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ABSTRACT

This paper presents the systematic use of numerical analysis as a tool for addressing some
of the most common challenges encountered in the structural analysis of complex historical
masonry structures, i.e. the description of the effects of history-related phenomena and the un-
certainty of material properties. The numerical strategy is based on the use of a constitutive
model able to describe time-dependent strain accumulation, as well as damaging behaviour un-

der different stress states. This constitutive model is combined with a crack-tracking technique
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to represent tensile crack localization. The numerical model is applied to the study of two im-
portant monuments in Spain, i.e. the Mallorca Cathedral and the church of the Poblet Monas-
tery. The staged construction analysis of the first case study allows understanding the reasons
of its current deformed condition, i.e. critical construction process, strain accumulation given
by long-term creep phenomena, and nonlinear geometric effects. The structural analysis of the
second case study allows the structural diagnosis of the existing deformation and cracking pat-
terns given by architectural alterations, insufficient buttressing of the naves, and past earth-
quakes. The application of a probabilistic analysis to the church of the Poblet monastery allows
considering the effects of the uncertainties of material properties and numerical parameters in
the seismic vulnerability assessment.

Keywords: Historical masonry structures; continuum damage mechanics; visco-elastic-
ity; crack-tracking; earthquakes; Monte-Carlo simulation; probabilistic analysis; stochastic

analysis; pushover.

INTRODUCTION

The study of structures declared as built cultural heritage requires a multidisciplinary ap-
proach [1,2]. Historical research, inspection (including experiments), monitoring and structural
analysis are different stages of the so-called scientific method for the structural assessment of
the architectural heritage. The first three activities can provide essential information (real data)
to build and calibrate the structural model. At the same time, they allow the validation of the
structural analysis results by comparison with empirical evidence. The structural model is the
recipient of the analyst’s hypotheses, and the process of calibrating/validating is the direct result
of the application of the scientific method. This interdisciplinary framework allows drawing
optimal conclusions, such as diagnosis of the current condition of the structure, evaluation of
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the safety level and design of optimum interventions respectful of the heritage value of the
structure.

Structural modelling and analysis of complex historical structures face several challenges.
These structures commonly present a complex geometry resulting from the combination of dif-
ferent types of structural members, such as columns, arches, vaults, domes, buttresses, etc. Such
elements may present either massive or slender character. Today, numerical models, such as
those based on Finite Element Method (FEM), can afford a realistic and accurate description of
geometry, even though the pre-processing stage can be rather challenging. A direct consequence
of the complex geometry of historical constructions is the generation of laborious numerical
models, involving a large number of nodes, elements and thus equations to be solved. Conse-
quently, the structural model needs to be a compromise between realism and computational
cost.

Another important challenge in the structural modelling of existing structures, apart from
the geometry, are historical events that have normally left evidence on the structures. For in-
stance, historical structures may present important deformations and damage related to a critical
construction process, architectural alterations or additions [3], anthropogenic damage or partial
destruction during conflicts and fires, effects of natural hazards (such as earthquakes, floods)
[4-9], soil settlements [10-13], long-term damage phenomena [14-16], or a combination of
more than one events. For this, structural analysis should be planned considering past events
identified by the historical survey that could have potentially affected the investigated structure.

A large percentage of historical structures is made of stone or brick masonry. This com-
posite and heterogeneous material is characterized by variability and lack of standardization, as

a large number of combinations of components are possible (units and mortars), as well as



materials (stone, brick, lime, etc.), dimensions of constituents, arrangement of units, and build-
ing techniques. In addition, masonry has an extremely complex mechanical behavior, with
quasi-brittle character in tension and limited ductility in compression, nonlinearity of stress-
strain relationship, frictional response in shear, and anisotropy.

It becomes clear from the above that modelling of masonry structures is not straightfor-
ward. For this reason, different types of computational strategies based on the FEM are availa-
ble in the scientific literature [17-19], ranging from micromodels including the discretization
of units and joints (e.g. [20,21]), to macromodels representing the material from a phenomeno-
logical point of view as a homogenized equivalent continuum (e.g. [22-25]. A recent approach
is also multiscale modelling [26], in which the macroscale (at the level of structure) exchanges
information with the microscale (at the level of a representative volume element of the material)
during the analysis. Both micromodelling and multiscale modelling are characterized by a re-
markable computational cost, making them still inadequate for the analysis of complex histor-
ical constructions [17]. While the continuous advance of the capacity of personal computers
will make eventually these approaches more accessible to analysts, today, the use of macro-
models seems the most adequate approach to deal with the analysis of this type of structures.

During the last decades, the increasing application of numerical analysis in the study of
historical structures has contributed to our better understanding of their structural behavior. For
instance, the application of advanced numerical models is of paramount importance to simulate
the long-term stability of historical constructions made of masonry, as time-dependent effects
may induce cumulative damage and deformation degenerating into collapse, as demonstrated
by past events, e.g. the collapses of Pavia Civic Tower in 1989 and Noto Cathedral in 1996
[27]. FEM macromodels are also very useful to simulate the structural collapse condition in

case of earthquake in order to evaluate the seismic safety, as historical structures show to be
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very vulnerable to these type of events as proved by recent earthquakes, e.g. L’ Aquila 2009,
Emilia Romagna 2012, Central Italy 2016, Lesvos 2017 [28,29].

