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Probabilistic reliability assessment of existing masonry
buildings: The church of San Justo y Pastor.
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Abstract

There exists a large number of masonry historical buildings with a high heritage
value whose preservation has to be ensured. For this purpose, it is important to
establish a methodology to assess their structural reliability in the case of ex-
traordinary load events. Particularly, the materials and construction techniques
employed in this kind of buildings make them especially vulnerable in the event
of an earthquake.

This paper presents and discusses a probability-based reliability analysis
to determine the damage on existing masonry structures subjected to seismic
loads. Geometric and material data are introduced in a three-dimensional FEM
model, which takes into consideration the uncertainties that exist in the material
properties. The reliability of the structure is determined via the definition of a
Damage Index and carrying out a Monte Carlo-type analysis. The case of study
presented in this paper is the church of San Justo y Pastor located in Granada,
a seismic-prone region in southern Spain.

Keywords: masonry historical buildings, probabilistic assessment, reliability
assessment, seismic damage, FEM analysis

1. Introduction: objectives and methodology

The Church of San Justo y Pastor is a relevant masonry construction within
Granada’s architectural heritage, built by the Jesuits between the 16th and 18th
centuries [1, 2] (Figure 1). This paper presents an architectural and geometrical
analysis of the church and a structural reliability assessment of its bell tower,
found as the most vulnerable feature, in the event of an earthquake.

In order to conduct the architectural and geometrical analysis, an exhaustive
bibliographic research is needed. Taking into account the information obtained
from several books and treatises about Jesuitical architecture [1, 2, 4] and the
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Figure 1: Church of San Justo y Pastor, aerial views [3].

blueprints of projects developed in the church and still kept in archives [5], it
is possible to define the structure of the building and reproduce it in a three-
dimensional Finite Element (FE) model.

Once the geometrical model is created, it has to be provided with the prop-
erties of the materials present in the church, which are mainly travertine and
calcarenite [6]. Considering the difficulty in obtaining samples to evaluate the
material properties in a historical structure [7], these mechanical properties can
be obtained by testing the walls of the church using non-destructive techniques
[8]. However, significant uncertainties in their values are always present due
to the measurement procedure, the deviation in the characteristics of hetero-
geneous materials (intrinsic or related to alteration in time) and the lack of
completeness in the variables considered in the model [9]. In these cases, a
probabilistic analysis provides a significant advantage, since it defines statisti-
cally the material properties through probabilistic distributions with controlled
parameters, following a Monte Carlo type approach [10].

The probabilistic analysis that is carried out is the basis for a reliability
assessment of the church when subjected to a seismic event according to the
seismicity of the location. Since historical stone-masonry structures are par-
ticularly vulnerable to earthquakes due to their high weight and small tensile
strength, and bearing in mind that they were built at a time when seismic risk
was not formally considered in structural design [11], this analysis provides use-
ful information in order to take measures, if necessary, to protect and preserve
them. It is even more relevant taking into account that this kind of buildings
is particularly valuable and that they are usually placed in busy areas of the
cities, with the consequent potential loss of life and property.

1.1. Structural reliability: applicability and review

Over the last decades, the concepts of limit and serviceability states, and
safety requirements have been widely developed and included in the design codes
in Europe and North America, but the focus has always been on the design
of new structures [12]. However, several structural collapses have occurred in
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historical buildings [13], showing the vulnerability of the cultural and historical
heritage and revealing the need to apply the concepts of safety, reliability and
hazard to the existing constructions. The existing structural codes, developed
for the construction of new structures, are often inadequate for existing buildings
[14], being necessary a specific methodology for this kind of buildings.

To face the problem of evaluating the structural capacity of an existing
structure, some non-normative manuals and codes have been developed over
the last years, either with a general approach or focused on masonry structures
[11, 14-16]. In general terms, six assessment levels can be distinguished [14]:

e Level 0. Non-formal qualitative assessment.

e Level 1. Measurement based determination of load effect.

o Level 2. Partial factor method, based on document review.

e Level 3. Partial factor method, based on supplementary investigation.
o Level 4. Modified target reliability, modification of partial factors.

o Level 5. Full probabilistic assessment.

