
interface elements al the base of the tower, which also
include a no-tension constitutive law. The geometrically
nonlinear analysis converged easily up to 5% filf, indicating
that no soil ground instabilities are likely to precede the
masonry crushing., Since no foundation collapse or soll-
structure instability occurs prior to unacceptable damage to
the masenry, the cracking/crushing numerical simulation is
validated.

5. TORRE ASTESIANO: CRACKING
DUE TO THERMAL EFFECTS

The problem of thermally induced cracking in historical
buildings has been addressed in the past only through a
mainly qualitative approach, though is quite widely
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recognized that thermal loading can cause fractures in
masonry-like structures. Also national codes, in case of
newly designed slructures, prescribe the spacing of dilation
joints mainly based on experience.

In this section, we try to explain the presence of the
dominant crack in the upper intermediate part of the south
wall of the Torre Astesiano and to prove that it could have
been caused by thermal movements.

Ta this aim, it is first necessary to estimate the
environmental temperature changes. Two main cycles can
be identified, namely the seasonal cycle (winter-summer)
and the daily one (night-day). In addition, relative difference
in temperature arises because of solar radiafion compared
to shadowed facades and fo the internal environment,

In absence of direct experimental determination, we can
refer to the ltalian Code [17] and consider the so-called
reference hottest day of the year. Figure 6 shows the most
important features of the stalistically representative day,
which are the dailly excursion of the temperature and the
solar radiation on the South-East and North-West fagades.

The degree of uncertainty about the thermo-physical
parameters affects a possible fully coupled thermal transient
analysis in a significant way. Therefore, we adopted a
simplified steady-state analysis in order to obtain the
temperature distribution in the masonry walls. Referring to
the first hours of the day, the following boundary conditions
can be adopted (Figure 7): 20°C in the area facing the
MNorth-West facade (equal to the night temperature); 50°C
close to the South-East facade (due to the very high solar
radiation); 30°C in the intemal environment (which is
appraximately the mean temperature).

A representative section of the tower has been divided
into eight-node quadrilateral iso-parametric finite elements
for general potential flow analysis. The conductivity of the
masonry is k = 2W/m*C. Boundary conditions are applied
via three-node isc-parametric boundary elements which
account for convection with an inside surface conduction
coefficient = BW/m**C, and an outside coefficient of
Ko = 23WIm="C.

Figure 8 shows the contour plot of the steady-state
temperature distribution in the tower section, which is the
first step of our finite element staggered analysis. Figure 9
details the temperature distribution in the walls thickness. It
is worth noting that, due to the convection layer, the external
temperature s not exactly equal to the wall - surface
temperature. )
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Figure 7 Scheme of the boundary condition concerning
the first hours of the reference hottest day of the year
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In addition, the temperature variation in the wall thickness
is, with good approximation, linear. Therefore, a further
simplification can be adopted in order to perform the
structural analysis on an equivalent shell elements model in
place of the fully 3D brick elements model. The curved shell
elements adopted for the division are based on an iso-
parametric degenerated solid approach,

The vertical stress calculated with this model is in good
agreement with experimental single and double flat jack
results when only the dead load is applied.

In the first loading stage, the dead load is applied with a
uniform temperate distribution. In the following loading
stage, the temperature gradients are applied to the structure
only in the upper part of the tower which is not embedded in
the adjoining building.

If a linear analysis is performed, tensile stresses arise
because of the temperature gradients (Figure 10a) in the
internal side of the South wall. In order to prove that such

stresses are aciually able to cause cracking, a further
smeared crack nonlinear analysis has been performed. The
results depicted in Figure 10b-e show the crack pattern
evolution when the temperature gradient is incrementally
applied.

The trajectory of the crack agrees very well with in situ
evidence (see Figure 3c).

The results depicted in Figure 10b-e concern the internal
South wall. The expected cracking in the outer surface of the
South wall is almost absent. This fact is in agreement with
the in situ evidence, where the inside damage pattern is
much more developed than the exterior one.