On the other hand, it is important to recognize that numerical models are commonly based
on two strong assumptions. The first assumption is related to the adoption of deterministic val-
ues for the material properties (e.g. tensile and compressive strength, Young’s modulus, etc.).
This is a controversial choice considering the composite and heterogeneous nature of masonry,
which depends on workmanship and can present high variability—even within the same struc-
ture—due to weather conditions, past damage and time-deterioration. The second assumption
is related to the adoption of a specific numerical model (i.e. constitutive relationship, numerical
formulation, etc.) for the representation of the physical behavior of the simulated material. Each
numerical model is commonly based on numerical parameters that cannot be experimentally
calibrated. These assumptions present various sources of uncertainties that may influence the
conclusions of the structural analysis and consequently the choices of the intervention strategy.

This manuscript deals with the application of FE macromodelling analysis for the struc-
tural assessment of complex historical masonry structures against long-term deformation, past
historical alterations and seismic actions. The paper is composed of three parts. The first part is
devoted to the presentation of a FEM model based on continuum mechanics theory able to
reproduce from a macroscopic phenomenological point of view some of the history-related me-
chanical phenomena typically encountered in masonry structures, i.e. time-dependent strain ac-
cumulation due to viscous effects, orthotropy and tensile crack localization. The second part
presents two applications of the FEM on two important monuments in Spain: the cathedral of
Mallorca and the church of the Poblet monastery. The third part includes a probabilistic analysis
for assessing the effect of uncertainties related with material and numerical properties on the

seismic response of the church of the Poblet monastery.
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MECHANICAL MODEL FOR MASONRY

The proposed mechanical model for masonry is able to simulate the time-dependent strain
accumulation in the material because of long-term exposure to constant stress, including the
description of tensile and compressive damage. The main idea of the viscous model is the rep-
resentation of the time-dependent deformation through a time-dependent stiffness defined by
two components, i.e. a constant one and a viscosity susceptible one [30]. Figure 1 shows the
uniaxial rheological model represented by two elements in parallel, consisting respectively of
a Hookean spring, and a Maxwell chain with a spring in series with a dashpot. The elastic

stiffness of the first spring is E_ , that of the second spring is E, and the viscosity parameter 7

is the term of proportionality between the viscous stress in the dashpot and the viscous strain

rate o, =n¢,. The dashpot is infinitely stiff at the beginning of the deformation process, while

its stiffness tends to zero for infinite time. The initial stiffness of the system is given by the sum

of the stiffness of the two springs (E, = E,_ + E, ). The stiffness of the system for t=+o0 is
equal to E_, due to the dashpot’s complete relaxation at the end of the deformation process.

The total stress sustained by the system is:

o=0,+0,=E c+fE (e-¢,) (1)
where ¢ represents the total deformation of the system, &, denotes the viscous strain of the chain
increasing with time under a constant stress ¢, and & = E./ Eo is the participation ratio defining
the amount of stiffness susceptible to viscosity. The retardation time 9 =  / E, defines the time
scale of the viscous phenomenon, as it is linked to the time required for dashpot relaxation (rate

of viscous strain). The strain rate of the system is:

6, o, )
E=—t+—
E, 7
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Figure 1: Uniaxial rheological viscous model [30]

In the multidimensional case, Equation 2 is rewritten as follows:

(g (3)
C:é=06,+—
ég o, 9

Assuming the viscous strain in the Maxwell chain 6, =&£C:(g—¢,) as internal variable, the

evolution law for the viscous strain is:

(4)

g, 25(8—8\,)

The solution of the differential equation for a generic time step t,, is [30]:

Q)

e (t.,)=¢, (tn)+%[s(tm)—sv (t)]

The aforementioned viscous model is coupled with the well-known Tension-Compres-
sion Damage Model [31]. Such model is based on a split of the effective (elastic) stress tensor
into tensile and compressive components, ¢* and ¢, according to the different mechanical

behavior in tension and compression of the material:
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The definition of two internal scalar damage variables d* and d~ under tension and
compression respectively, ranging from 0 to 1 from an elastic to completely damaged material,

leads to the constitutive model:

o=(1-d")g" +(1-d" )5 )
This model entails directional orthotropic damage with dependence on principal direc-

tions of stress, i.e. the cracks arise according to different failure criteria and grow in different

manners under tensile or compressive stress states [32]. The evolution of damage indexes d*
is an exponential softening related to tensile and compressive fracture energies G; of the ma-

terial, normalized according to the finite element characteristic length, in order to ensure objec-
tivity of the FEM solution respect to the mesh size [33].