These levels go from a mere subjective visual analysis to a full probabilistic
analysis. In this highest level of assessment it is possible to evaluate the prob-
ability of failure of a structure, and quantify its reliability under the effect of
certain actions, which can be also subjected to a probabilistic distribution.

Structural reliability methods are particularly interesting when evaluating a
seismic action, as this is one of the main threats for the integrity of historical
constructions [17-19].

2. Historical context. The church of San Justo y Pastor

In the middle of the 16th century, the Jesuit order arrived to Granada. After
a first location in Abenamar St, they decided to move to a bigger place in order
to build a greater complex, which would be called Saint Paul’s College. The
chosen place was beside the city walls, near the door of San Jerénimo, and the
complex would have three differentiated spaces: the Residence, the Schools and
the Church.

The works started on May 26th, 1575 [1] following the original idea of the
architect P. Bartolomé Bustamante, but the project was later modified by Juan
de Maeda, who considered more suitable to use blocks of travertine instead of
the original bricks. The works began under the direction of the Jesuit Martin
de Baseta and the supervision of Lézaro de Velasco. Fourteen years later, in
1589, the main nave and the lateral chapels were finished [2]. The church was
inaugurated with dedication to Saint Paul.

During the last years of the 16th century and the beginning of the 17th, a
side entrance and a sumptuous dome, designed by Br. Pedro Sdnchez under
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the supervision of Br. Alonso Romero, are built. These works were finished in
1622.

Two of the most representative elements of the church, the bell tower and
the main facade, were built almost a century later. The tower was designed by
the architect José de Bada, who won a contest organised to that effect, and was
completed in November 1719 [2]. This masonry tower has three superimposed
bodies with square cross-section topped by a faceted dome. The main facade
(Figure 2) was built some years later, between 1738 and 1740, by the priest
Francisco Gomez, and it has two different bodies of columns, a semi-circular
arch and reliefs of white marble [20].

Figure 2: Main and lateral fagades and dome of the church of San Justo y Pastor.

In the second half of the 18th century, the Jesuit order was expelled from
Spain and the church was closed at first for 4 years. Later on, it was used as
the see of the Colegiata del Salvador and finally, in 1799, it became the parish
of San Justo y Pastor, a denomination that retains to this day [4].

Over the following years, few changes were made in the building. There were
only two remarkable interventions: the separation between the church and the
convent of La Encarnacién (in 1835) and the restoration project by the architect
J. A. Llopis Solbes in 1981, aimed to solve the serious water infiltrations in the
roof and dome of the church [5]. One year before this project, the church was
declared a Cultural Heritage Asset by the Spanish Government [21].

3. Architectural and geometrical analysis

8.1. Architectural description and general characteristics

The church of San Justo y Pastor has a single central nave and side chapels
(Figure 3); the nave and the transept define a Latin cross layout, even though
the plan of the complete building is rectangular. This provides to the building
a plain external appearance where only the main facade, the bell tower and the
dome stand out as ornamental elements.

The design of this church shows relevant innovations in the Andalusian ec-
clesiastical architecture of the 16th century, being the first church in Granada
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Figure 3: Main nave of the church of San Justo y Pastor, interior view.

that expresses the Counter-Reformist ideas. Also the incorporation of the side
chapels to the nave is an innovation compared to the previous Andalusian
churches, changing the Jesuitical concept of liturgical exclusivity of the church
in order to introduce support from individuals via these chapels [2, 22].