Figure 11 shows the main crack as can be seen from
inside the tower. The fact that in situ the crack has
propagated throughout the thickness of the wall, which is not
captured by the numerical model, could be ascribed to
fatigue mechanisms that have not been yet considered in
the model explicitly.
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Figure 10 Torre Astesiano, (a) internal side of the South wall: principal tensile stress [N/mm®);
(b-e) thermally induced crack pattern evolution
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Figure 11 Torre Astesiano, view of the main crack pattern from inside the tower.
Note that, consequently, the crack is placed on the left side

5.1 Structural assessment
Once a reasonable interpretation of the present crack
pattern has been given, a structural assessment of the tower
is necessary in order to eventually prescribe a structural
retrofit. To this end, the damage can be directly introduced
in the model by removing the masonry stiffness in the
corresponding narrow band. This study has been carried out
on a complete three-dimensional model with brick elements.
Comparison between the damaged and undamaged
conditions revealed that the wvertical stress field is not
influenced by measurable redistributions, apart from a
Iocalized unloading in the elements across the main fracture
(Figure 12). A moderate increase in the horizontal
displacement is found under the action of wind load
(Figure 12). More pronounced is the change in the dynamic
characteristics of the Torre Astesiano (see Table 1). This is
linked to the fact that the torsional stiffness of the tower
decreases dramatically because of the verical crack since
the section connection is interrupted.

6. TORRE BONINOQ: INFLUENCE
OF MATERIAL ETEREOGENEITY

The grid adopted to study the last of the three towers is
shown in Figure 13a.

Some of the openings were originally present in the tower;
others were made more recently. All these aspects have
been modelled carefully as well as the presence of an
ormamental stone layer in the upper part of the tower.

The presence of openings is very important since it affects
the stress flux through the tower. The result is that Torre
Bonino, although the least heavy of the towers analyzed,
shows the highest vertical stress level, as shown in
Figure 13b.

However, the ornamental stone layer is characterized by a
level of damage, which is higher than that in the surrounding
masonry. At first sight, this could appear strange, since the
layer is in the upper part of the tower where vertical stresses
are mederate and the strength of the stone can be aven
higher than that of masonry. The detail of the exact position
of the stone layer is emphasized with darker grey in
Figure 14a.

Explanation for this damage, which is readily visible from
the photograph in Figure 3a, can be found by looking at the
contour of the principal tensile stress. Figure 14b shows
clearly that tensile stresses are present not only in the
vicinity of openings (due to the stress concentration close to
re-gnirant comers), but also in the stone layer because of
difference in the Young's Modulus. In fact, the Young's
Modulus of the stone used in the ormamental layer is
approximately twice that of the masonry.

7. COMPARISONS AND CONCLUSIONS

The static condition of the three towers in Alba was
compared finally with those of similar buildings that are part
of ltaly’s historical and architectural heritage. In this manner,
test data were compared with those given in an extensive
report on ancient Italian masonry towers [19].

In the investigation described In [19], the towers are
classified by their architectural functions and their different
damage levels are identified as a function of cracking
configuration. According to the authors, masonry conditions
vary from wirtually crack-free to badly damaged. In
Figure 15, mean stress values at the base of the towers are
comelated with the masonry height/thickness ratio. Despite a
certain scatter, the data show a virtually linear correlation.
By comparing the values given in [19] with those obtained
from the flat-jack tests performed on the Alba towers, it can
be s=en that the latter are characterised by above average
stress levels and slendemess ratios. Even higher stresses
are obtained from numerical simulations. They confirm that
the state of stress in these structures is high enough to
trigger the opening of cracks in the zones that actually
appear as damaged [11].

However, the numerical models exploited in the study
were shown o be able to consider different loading
conditions which are particular to each individual case study.

In all casas, the numerical analysis has given a valuable
picture of possible damage origins and evolutions, providing
useful hints for the prosecution of structural monitoring.
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Figure 13 Torre Bonino: (a) grid of the FE model: (b) vertical stresses s, {Hfmm’]
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(a) (b}

Figure 14 Torre Bonino: (a) detail of the stone layer division: (b) principal tensile stresses s, [N/imm’]
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Figure 15 Comparison among differant masonry towers: vertical stresses
at the base of the towers vs. wall height (H) to average wall thickness (S) ratio
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