The coupling of the tension-compression damage model with the viscoelasticity model is
carried out by assuming that the stress sustained by the Maxwell chain is the effective (undam-

aged) stress:

6=6,+6,=(1-&)C:e+£Ci(e-¢,) (8)
The constitutive model accounting for the coupling between viscoelasticity and mechan-

ical damage is eventually:
6=(1-d")(s; +5;)+(1-d")(s; +5,) ©)
The specific format of the model leads to several advantages especially in terms of sim-

plicity and computational efficiency. The strain driven format, the reduced number of internal

variables and input parameters are remarkable features of the model.



MODELLING OF CRACK LOCALIZATION

The tensile crack localization is modelled in the discrete problem by using a local crack-
tracking technique [34,35]. This algorithm, implemented for 2D problems using three-node tri-
angular elements, detects the finite element where a crack originates and then it allows the crack
to develop as a function of the direction of the principal tensile stress along a single row of
finite elements. The process is as follows. First, the crack origin is detected in elements that
satisfy the tensile damage criterion. A crack-vector is drawn by using the direction perpendic-
ular to the principal tensile direction of the element. The exit point is defined as the intersection
of that vector with the corresponding face of the element. The entry point of the new element
on the crack is located at the same coordinates of the exit point of the previous element. The
next crack vector is drawn by using the direction perpendicular to the principal tensile direction
of the new element. For each crack, the previous procedure is repeated until the whole crack
path is defined. Discrete cracking is possible through the definition of a minimum distance
between existing and new cracks. This distance is called as exclusion radius and is defined by
the user, commonly considering the unit size of the masonry, as shown in [35]. The use of the
tracking algorithm has shown to be capable of representing realistic results with clear collapse
mechanisms induced by the development of discrete tensile cracks [35,36]. In addition, the
numerical results are mesh-bias independent, i.e. they remain objective when different possible

discretizations are considered in the FEM problem.



CASE STUDIES

Mallorca Cathedral

Mallorca Cathedral, with overall dimensions of 121 m in length and 55 m in width, is one
of the most imposing Gothic buildings of the Mediterranean area. The central nave is 44 m high
and 17.8 m wide, being one of the highest in the world. The lateral naves are 29 m high and 9
m wide. The piers have octagonal section with 1.5 + 1.7 m circumscribed diameter and 22.7 m
height. The slenderness ratio of the piers is around 14, i.e. much higher than the ratios usually
encountered in French gothic churches, ranging between 7 and 9.

The cathedral underwent a long construction process lasting from 1306 to 1600, with long
interruption periods (1460-1560). The building process was critical, bay after bay from the
presbytery towards the facade, as usual in Gothic churches. The construction suffered partial
collapses (e.g. the 4" vault from the apse partially collapsed 30 years after the construction),
long periods between the construction of adjacent bays, and numerous repair interventions es-
pecially during the 18" and 19" centuries (e.g. dismantlement of Renaissance facade in 1851
due to 1.3 m out-of-plumb). The current condition of the cathedral is greatly characterized by
the significant lateral deformation of the slender piers, with lateral displacements reaching even
1/90 of the height.

The 4" bay from the apse was investigated carefully by considering the historical records
of the reconstruction process after its partial collapse (Figure 2), starting with chapels, followed
by the piers, then the aisles and finally the central vault. During the last stage before the con-
struction of the central vault, the piers were already receiving the in-ward thrust from the lateral
naves, while the absence of the central one did not provide any counteracting action, thus cre-
ating a delicate stability condition. Such difficult equilibrium conditions during the construction
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process, together with long-term time dependent phenomena and geometric nonlinearity, may

have influenced the final deformation of the cathedral.

St Bernard and

St Catherine Chapels
(1391-1406),

piers (1406-1426)

Gospel vault (1458)

Figure 2: Construction process of the 4" bay of Mallorca Cathedral (left) [37,38], and view of the interior of the
nave (right) [39].

The in-situ experimental activity allowed the quantification of the deformed condition of
the cathedral. The lateral drift of the piers of the 4" bay was 95 mm with deformations increas-
ing 0.1 mm/year (1 cm/century), as found in a continuous static monitoring survey developed
between 2003 and 2008 [40]. The detected trend towards a progressive increase of deformation
was of concern because, in combination with geometric nonlinear effects, it might worsen the
stability conditions. For this reason, a FE simulation of the construction process of the repre-
sentative bay was carried out to study the long-term behavior of the structure. This was possible
through a staged analysis, considering the different construction phases and the long-term de-
formation simulated with the presented constitutive model. The available documents did not
provide any clue on the utilization of provisional stabilizing devices, such as iron ties or timber

struts, although their use is not totally disregarded [41].
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Figure 3 presents the FEM model and Table 1 the material parameters adopted in the
numerical simulations. FEM modelling considered one-fourth of the bay structure adopting ad-
equate symmetrical conditions. The model is composed by 49,979 tetrahedral elements (14,689
nodes). The Young’s modulus (E) and the specific weight (y) for the different materials were
defined making reference to the elastic calibration of the modelled structure reported in [42—
44]. The values for the compressive strength (fc) were estimated based on previous experience
for similar masonry typologies in Spain. The tensile strength (f;) was considered equal to 5%

of the compressive one, while the values of the compressive and tensile fracture energies (Gfc

and Gft, respectively) were chosen based on previous experience.
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Figure 3: 3D finite element model of a quarter of a typical bay of Mallorca cathedral.