3.2. Definition of geometry

The available information referring to the geometry of the church of San

Justo y Pastor is scarce, mainly because most of the documents of the Jesuits
were lost or destroyed after they were expelled in 1767. Regarding the plan of
the building, the only original blueprints are two anonymous drawings made
in 1579 and preserved nowadays in the Spanish National Historical Archive
[23]. More accurate information is obtained from the blueprints developed by
the architect J. A. Llopis Solbes for the restoration project in 1981, shown in
Figure 4. According to this project [5] and the information compiled by Cérdoba
Salmerdn [2], the following geometrical data are deduced:

¢ Rectangular plan with dimensions 46.5m X 21.5m and 1.0 m-thick stone-
masonry walls. The north corner of the building is chamfered at a 45°
angle.

o The six lateral chapels, three on each side, have inner dimensions 7.0m x 3.9 m.
The main chapel, located in the apse, is 10.3 m long and 8.6 m wide.
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e The transept has inner dimensions 19.5m x 10.3 m.

e The front of the building is 19 m high at its central and highest point, and
10.2m high on the sides. All the facades have several windows, standing
out the sides of the ones placed at both ends of the transept.

e The main entrance, which faces the University Square, is 3m wide and
5m high at the central point of its semi-circular arch. The side entrance,
at San Jerénimo St, is a 3m X 5m rectangle.

Figure 4: Floor plans and elevations of the church of San Justo y Pastor and the adjacent
cloisters [5].

With regard to the dome, more detailed information is available thanks to
the field measurements carried out by Ramirez Molina [6]. The hemi-spherical
dome has 9 m inner diameter, 6 m height and a variable thickness between 50 cm
at its base to 7cm at the top. The dome rests on a tambour of 10 m inner
diameter and 1m-thick masonry walls. Crowning the dome there is a 2m-
diameter cylindrical lantern, 3m high. The top of the lantern is at a height of
34.8 m above the pavement level.

Over the nave and the transept, barrel vaults are placed. Considering the
aforementioned references for the dome and the common characteristics of this
kind of vaults in churches of the same period, their geometry can be defined
in quite an accurate way. The vaults have a semi-cylindrical body with inner
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diameter 10 m and thickness 50 cm. In correspondence with the pillars the vault
is reinforced with semi-circular lunettes.

The last main element to be geometrically described is the bell tower. It
has three square-plan bodies. The first one is 19.5m high with a side length
of 5.7m, the second one has the same cross-section and is 7.5 m high while the
third one is 5.5m high with a 5m-side square cross-section. This last body is
the one where the bells are placed.

Considering the geometrical description above, it is possible to design the
complete blueprints of the church, adopting a simplified geometry that accu-
rately represents the structural behaviour of the building (Figure 5). This is
the basis for the 3D model used in the structural analysis.

b
2

(a) (b)

Figure 5: Longitudinal section along the side chapels (a) and plan view (b) of the simplified
model of the church.

4. Analysis of materials

According to the historical documentation and the subsequent verifications
[6, 24], there are two materials that constitute the church of San Justo y Pastor:
travertine and calcarenite.

Travertine comes from the quarry of Alfacar (Granada), and it was used in
the construction of most of the church: walls and pillars, bell tower and tambour
of the dome. This is a porous sedimentary rock with a good performance against
water and a notable mechanical strength [25]. The calcarenite of Santa Pudia,
on the other hand, is a calcareous rock with a high presence of bioclasts and
with a grain size similar to the sand (20 um to 2mm). These properties make
calcarenite easy to extract from quarry and enhance its workability, but render
it mechanically weak.

The material mechanical properties where determined by Martinez-Soto and
Gallego [24] via Spectral Analysis of Surface Waves (SASW) [8]. The data
obtained via this non-destructive method are the base values for the density,
static and dynamic Young’s modulus, dynamic shear modulus and Poisson’s
ratio, as shown in Table 1.
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The compressive strength of the materials can be estimated via empirical
formulations from various authors and codes, as suggested by Garcia Marin
[24]. The final value considered for the compressive strength is the mean of
the individual results, eliminating first the two extreme values. The results are
collected in Table 1.

o ACI Committee 318 [26]:
E, [GPa] = 4730 \/f.
o ACI Committee 318S [27]:
E, [MPa] = 40.043 p*° \/f.
Ey [MPa] = p? (0.024\/ﬁ + 0.12)

o ACI Committee 363 [28]:
E4 [MPa] = 3320 \/f. + 6900
o Eurocode 2 [29]:
B, [GPa] = 22 (f./10)*? (p/2200)?
e Yildirim and Sengul [30]:
E, [GPa] = 5.58+/f. —13.5

where Es and E, are, respectively, the static and dynamic Young’s modulus,
f. is the compressive strength in MPa and p is the material density in kg/m?3.
It should be noted that these are statistical correlations between the average
values of material properties, but they do not hold exactly in specific samples.

