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ABSTRACT: The evaluation of the seismic vulnerability in monumental buildings is a complex task. This is due to the inherent 
uncertainty of ancient structures regarding their structural characteristics and material properties that should be properly handled 
in their seismic assessment. Consequently, a probabilistic study considering the material and structural uncertainties is a 
necessary step for the seismic protection of the built cultural heritage. This paper presents the study of the seismic vulnerability 
of the church of the Poblet Monastery, an UNESCO World Heritage Site in Spain. The seismic capacity was studied using a 
Finite Element model of a selected damaged bay of the church by means of a pushover analysis. The nonlinear behaviour of 
masonry is described by a continuum damage model improved by a tracking technique representing the localization of cracks 
and the consequent activation of the collapse mechanism. A Monte Carlo simulation enhanced by the Latin Hypercube 
Sampling technique was utilized to estimate the effect of the uncertainties, regarding the material and structural characteristics, 
on the seismic performance of the structure. The developed fragility curves express the safety level and the damage expected on 
the structure for different seismic scenarios. 

KEY WORDS:  Masonry, Continuum damage model, Localized cracking, Uncertainty, Monte Carlo simulation, Latin 
Hypercube Sampling, Fragility curves 

1 INTRODUCTION 
Ancient masonry constructions form a very important part of 
the tangible cultural heritage. They constitute records of the 
history and the building technology of different cultures and 
encompass important artistic heritage (e.g. frescoes, mosaics). 
Additionally, in many cases they still form a part of the 
servicing infrastructure of the modern communities by either 
maintaining their original use (e.g. churches, bridges) or 
acquiring new one (e.g. museums).  

 Masonry structures with structural integrity under 
gravitational loads may demonstrate a very low capacity 
against earthquake, even of low intensity. This fact was 
dramatically validated during the recent earthquakes in 
Emilia-Romagna in Italy (2012) with the majority of damaged 
and collapsed structures being churches. Therefore, it emerges 
the necessity to evaluate the seismic safety of monumental 
buildings.  

Unlike to modern structures, the structural analysis of 
ancient ones is hampered by a sufficient amount of 
uncertainty, mainly due to the deficient mechanical 
characterization of materials. The reduction of this uncertainty 
requires in-situ and laboratory investigations that are usually 
limited due to costs and common restrictions for interventions 
on monuments. Consequently, the comprehensive study of a 
historical construction should incorporate a methodology for 
the consideration of uncertainties in the structural parameters, 
as well as their probable intervals of variation. 

This paper presents the seismic vulnerability of an 
important monument of Spain, the church of the Poblet 
monastery, including uncertainties in material and structural 
properties. For the purposes of the analyses a two-dimensional 
(2D) Finite Element (FE) model of a chosen bay of the church 

was developed. A continuum damage model with a tracking 
algorithm was used for the representation of the crack 
localization. The uncertain material parameters that can 
influence the structure’s seismic response were taken into 
consideration with the aid of random variables. A Monte 
Carlo Simulation (MCS) improved by the Latin Hypercube 
Sampling (LHS) technique was employed to propagate the 
uncertainties in the material properties of the masonry. Three 
damage states in agreement with the structure’s damage under 
horizontal actions were defined and their probability of 
occurrence was evaluated with the development of fragility 
curves.  

2 THE CASE STUDY 
The case under study is the church of the Royal Monastery of 
Santa Maria de Poblet, located in the municipality of Vimbodí 
and Poblet, in Spain (Figure 1). The whole construction forms 
a very important part of the country’s built cultural heritage. 
In 1921, the Spanish government recognized the whole 
complex as a national monument and since 1991 it is an 
UNESCO World Heritage Site. 

The construction of the church took place between 1170 and 
1276, starting with the eastern part (i.e. the apse, its 
surrounding chapels and the transept) and finishing with the 
main nave and the two aisles in the western part. Its present 
morphology differs from the original due to the demolition 
and reconstruction of the southern aisle and its adjacent 
chapels (left in the transverse section in Figure 2) in the 14th 
century, which led to the non-symmetrical geometry of the 
lateral aisles. The cimborio over the transept is an addition of 
the 15th century.      
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for the limit states with displacement higher than the yield 
displacement the N2 procedure, as it is included in the Annex 
B of the Eurocode 8 [7], was followed. Once the performance 
of the structure is established in terms of damage levels, the 
N2 method allows us to determine the corresponding seismic 
demands, expressed by inelastic spectra. Figure 4 shows the 
operation to determine the seismic demands at the 
performance points LS2 and LS3. The elastic spectrum used 
was the one proposed by the EC8 for the soil characteristics of 
the area, which is a cohesionless material referring to type of 
Soil D. It is noted that the location of the control displacement 
is considered the top of the structure (key of barrel vault) as 
suggested by the N2 method and followed in studies of similar 
constructions [18] and [19].     