Table 1. Material properties used for the analysis of the Mallorca cathedral.

Element f. [MPa] | f [MPa] | E [MPa] | Gf, [J/m?] | Gf, [J/m] | y (kN/m?)

Buttresses, vaults, ribs & clerestory | 2.00 0.10 2000 100 40000 21.00

Flying arches & columns 8.00 0.40 8000 100 40000 24.00
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Central vault backing 1.00 0.05 1000 100 40000 20.00

Thanks to a FE activation strategy able to reproduce the addition of different portions of
the structure during the analysis, we could model sequentially the stages of the construction
(Figures 4a-c). In particular, the FE activation strategy allows adding or removing parts of the
FE mesh at selected stages of the analysis. In the first stage of the analysis of the studied bay,
only the lower part of the FE model was activated, including the pier, the aisle vault and the
buttress (Figure 4a) and analyzed under the effect of its self-weight. In the second stage, the
upper part of the FE model was added to the existing one, including the upper part of the but-
tress, the flying arches, the clerestory and the nave vault (Figure 4b). Once the self-weight of
the upper part was applied, the third stage of the analysis began. In this third stage, the structure
was subject to constant loading due to its self-weight and the time started elapsing in order to
evaluate the deformation accumulation due to creep (Figure 4c). The geometric nonlinearity
was taken into account by adopting a total Lagrangian formulation with a small-strain/large-

displacement assumption.
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Figure 4: Staged analysis for the numerical simulation of the construction process of the 4™ bay of Mallorca
Cathedral: a) 1% stage considering as active the pier, the aisle vault and the lower part of the buttress, b) 2" stage
activating the upper part of the buttress, the flying arches, the clerestory and the nave vault, and ¢) study of the
long-term response considering the whole structure.
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Figure 5: Time evolution of the horizontal displacement at the top of the pier for different values of the participa-
tion factor (left) and close up to the period between 500 and 600 years since the construction (right).

After the first construction phase (first stage of analysis), the resulting horizontal defor-
mation at the top of the pier was equal to 30 mm. After the second construction phase (second
stage of analysis), the maximum horizontal displacement at the pier decreased to 18 mm due to
the application of the thrust of the central vault. The results of the third phase depend on two
parameters of the viscous model, i.e. the retardation time and the participation ratio. These pa-
rameters were calibrated by a sensitivity analysis based on the experimental data derived from
the monitoring activity. The calibration of the participation ratio showed that a value of 0.975
in the frame of a nonlinear geometric analysis leads to the instability of the structure at 1,350
years (Figure 5a). However, the most representative displacement vs. time curve is the one
corresponding to a participation ratio of 0.925. For this participation ratio the numerical results
agree with the data derived from the 2003-2008 monitoring period (lateral drift of the piers of
95 mm with deformations increasing 10 mm/century), corresponding to the years 543 and 548
after the completion of the structure (1460), see Figure 5b. A further monitoring period, now

into consideration, would enable a more detailed estimation of the parameters involved. Notice
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that a conventional instantaneous FEM analysis (i.e. without considering long-term defor-

mation effects) would lead to a top displacement of only 7.6 mm.

T Iizasail
B o U o 5

et Y/ )
Y L/
I ! / [/ / “
/ \'i w‘ j TENSILE DAMAGE /‘ .“/ /
/ f [ goss /| e
] [ ]
Il 1§ ]

/ I 0.888 / I
/ {1 0.777 /
| | 0666 [

0.555 / /

v E |

Figure 6: Collapse mechanism from pushover analysis with the smeared (left) and localized damage approach
(right) [54].
The representative bay of Mallorca Cathedral was also analyzed under lateral horizontal

forces by means of a pushover analysis, in order to evaluate the collapse condition under seis-
mic actions and to illustrate the crack localization obtained through the use of the crack-tracking
approach. Despite the limitation of not considering dynamic effects that may influence signifi-
cantly the seismic response, pushover analysis is a conventional methodology [45,46] for stud-
ying the effect of seismic actions providing important information on the performance of the
structure under the horizontal loading caused by seismic actions. The pushover analysis was
performed in two stages: i) application of the self-weight and ii) application of a horizontal
loading proportional to the mass.
The FEM model using the crack-tracking technique provides a realistic representation of
the tensile cracks, allowing a clearer understanding of the collapse mechanism than in the tra-
ditional smeared crack approach (Figure 6). The more damaged portions of the bay are the base

of columns and buttresses, as well as the aisle vaults and the flying buttresses. The damage is
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minor in the nave vault, since the diaphragmatic transverse arch above the vault provides addi-

tional transversal stiffness.