With regard to the tensile strength, the values proposed for masonry by the
FEMA [31] and the JCSS [32] are adopted, leading to a value of the tensile
strength equal to f; = 1.0 MPa.

4.1. Probabilistic distribution of material properties

The probabilistic reliability assessment is based on introducing a probabilis-
tic distribution for those variables of the problem that are subjected to stochastic
phenomena or whose determination entails uncertainty, as is the case with an-
cient masonry material properties [33]. With this kind of probabilistic approach,
the randomness in the model parameters is explicitly considered and thus the
structure reliability can be quantitatively assessed [34].

As indicated in the JCSS Probabilistic Model Code [32], the base values
of the main material properties (compressive and tensile strength and Young’s
modulus) obtained from the SASW are multiplied by random variables, z;,
following a log-normal probabilistic distribution. The use of this kind of distri-
bution is recommended for the evaluation of reliability and probability of failure
because [35]:
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Parameter Travertine Calcarenite

p [g/cm?) 1.81 1.85
E, [GPa) 19.93 18.68
E, [GPal 23.95 22.84
G, [GPa) 8.60 8.84
v [] 0.39 0.29
f. [MPa] 29.40 26.61
f: [MPa) 1.00 1.00

Table 1: Base values for the materials mechanical properties.
p: density; Es: static Young’s modulus; Eg4: dynamic Young’s modulus; G4: dynamic shear
modulus; v: Poisson’s coefficient; f.: compressive strength; f.: tensile strength.

o It assigns probability zero to all negative values of the variable, so the
probability of failure is never negative.

¢ As it depends on two parameters, mean and variance, it fits easily with a
wide range of empirical distributions.

e Its mean is greater than its median, so it places greater importance on
the highest values of failure than a normal distribution with the same
percentiles of 5% and 50 %, which means that it is a more “pessimistic”
or “cautious” distribution.

The probability density function for a log-normal distribution is:

B 1 (Inz — py)°
J@) = xay\/ﬂexp [_ 205 ’ ]

where z > 0, and p, and o, are the mean and standard deviation, respectively,
of the associated normal distribution y = Inz. According to JCSS [32], the
log-normal distributions of the variables x; have a mean (u) equal to 1 and
Coefficient of Variation (CV) of 15 % for compressive strength, 25 % for Young’s
modulus and 30 % for tensile strength.

The probability density functions and cumulative probability distributions
for each parameter of both materials are shown in Figure 6.
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Figure 6: Cumulative probability distributions (left) and probability density functions (right)
of travertine and calcarenite mechanical properties.

5. Probabilistic reliability analysis

5.1. Methodology of the analysis

Monte Carlo method is used to estimate the probability of failure, consider-
ing the problem as a series of N deterministic calculations, where each calcula-
tion ¢ is performed with different input values (material properties) defined by
probability distributions. This method is useful for the reliability assessment
due to its ability to provide reliability indexes using analytical techniques, not
requiring extra formulation, even though it is computationally expensive [10].

According to this description, the steps for the calculation are listed below,
leading to the workflow diagram in Figure 7:

Step 1. Material properties (compressive strength, tensile strength and Young’s
modulus) for both materials are selected, according to their log-normal
distributions.

10
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Figure 7: Probabilistic reliability assessment methodology workflow.

Step 2. These material properties are introduced in the FE model.

Step 3. The problem is solved under the action of the self-weight of the structure
and a seismic event.

Step 4. The damage is assessed following the chosen criterion (described below).

Step 5. The results are saved and the whole process is repeated until N com-
putations are completed.

The values of compressive strength and Young’s modulus are chosen inde-
pendently in Step 1, since the statistical correlation that exists between them is
taken into account when selecting the averages of their probability distributions.