3.4 Uncertainty in the material properties 
Up to date, limited information is available regarding the 
properties of the composing materials of the church. The 
masonry is made of limestone, the prevalent material used in 
almost all the buildings within the monastery, obtained from 
local quarries. A detailed investigation in 2012 in the infill of 
the barrel vault over the central nave revealed its composition 
of very poor quality material with non-structural 
characteristics. 

Deterministic values for the mechanical properties of the 
masonry were obtained in accordance with the in-situ 
inspection and following the suggestions of [20] and [21]. 
However, due to the limited information and experimental 
data regarding the masonry of the church, these values are 
uncertain. Deviation of the real values of the mechanical 
properties from the adopted deterministic ones is possible and 
can be attributed to either natural variability or to 
impreciseness of information. Uncertainty related to natural 
variability (randomness) is called aleatoric, while uncertainty 
related to lack or impreciseness of information is called 
epistemic [22]. Additionally, epistemic uncertainty arises due 
to the fact that it is commonly not definite that the numerical 
models treat the material parameters in accordance with their 
real physical significance. 

Consequently, in this work the adopted methodology 
assumes that the mechanical properties of the masonry vary 
within a specified range with the aforementioned deterministic 
values as central values. 

3.5 Uncertainty modelling 
Different mathematical models have been developed to assess 
uncertainty characteristics within a computational framework 
[23]. The most convenient by means of effectiveness, 

simplicity and numerical efficiency, adopts the concept of 
random variables derived from probability theory to assign 
uncertainty characteristics to the uncertain parameters.  

Six uncertain parameters have been taken into account and 
modelled as random variables (Table 1). Five refer to the 
material properties of the masonry, i.e. the compressive 
strength fc, the tensile strength ft, the Young’s modulus E, the 
density ρ and the tensile fracture energy Gf, and one, the 
coefficient Icoeff, refers to the infill of the lateral vaults, where 
no information is available regarding its consisting material. 
The intervals of variation of the uncertain parameters were 
obtained in accordance with values suggested by [20] and [21] 
for masonry typologies similar to that of the investigated 
church. The mechanical properties of the infill are considered 
equal to a percentage of the corresponding masonry properties 
according to the coefficient Icoeff ≤ 1.0. It is noted that the 
density of the infill is considered equal to the density of the 
masonry in all simulations.  

The parameters fc, ft, E, and ρ possess aleatoric and 
epistemic characteristics simultaneously. Due to the fact that it 
is more likely that the real values of these material properties 
lie close to the initially adopted deterministic values, normal 
distributions were assumed for fc, ft, E, and ρ, see Table 1. 

The parameters Icoeff and Gf, on the other hand, possess 
epistemic uncertainty. Experimental data about them is 
unavailable and only rough assessments about their variation 
intervals can be provided. For that reason, uniform 
distributions define the corresponding random variables in this 
work. 

Table 1. Random Variables. 

 Mean 
Value c.o.v* Distribution Units Uncertainty** 

fc 4.0 12.5% Normal MPa A, E 
ft 0.2 20% Normal MPa A, E 
E 2000 12.5% Normal MPa A, E 
ρ 2100 4.8% Normal kg/m3 A, E 
 Min Max    

Gf 10 100 Uniform J/ m2 E 
Icoeff 0.2 1.0 Uniform - E 

* c.o.v = coefficient of variation 
**   A = aleatoric, E = epistemic 

3.6 Uncertainty analysis 
The effect of the uncertain parameters, modelled as random 
variables, on the seismic response of the complex masonry 
structure can be evaluated by utilizing stochastic simulation. 
In this approach, the quality of the solution is affected by the 
trade-off between accuracy and numerical efficiency; the 

Figure 6. Schematic view of the adopted methodology. 
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