Church of the Poblet Monastery

The monastery of Poblet, located in Catalonia (Spain) is a UNESCO World Heritage Site
since 1991. The construction of the church of the complex started in 1170 and was completed
in 1276. The church is a typical example of Cistercian architecture, characterized by both Rom-
anesque (barrel vault) and Gothic styles (pointed arches and pointed groin vaults). The east part
of the church is composed by the apse, the ambulatory and its five radiating chapels, while the
west one by three naves. The transept makes the transition between the two parts and gives the
church a Latin cross shape plan. A pointed barrel vault with a series of arches aligned with the
lateral piers covers the main nave. The vaulting in the lateral aisles is distinct. The northern
aisle follows the original design with pointed groin vaults, while the southern one follows a
Gothic style and is the result of a demolition and reconstruction of the 14" century. Due to this
intervention, the structure is asymmetrical in the transverse direction. Notably, a similar inter-
vention occurred in Fontfroide (France), and the motivation behind those were probably to host
lateral chapels for noble and wealthy families. Figure 7 presents the main and the two lateral

naves of the church.
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Figure 7: Southern (left), main (middle) and northern (right) naves of the church of the Poblet monastery.

The church presents damage today mostly at its western part. A laser-scanner survey has shown
that the barrel vault presents a deflection of 500 mm and the clerestory walls have outwards
deformations of 140 mm in the southern side and 100 mm in the northern side. Important crack-
ing is evident in the barrel vault near its key, continuing longitudinally across almost all the
bays of the church. Local stone crushing is visible at the middle height of the arches in the main
nave. In the lateral aisles, longitudinal cracks are evident near the key of the vaults, accompa-
nied by relative vertical displacements of 50 + 70 mm.

The structural analysis aimed at identifying the causes of the existing damage at the west
part of the church. The construction of the main and lateral naves as a sequence of identical
bays and the damage pattern, which is similar for all the bays, allows the simulation of only a
bay of the church considering the necessary symmetry conditions. The FEM model was pre-
pared considering the real deformed geometry of the fourth bay structure, presenting the highest
deflection of the barrel vault. This choice aims to take into account the influence of the existing
deformation on the stability of the structure. The geometry was available through a terrestrial

laser-scanning survey. The final model (shown in Figure 8) is composed by 291,101 tetrahedral

-17 -



elements (61,438 nodes) and includes three different materials: squared stone masonry, infill of
the barrel vault and infill of the three-leaf walls and vaults. The material properties, shown in
Table 2, were defined based on existing studies of the church [47,48], as well as on the recom-
mendations of technical standards [49,50]. “Masonry” in Table 2 corresponds to the square
stone limestone masonry of the external leaves of the pillars, walls and vaults of the structure.
The chosen values for the compressive strength and the Young’s modulus correspond to the
lower bounds proposed for square stone masonry in [50]. The corresponding properties for the
rest of the materials were defined following the in-situ investigation of the structure and a sen-
sitivity analysis reported in [51]. As for the case of the Mallorca cathedral, the tensile strength
was considered as 5% of the compressive one, while the tensile and compressive fracture ener-
gies have been defined based on the experience of the authors from the modelling of similar
structures. Note, that the issue of the high uncertainty in the material properties is very im-

portant and for this is assessed in the following section of this work.

=
1
5
%
]
(=
o

Figure 8: 3D finite element model of the 4™ bay of the church of the Poblet Monastery.

Table 2: Material properties used for the analysis of the church of the Poblet monastery.
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Element f [MPa] | fi[MPa] | E [MPa] | Gfi[J/m?] | Gfc [IIm?] | y (KN/m?)

Masonry 6.0 0.300 2400 150 40000 22.00
Vault and three-leaf wall infill | 1.5 0.075 800 20 4000 19.00
Barrel vault infill & roof tiles | 0.5 0.025 25 20 4000 18.00

The structural analysis strategy was based on the results of an in-situ inspection and a
historical investigation and included three analysis scenarios that could potentially produce the
current pathology: gravitational loads, past structural alterations, seismic actions.

The first structural analysis scenario investigates the current condition of the structure
under only gravitational loading. This numerical simulation predicts damage in good agreement
with the existing in the structure (Figure 9). At the end of the analysis, cracks exist near the key
of the barrel vault, as well as at the top of the lateral vaults. These results show that the current

geometrical configuration of the bay justifies the existence of cracks in the vaults.

Figure 9: Contour of the tensile damage under the effect of gravitational load.
The second structural analysis simulates a procedure that was possibly followed for the

demolition and reconstruction of the southern lateral nave during the intervention of the 14%
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century. According to this, each bay of the lateral nave was demolished and reconstructed be-
fore proceeding to the following one. This scenario was simulated in two stages through a
staged analysis that allowed activating and deactivating parts of the finite element mesh during
the analysis. In the first stage, the gravitational load was applied to the whole structure, while
in the second one the demolition of the lateral nave was simulated by deactivating (i.e. remov-
ing) the finite elements corresponding to it (shown in green in Figure 10a). For this analysis,
the numerical model includes one bay of the southern half of the church and two adjacent bay
quarters at each side (347,626 tetrahedral elements and 76,399 nodes). The numerical simula-
tion of the demolition of the lateral aisle causes a higher rotation of the southern clerestory wall
and a higher deflection in the barrel vault with an important increase of 430% and 30%, respec-
tively, comparing to the initial state. These results may explain the asymmetric drift of clere-
story walls (larger at south) that potentially increased the deflection of the central vault and

initiated or extended the damage at its top (Figure 10b).