To assess the reliability of the structure, a Damage Index (DI) is defined as
the ratio between the damaged volume and the total volume of the structure,
in percent, as suggested by Asteris et al. [36]:

Viemas
DI [%]:%xmo

With this quantitative index as a basis, three structural performance levels
are defined, in order to express qualitatively the state of the structure after the
seismic action. These performance levels are established following the recom-

11
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mendation for masonry in FEMA 356 [31] and are adopted by Asteris et al. [36]
as well:

o Insignificant Damage (DI < 15%): minor superficial cracking and minor
spalling at corners. No observable out-of-plane offsets.

o Moderate Damage (15% < DI < 25%): generalized cracking and percep-
tible in-plain offsets of masonry. Minor out-of-plane offsets.

e Heavy Damage (DI > 25%): generalized cracking. Significant in-plain
and out-of-plane offsets.

In order to compute the total damaged volume, it is considered that an
element fails when the material elastic limit is exceeded. This can be quantified
by registering the Equivalent Plastic Strain variable in the FE model.

5.2. FEM modelling

In order to carry out the analysis, the first step consists of creating a 3D
model of the church from the defined geometrical data. This model is introduced
in a Finite Element Method (FEM) software where the material properties, loads
and boundary conditions are included. The FE model of the church, shown in
Figure 8, has 155374 elements, 230950 nodes and 692 850 degrees of freedom.
The mesh size is defined according to a sensitivity analysis carried out to deter-
mine the influence of the mesh density. The mesh size was defined computing
the first three natural frequencies using meshes with increasing element densities
until convergence.

Figure 8: FEM model of the building. General view (left) and 90° section (right).

The behavior of the masonry materials is represented via macro-modelling,
which is a common approach to analyze large structural members or full struc-
tures, as is the case of this paper, due to its lower computing time requirements
and its adequate approach for the characterization of the structural response. It
has been widely use to analyze the seismic response of masonry buildings [37].

12
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The non-linear behavior of masonry has been modeled using the Concrete
Damage Plasticity (CDP) model. Even though this material model was orig-
inally designed for concrete [38], it has been frequently used to represent the
mechanical behavior of other quasi-brittle material with a certain degree of
anisotropy by adapting its parameters [39-43]. In addition, the CDP model
is particularly appropriate for calculations where the material is damaged un-
der loading-unloading cycles and for dynamic analysis [38, 44]. In this model,
the axial compression response of the material is linear until the yield stress
is reached, followed by hardening before compression crushing initiates (Fig-
ure 9a). The behavior in tension is considered linear elastic up to the tensile
stress peak, where micro-cracks start to propagate and the stress-strain curve
drops down following a softening branch (Figure 9b). Additional parameters
needed to define the CDP model are obtained from literature [40, 41, 44, 45] as
shown in Table 2.
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(a) (b)

Figure 9: Mechanical behaviour of masonry under uniaxial compression (a) and tension (b)
in CDP model.

Parameter Value
Dilation angle [°] 12
Eccentricity 0.1
foo/ feo 1.16
K. 0.667

Viscosity parameter 91074

Table 2: Concrete Damage Plasticity parameters adopted for masonry in the numerical sim-
ulations.

The building is meshed with 8-node linear elements with continuum stress-
displacement and reduced integration. They are all hexahedral elements except
for the dome and the roof of the bell tower, where tetrahedrons are used due to
the more complex geometry. The average mesh size is 0.35 m, being smaller in
the lantern, dome and vaults.

Two different loads are included in the model to perform the calculation:

13
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the self-weight of the building and a seismic acceleration in both horizontal
directions.

5.2.1. Seismic acceleration

The location of the church of San Justo y Pastor, the South-East of the
Iberian Peninsula, is one of the zones in Europe with the highest seismic hazard
[46]. The seismic hazard for the specific location is determined by the Spanish
seismic code [47], which gives a basic seismic acceleration equal to 0.23 g for a
return period of 500 years.

According to the aforementioned standard [47], the category of the building
and the type of soil have to be taken into account, along with the basic seismic
acceleration, to obtain the basal acceleration. Considering the high heritage
value of the church, it can be cataloged as a construction “of special interest”.
The soil is compounded of old alluvial materials, mainly clay and silty sand with
minor gravel layers [48], which leads to a Type-III soil, according to the seismic
code. With these parameters the basal seismic acceleration is 0.33 g, which will
be used as the Peak Ground Acceleration (PGA) for the reliability analysis.

The accelerogram used for the calculation belongs to a seismic event hap-
pened in L’Aquila (Italy) on April 2009 and whose characteristics are similar to
a potential earthquake that may occur in the location of the church [49]. From
the original seismic event, with a total duration of ca. 15s (Figure 10), only
the 2.50s range with the highest intensity is chosen for the analysis in order
to reduce the computational cost. The accelerogram is also scaled to reach the
PGA of 0.33 g and spline-refined to interpolate it every 0.002s.

algl

tls]

t[s]

Y direction

Figure 10: Accelerograms used for the dynamic analysis.
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5.8. Analysis of results

As a first step in the calculation, the church is subjected to the dynamic
action with material properties equal to their base values shown in Table 1. The
results in Figure 11 reveal that the main body of the church behaves as a quasi-
rigid body compared to the bell tower, which undergoes larger displacements.
This situation generates a significant stress increase in the tower, especially in
its union with the church walls, making the bell tower the most vulnerable zone
in the case of an earthquake. Recent studies on damage assessment of masonry
churches [33, 50] have also found that bell-gables and bell towers are the most
vulnerable elements in the case of a seismic event.

oym [MPa]
231
211
1.92
173
1.54
135
115
0.96
0.77
058
038
193
0.00

U [mm]
9.69
9.15
8.61
8.01
7.53
6.99
6.45
5.91
5.36
4.82
4.28

3.74
3.20

(a) (b)

Figure 11: Contour plots of displacements (a) and Von Mises stresses (b) in the church under
seismic action.

Taking into account these global results, an isolated model of the bell tower
is created in order to carry out the probabilistic analysis. The union between the
tower and the main body of the church is considered fixed due to the high stiff-
ness of the junctions. The analysis is performed according to the methodology
described in the previous subsections, carrying out a total of 1000 simulations.
This number of simulations is enough to attain convergence in the mean value
and standard deviation of the output (Damage Index), as shown in Figure 12.

In addition, to ensure that the number of simulations is enough to give a
meaningful average and distribution of performance, the frequency of occur-
rence of the DI values is plotted for different number of iterations (Figure 13).
The result shows the convergence of the DI distribution when performing 1000
iterations.

The histogram in Figure 14 shows the frequency of occurrence of different
damage levels in the tower under the action of the earthquake, defined by the
Damage Index (DI). It is possible to appreciate that there is a first peak in the
lower-damage zone and another one for DI values close to those corresponding to
the mean values of the material properties probability distributions. In nearly

15
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Figure 13: Convergence analysis for the number of iterations: Damage Index distribution.

94 % of the cases, the general damage in the structure can be considered as
insignificant (DI < 15%) and only in about a 6% of the tests a moderate
damage (15% < DI < 25%) is found. The DI is never greater than 25 %, so
the structure as a whole would not fail in the event of an earthquake.
However, since the DI represents only the overall performance of the struc-
ture, it is important to analyze the distribution of stresses and yield zones along
the building. As mentioned in the initial analysis for the whole church, there are
stress concentrations in the areas where the tower connects with the rigid walls
of the church, and in the base of the tambour of the dome (Figure 15). A specific
study should be carried out about the stress concentrations and their potential
effect on the structural integrity of the tower. Furthermore, when analyzing the
results, it should be be born in mind that the assessment of the seismic capacity
of a masonry building remains difficult due to the complexity and randomness
of the seismic response and the sensitivity of the numerical tools to the input

16



361

362

363

364

365

366

367

368

369

370

22

20
18 A
16
14 4

12 +
10 +

Freq. of occurrence [%]

6
4
2

(0-2)
(2-4]
(a-6]
(6-8]
(8-10)
(10-12)
(12-14]
(14-16]
(16-18)
(18-20]
(20-22]
(22-24)

Damage Index [%]

Figure 14: Histogram of the Damage Index in the structure due to the seismic action.

variables [18].

oywm [MPa]
4.23
3.88
353
3.18
2.82
2.47
212
1.77
141
1.06
071
036
0.00

Figure 15: Contour plot of Von Mises stresses in the bell tower under the seismic action.