(a)

(b) —

LTS

Figure 10: (a) Model used for the simulation of the demolition of the lateral nave (mesh in green colour) and (b)

contour of the tensile damage at the end of the simulation.
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The possible effect of a past earthquake (occurred in 1792) in the structure was also as-
sessed through pushover analysis. Due to the asymmetrical geometrical configuration of the
lateral naves, two analyses were performed considering the two directions transversal to the
longitudinal axis of the main nave. The analyses show that the cracking in the main and lateral
naves could have been further extended due to an earthquake (Figure 11). Interestingly, the
numerical analyses predict a high accumulation of compressive stresses at the intrados of the
arches in the main and lateral naves, where local stone crushing is observed today at the church
(Figure 12). The seismic analysis indicates that an earthquake could have initiated or extended
the wide cracking near the key of the barrel vault, producing at the same time crushing of the

stone in the arches of the main and lateral aisles.
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Figure 11: Contour of the tensile damage for the pushover analysis towards south (top) and north (bot-

tom).

Figure 12: Contour of the compressive stresses at the end of the pushover analysis towards the south direction.

Compressive stress accumulation at the interior of the arches in the main and lateral nave.

The various structural analysis cases could shed light on the possible causes for the exist-
ing damage and deformation of the west part of the church. The initial design of the church,
with the two lateral naves being much lower than the central one, seems to be sufficient to
produce cracking near the keys of the main and lateral naves. This height difference may have
produced the spreading of the springs of the barrel vault and thus the rotation of the south and
north piers of the main nave. The demolition of the southern nave during the intervention of the
14™ century could have produced the higher rotation of the southern pier as observed today.
Finally, the local crushing appearing in the arches of the main and lateral naves could be the

result of past seismic actions affecting the region.

SEISMIC ASSESSMENT CONSIDERING UNCERTAINTY OF MATERIAL PROPER-

TIES AND NUMERICAL PARAMETERS

Numerical modelling of masonry structures requires the a priori definition of the mechan-

ical properties and numerical parameters, the number and type of which is specified by the
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adopted constitutive model and the numerical strategy. Some of the material properties can be
obtained through standardized experimental testing (e.g. compressive strength, Young’s mod-
ulus), while others are more difficult to obtain and the available experimental evidence is lim-
ited (e.g. tensile strength, fracture energy). In most cases, the cultural value of monuments im-
pedes an extensive experimental investigation that could provide values for the material prop-
erties used by the constitutive models. Even in the case where in-situ (through non- or minor-
destructive techniques) or laboratory testing of extracted probes is possible, the results may
present important variation. This uncertainty related to the material properties is usually ne-
glected in the numerical modelling of historical structures, and the material properties are de-
fined either in a deterministic way, by considering the average values of available experimental
results, or artificially, based on experimental databases included in technical standards.

Another source of uncertainties in the numerical analyses is given by the necessary nu-
merical parameters. For instance, the crack-tracking algorithm, presented in a previous section,
uses the exclusion radius that is a parameter defining the distance between distinct cracks in the
FEM model. As shown in previous studies [35,52], this numerical parameter can be selected
according to the dimensions of the units in the investigated masonry, considering in an implicit
way the staggering pattern of the investigated masonry. Nevertheless, large complex structures
as the ones investigated in this work, are usually composed by different unit sizes, as well as
different masonry typologies within the same fabric (e.g three-leaf walls, irregular stone ma-
sonry, etc.). For this, the use of a single deterministic value may not be representative, and
different cases should be investigated.

Despite the existence of these uncertainties, most of the numerical analyses of historical
structures in the available literature are based on the use of deterministic models. On the one

hand, geometry plays a very important role in the stability and the identification of the collapse
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mechanisms of masonry structures. This is why numerical studies using deterministic values
can be helpful in identifying the causes of existing pathology and the stability of a masonry
structure, as shown in the previous sections. On the other hand, the above uncertainties in ma-
terial properties and numerical parameters become important when the objective of the struc-
tural analysis is to draw conclusions over the capacity and safety under any investigated sce-
nario. To achieve this objective, the structural analysis should follow a probabilistic methodol-
ogy considering the sources of uncertainty in the analyzed structure. This section presents the
application of such a methodology for the assessment of the seismic vulnerability of a repre-
sentative bay of the Poblet monastery.
Probabilistic analysis of the seismic vulnerability of the church of Poblet mon-
astery

The seismic assessment of a representative bay of the church of the Poblet monastery is
carried-out in this section using a Monte Carlo-type simulation based on a Latin Hypercube
Sampling. The aim of the analysis is to derive fragility curves representing the seismic vulner-
ability of the investigated structure for three different levels of damage.
Random variables