5.3.1. Influence of the variables in the Damage Index

Another relevant information that can be obtained from the analysis is the
relationship between the problem input variables (material properties) and the
resulting damage in the building. To this end, the correlation between DI and
material properties of the tower walls (travertine) are shown in Figure 16.

It follows from these correlations that the value of the compressive strength
does not influence the level of damage due to the earthquake, while the tensile
strength seems crucial and perfectly correlated with the DI. These results are
consistent with the characteristics of masonry, which shows low tensile strength,
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Figure 16: Damage Index as a function of the compressive strength (top), tensile strength
(bottom left) and Young’s modulus (bottom right).

and also with the effects observed in existing masonry structures damaged by
seismic events.

In the case of the Young’s modulus, an increase in Young’s modulus leads
to smaller DI values, as might be expected. However, with values of E between
20 GPa and 24 GPa, there is a significant increase in the structural damage.
The reason of these abnormal values of the DI in this range of Young’s modulus
values can be found by analyzing the energy spectrum of the earthquake and the
vibration modes of the tower. In fact, the energy spectrum of the earthquake
(Figure 17) has a peak for both X and Y directions in a frequency very close
to the first vibration mode of the building with Young’s modulus values within
the aforementioned range (ca. 11.4 Hz).

Finally, the DI is plotted as a function of the Young’s modulus and the tensile
stress (Figure 18) in order to analyse the combined effect of these two parameters
on the structural damage. The result reveals that for very low values of the
tensile strength (lower than approx. 0.6 MPa), a severe damage may occur even
for high values of the elastic modulus. It is important to highlight that such low
tensile strength values have been reported for masonry structures in some other
studies [41, 43]. It can also be observed that, when the Young’s modulus takes
values over the aforementioned values of resonance, the DI radically decreases
for every tensile strength value.
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6. Conclusions

This paper presents a methodology for a probability-based reliability analy-
sis, in order to asses the damage on a existing masonry structures under seismic
actions. This framework is applied to a historical masonry building: the church
of San Justo y Pastor located in Granada (Spain).

The probabilistic reliability assessment is based on the consideration of a
log-normal probabilistic distribution for the material properties [32], taking
into account the uncertainty which is present in the values obtained via a non-
destructive technique (SASW). The log-normal random values of the material
properties are introduced in a three-dimensional model of the structure devel-
oped in a FEM software, where a Monte-Carlo type analysis is carried out. A
seismic action in both horizontal directions, with PGA according to the Spanish
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seismic code [47], is considered as the main action, along with the self-weight of
the structure.

The results of the analysis reveal that the bell tower of the church undergoes
the greatest displacements and stresses, while the main body of the church
behaves as a quasi-rigid body in comparison. The evaluation of a Damage
Index (DI), which represents the damaged volume of the church, shows that
the structure as a whole is potentially resistant in the event of a earthquake.
However, since the DI is a measure of the overall performance of the structure,
the effects of stress concentration at the junction between the tower and the
church walls should be investigated in more detail.

Regarding to the influence of each material property on the structural dam-
age, it is possible to conclude that the DI is mainly correlated with the tensile
strength and the Young’s modulus, and not with the compressive strength at
all. It bears to mention that values of F between 20 GPa and 24 GPa bring a
significant increase in the structural damage. This abnormal damage is due to
the fact that the structure with the mentioned range of E values has its first
modal frequency very close to the main frequency of the earthquake, therefore
increasing the seismic load absorbed by the structure.
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