The first step in the probabilistic analysis is the definition of the random variables. Here
we consider the uncertainty of six random variables. Five of them are material properties, while
the sixth is a numerical property used in the crack-tracking algorithm. As uncertain material
properties we consider the compressive strength and the Young’s modulus of the masonry (f-™,
EMa) and of the infill of the lateral vaults (f;", E"). The last material random variable is the
tensile strength of the two materials, which is considered as a fraction of the compressive one
(f:/ fc). The stochastic characterization of these five random variables (f-"2s, EMas, fcnf, Einf fy/fc)

is through the use of lognormal probability distributions. The value of the mean (i) and standard
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deviation of the logarithm (o) are presented in Table 3. The mean values are the same to the
ones used for the 3D model, presented in the preceding section, apart from the Young’s modulus
of masonry, which is slightly lower. This is due to the fact that three-leaf masonry is considered
as a homogenous material with average properties in the numerical model used in the probabil-
istic analysis. The value of 2100 MPa is the result of a calibration procedure, detailed in the
following section. The values for o are selected based on the recommendations of [46]. In
particular, the standard deviations of the infill of the vaults and of the masonry are defined
considering values corresponding to those of an irregular stone masonry and of a three-leaf
wall, respectively. The tensile strength is usually defined in the literature as a fraction of the
compressive strength, which varies between 0.03 and 0.10 [53-55]. Due to this, ft/ fc is simu-
lated in this work as a random variable, assuming a similar variation with that of the compres-
sive strength of the infill of the vaults by adopting a lognormal distribution with a mean value
of 6.5% and a standard deviation of 0.29. The material properties of the infill of the barrel vault
are deterministically defined as equal to those used in the 3D model. This is due to our
knowledge of these material properties following an in-situ investigation and their limited in-
fluence in the structural capacity of the church [56].

As already stated, the exclusion radius (rexci) defines the distance between discrete cracks
in the FEM model and its value is related to the size of the units in the investigated masonry
[35,52]. Despite the association of the exclusion radius with a material characteristic (i.e. the
unit size), it is a numerical parameter characterized by epistemic uncertainty. In this work, we
consider it as a random variable following a uniform distribution. The two limits of the uniform
distribution are equal to the two extreme lengths of the stone units found in the investigated

church, i.e. 0.10 and 1.10 m [56].

Table 3: Values of the mean and standard deviation of the logarithm for the five material random variables
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" [MPa] | E™* [MPa] | fo" [MPa] | E™ [MPa] | fif. [%]
i |60 2100 15 800 6.5
o | 0.20 0.17 0.29 0.21 0.29

Sampling procedure

The effect of the presented random variables on the seismic response of the investigated
masonry structure is evaluated using stochastic simulation. Here, we generate and analyze
N=200 combinations of random samples of the uncertain parameters through a Monte Carlo-
type simulation. For the sampling procedure, we use a Latin Hypercube Sampling, aiming to
reduce the variance of standard Monte Carlo Simulation and, thus, use less samples. The num-
ber of samples (N=200) is selected based on previous experience of the authors with similar
structures [57]. Figure 13 presents the sampling for the six random variables.

Due to the large number of analyses, an efficient numerical strategy is necessary to guar-
antee the application of the methodology. For this, all the analyses are performed with a 2D
plane stress finite element model of the investigated structure. This 2D model represents the 4"
bay of the west part of the church Poblet monastery, as the 3D one used in the preceding section.
The 2D model was calibrated so that it presents an equivalent response in terms of stiffness and
capacity both under gravitational and horizontal in-plane loading, as well as in terms of modal
shapes and frequencies under modal analysis. Figure 14 shows the used 2D model, which is

composed by 25578 constant strain 3-node triangles (13425 nodes).
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Figure 13: Histograms with the distributions of the sampled values and corresponding lognormal probability
density functions (in dashed line) for (a) f;™, (b) E™, (c) ™, (d) E™, (e) f/f., and uniform distribution for (f)

Exclusion radius.
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Figure 14: Material distribution (left) and finite element mesh (right) of the plane stress finite element model of

the 4™ bay of the church of Poblet monastery used in the probabilistic seismic assessment.

The seismic behavior of the structure is evaluated through pushover analysis with a force
distribution proportional to the mass towards the north direction, which was identified as the
most vulnerable case. Figure 15 presents the capacity curves (horizontal acceleration vs. hori-
zontal displacement at the top of the nave) for the 200 analyzed cases. The variation of the
material and numerical properties results to a horizontal capacity ranging between 0.05 g and

0.16 g.
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Figure 15. Capacity curves for the 200 analyzed cases
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Limit states

Figure 16 illustrates a generic capacity curve of the church for one of the studied cases.
In the capacity curve it is possible to identify three different parts. Each of them corresponds to
a different limit state caused by the onset and propagation of cracks in the main and lateral
naves. The first limit state LS1 corresponds to a 15% drop in the lateral stiffness and it is shown
with a green dot in Figure 16. This drop occurs due to the propagation of cracking in the barrel
vault of the main nave (see Figure 17a). The second limit state LS2 corresponds to the maxi-
mum capacity and the initiation of the post-peak branch. For most of the analyzed cases, as the
one with the capacity curve shown in Figure 16, LS2 corresponds to the local crushing of the
stone in the barrel vault of the main nave, shown with a green circle in Figure 17b. The last
limit state LS3 corresponds to the displacement level at the top of the barrel vault for which a
drop of 20% of the lateral capacity occurs. For the analyzed case of Figures 16 and 17, this

occurs due to the local crushing of the stone at the northern lateral vault (see green circle in

Figure 17c¢).
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Figure 16: Capacity curve of one analyzed cases and the corresponding three limit states.
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Figure 17: Tensile damage contour in a studied case corresponding to Limit State 1 (top), Limit State 2 (middle)

and Limit State 3 (bottom).

Fragility curves
Figure 18 plots the fragility curves in function of the peak ground acceleration (PGA).
The PGA corresponding to each limit state was computed following the N2 method as defined

in [58] and included in national and international codes [45,59]. The fragility functions are

defined according to [60] as
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P[LS;|PGA] = l— In <PGA>l. (10)
ﬂle 9le

where S5, is the standard deviation of the natural logarithm of the PGA for limit state
LS;, 8.5, is the median value of the PGA at which the analysed structure reaches the limit state
LS;, and @ is the standard normal cumulative distribution function. 8,5, and g, s, are computed

through the following functions

1N ]
GLSi — e(ﬁzj=1lnPGA]) ~ PGAsy, (2)

1 u PGA ?
J
= |— 3
Bis; N1, 1(ln( s )) 3
]:

where N=200 is the selected number of structural samples analysed in the Monte Carlo-type

stochastic simulation and PGA4; is the Peak Ground Acceleration for the analysed case j = 1, N.
This lognormal definition of the fragility functions fits very well the cumulative fragility func-

tions for all the limits states, shown in red in Figure 18.
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Figure 18: Fragility curves for the three limit states (LS1-LS3) in terms of Peak Ground Acceleration (PGA).
The vertical line corresponds to PGA = 0.04g, i.e. the seismic demand for the region of L’Espluga de Francoli
with a 500-year return period.
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The results show that earthquakes with very low intensity are sufficient to produce a dam-
age in the structure resulting in a 15% drop of the original stiffness (i.e. Limit State 1). In fact,
there is an almost 100% probability for LS1 to occur for a PGA = 0.04g, which corresponds to
the seismic acceleration demand for the region of L’Espluga de Francoli where the monastery
is located for a return period of 500 years. For the same seismic demand, the probability of LS2
and LS3 is 92.5% and 69.7% respectively. This high probability of damage even for low seismic
intensities can be attributed to the original design of the church, with important mass at the

barrel vault of the main nave lacking of buttressing and the low height of the lateral naves.

CONCLUSIONS

The protection and conservation of built cultural heritage is a challenging task relying on
the implementation of a multidisciplinary scientific approach based on inspection, structural
analysis and monitoring. The aforementioned stages of the scientific approach are part of a
cyclic procedure within which the results of each stage are used to update the rest, helping in
taking informative decisions regarding the conservation strategy. Structural analysis has an im-
portant role within this procedure, as it can aid to understand the causes of the structural pathol-
ogy and its evolution as identified by inspection and monitoring activities, respectively. In ad-
dition, it can guide the design of an intervention and investigate its structural efficiency.

Today, structural analysis of complex historical masonry structures is largely based on
the use of advanced computational tools. This structural analysis approach faces the challenge
to properly calibrate and validate the numerical models against empirical evidence on damage
affecting the structure. This paper presented the use of numerical tools for structural analysis
and their combination with historical investigation, in-situ inspection and monitoring activities

for two important large masonry historical structures in Spain, i.e. the Mallorca Cathedral and
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the church of the Poblet Monastery. A numerical strategy based on the use of a macromodelling
approach was chosen as a way to reduce the computational cost and to permit the efficient
analysis of the large-scale structures. Important role in this strategy plays the constitutive
model, which was chosen to properly represent the distinct nonlinear tensile and compressive
behaviour of masonry, as well as its time-dependent response. The application of this method-
ology to two case studies permitted the interpretation of their current pathology and allowed to
take optimum decisions of future studies, such as the definition of monitoring activities.
Structural analysis of complex historical structures are usually influenced by important
uncertainties related with the material properties and the numerical parameters of the adopted
computational tool. To address these challenges, a probabilistic methodology was applied for
the seismic assessment of the church of the Poblet monastery. A Monte-Carlo type simulation
was carried out considering five material properties and one numerical parameter as random
variables. A total number of 200 structural models with different combinations of the random
variables were prepared and analyzed against horizontal seismic loading (pushover analysis).
The results of the analyses were used to derive fragility curves for three limit states correspond-
ing to different levels of damage in the structure. The results showed that the structure presents

a high vulnerability for the seismic demand of the area of L'Espluga de Francoli.
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